ESAIM: COCV 26 (2020) 1 ESAIM: Control, Optimisation and Calculus of Variations
https://doi.org/10.1051/cocv /2019005 WWW.esaim-cocv.org

LOWER BOUND FOR THE PERIMETER DENSITY AT SINGULAR
POINTS OF A MINIMIZING CLUSTER IN RN™

JoNAs HIRSCH! AND MICHELE MARINI®*

Abstract. In this paper, we study the blow-ups of the singular points in the boundary of a minimizing
cluster lying in the interface of more than two chambers. We establish a sharp lower bound for the
perimeter density at those points and we prove that this bound is rigid, namely having the lowest
possible density completely characterizes the blow-up.
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1. INTRODUCTION

This paper deals with the study of the singularities of an isoperimetric cluster, that is a finite and disjoint
family of sets of finite perimeter, called chambers, which minimizes the sum of the perimeter of all the chambers
(Sect. 2 contains all the precise definitions).

If the cluster has only one chamber, it is well known that the ball is the isoperimetric set (with volume
constraint). As the number of chambers increases, the problem becomes widely more difficult: while existence
and regularity of isoperimetric clusters is nowadays classical — see [1], we also refer to [7] and the references
therein for a complete overview on the subject — very few is still known about the shape of those minimizing
clusters. A complete characterization of them is obtained only in the case when there are two chambers (see
[4, 6, 10, 11]), or, in the plane, when there are three chambers (see [16]).

Since it seems to be very difficult to obtain such a “global” description of the isoperimetric clusters with an
arbitrary number of chambers, a crucial role is played by a “local” analysis of their boundary.

In [1] it is proved, in analogy to the case when there is only one chamber, that the reduced boundary of the
cluster (we refer again to Sect. 2 for the definition) is a finite union of analytic hypersurfaces with constant
mean curvature, while, as we shall explain, the problem of the description of the singular part of the boundary
of the cluster is very interesting and almost completely open.

Just to make an example of the peculiar behavior of the singular points when dealing with clusters, let us
notice that, while minimal surfaces can develop singularities only in dimension NV > 8, in the case of minimizing
clusters, any point in the interface of three or more different chambers is a singular point in every dimension.
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2 J. HIRSCH AND M. MARINI

As we shall see in the following sections these kind of singularities produced by the junction of three or more
chambers will play a crucial role in our analysis. We define

c-sing(€) = {points lying in the boundary of at least three chambers of £} .

We will concentrate our analysis to these points.

Given a minimizing cluster £ and the singular point p € €, the monotonicity formula (2.4) introduced in
Section 2, ensures that the blow-up lim, o7~ ! (€ — p) is still minimizing and that it is a cone. The study
of those blow-ups, and thence of cone-like minimising clusters, is then a natural tool in order to get a local
description of the boundary of the cluster around a singular point. In dimension N = 2, there is only one (up
to rotations) possible blow-up of the boundary of the cluster around a singular point. This blow-up consists of
three half-line meeting at the origin and forming three 120-degrees angles. Throughout this paper we will denote
this cluster simply by Y. In R3, a remarkable result in [14] provides us with a complete characterization of all
the possible blow-ups around singular points asserting that there are only two possible cases: the set Y x R and
the cone generated by the centre of a regular tetrahedron and his edges.

The singular set of minimal surfaces L>-close to Y x RV=2, or to a tetrahedron with an N — 3 spine had
been investigated in the seminal works [13] and by [3].

To our knowledge, no characterization of cones is settled in dimension greater than three.

The description of the possible blow-ups deeply relies on the ambient dimension N. Nevertheless we shall
prove a dimension-free lower bound for the perimeter density ©,(€) defined as

o P(S;B,-(p))
@P(g) - }ll)r(l) wal'rNil )

where P(&; B,(x)) is the perimeter of the cluster £ in the ball B,.(p) (see next section for the exact definition)
and wy_1 is the volume of the N — 1-dimensional unit ball.
More precisely in Section 4 we prove the following theorem:

Theorem 1.1. Let N > 2, and let £ be a cone-like minimizing cluster with at least three chambers. Then

(&) >

N W

Theorem 1.1 can be rephrased as follows: Y x RN =2 has the lowest possible perimeter density at the origin,
among all minimizing cone-like clusters of RY, with at least three chambers. As we shall see in Section 5 the
above statement is rigid, in particular, in Corollary 5.1 we show that any other cone-like minimizing cluster has
density strictly greater than 3/2.

To prove Theorem 1.1 we use an induction argument on the dimension in order to reduce to the case N = 2,
where the conclusion easily follows by the above mentioned characterization of the minimizing cone-like clusters.
To prove the inductive step we show the following:

(i) there always exist singular points in the unit sphere where more than two chamber meets,
(ii) the blow-up at those points is a cone of the form £ x R, with & C RY~! with density lower than O ().

The proof of item (i) requires some preliminary results introduced in Section 3.

In Section 5, we consider a converging sequence of minimizing clusters & — &£ and we show, as an application
of Theorem 1.1, that c-sing(&x) converges in Hausdorff to c-sing(€) (see Prop. 5.2). It is relatively easy to show
that a sequence of c-singular points must converge to a c-singular point of the limit cluster, but it is more
difficult to show that every c-singularity cannot appear just in the limit. To show this, we reduce to the case
N =2 and we prove in Lemma 5.3, that every cluster & C R? sufficiently close to Y must have a c-singular
point in a neighborhood of the origin.
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We conclude Section 5 by combining the mentioned properties of Y, being an essentially non removable
singularity and being characterized by its density (Cor. 5.1) to deduce that & is a C1*® perturbation of Y x RV—2
in a neighborhood of any c-singular point whose density is sufficiently close to 3/2 (see Thm. 5.6).

The proof of this result deeply relies on the ideas and computations of [13].

2. PRELIMINARIES AND BASIC DEFINITIONS

Let m € N and let £ = {€(i)},, be a family of subset of RV. We say that £ is a m-cluster (or simply a
cluster), provided each £(i) is a set of locally finite perimeter and |£(¢) N E(j)| = 0, for every i # j, where | - |
denotes the N-dimensional Lebesgue measure. We call the sets £(7) the chambers of the cluster £, and we denote

by £(0) the exterior chamber RN \ U () .

Given a m-cluster £ and i # j € {0 .,m} we denote by £(7,j) the interface of the chambers £(7) and £(j)
defined as the intersection of their reduced boundaries, namely £(i,j) = 0*E(i) N 0*E(j). Given an open set A,
we finally define the relative perimeter of £ in A as

PEA) = Y HYU(EGHNA),

0<i<j<m

where HV~1 denotes the N — 1-dimensional Hausdorff measure. By virtue of ([7], Prop. 29.4) the above definition
is equivalent to

== P( (2.1)
=0

w\»—A

Here we denoted by P(E; A) the relative perimeter of a set E of locally finite perimeter in A.

Let & and F be two m-clusters and let d(£,F) = Y i% | |E(i)AF(i)| be the sum of the volumes of the
symmetric differences between the chambers of £ and the chambers of F. Given A, p > 0, we say that £ is a
(A, p)-minimizing cluster in A if

P(&; By(x)) < P(F; By(x)) + Ad(E, F),

holds true for every r < p and every x € RY such that £(i)AF(i) CC B,(z).
We stress that, if a cluster £ is a minimizer of the perimeter functional among all clusters of given volume,
namely

P(&) = nf {P(F) : [F()] = [E@)]},

then & is a (A, p)-minimizing cluster, for some positive numbers A and p (see for instance [7], Chap. 29).

Let us recall two properties of (A, p)-minimizing clusters that we shall use in the last section. Firstly the class
is compact in the following sense: if & is a (Ag, pr)-minimizer with Ay — A > 0 and py — p > 0, then there
exists a cluster £ such that, up to pass to a subsequence

(i) d(€, &) — 0;
(ii) 0&; — E in Hausdorff;
(iii) &€ is a (A, p)-minimzing cluster.

Secondly there exists a regularity criterion for (A, p)-minimzing clusters.
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If € is a (A, p)-minimizing cluster, then its reduced boundary is a C1:®-hypersurface, for every o € (0, 1) (see
[2], Cor. 4.6); however, the set

N N
0& :=cl <U8*S(Z)> = U {z: 0<|B(z)NEG)| <rNwy, 7>0}

can develop singularities.

N
We define the c-singular set as the subset of OE \ |J 0*E(i) consisting of those singularities arising in the
i=1
junction of three or more chambers, more precisely we set

c-sing(€) = {x € 0€ : #I(x) > 3},
where

I(z) = {z € {0,...,m} : 0 <liminf |B, (x) mg(z’)|r—N}. (2.2)

For the sake of completeness we state here below a result that allows us to reformulate the definition of the
c-singular set and we refer to [2] and ([7], Chap. 30) for a proof.

Lemma 2.1 (Infiltration Lemma). Let £ be a (A, p)-minimizing cluster, then there exist constants € and 1o
depending only on A, p and N such that if

£(1) N By (x)| < erMw,
for somex € RN, 5 =0,...,m and r < ro, then
£(7) O By ()] = 0.

Proposition 2.2. Let € be a (A, p)-minimizing cluster, let € and ro be the constants defined after Lemma 2.1.
Then x € c—sing(E) if and only if x € OF and

E(6) N By ()] + [€(5) N Br(x)| < (1 —e)rMwn, (2.3)

for every i # j and every r < rg.

Proof. Suppose that x is such that
£(i) N B, ()| + |€(5) N By (x)| > (1 —e)r™,

for some r < rg and 7 # j; then, for every h # i # j, since the chambers are disjoint, one has |E(h) N B,.(z)| <
erNwy. By Lemma 2.1 [E(h) N B, /2(x)| = 0, and then h ¢ I(z). In other words I(z) C {i,j}, thus = ¢ ¢ —
sing(E).

We are left to show that if = satisfies (2.3), then z € ¢ — sing(€). Suppose that I(x) = {i,j} and let r,, be a
sequence such that 7, — 0 and lim,, . | B, (z) N E(h)|r; Y = 0, for every h # i # j. Then

rpN = lim Y |B, (z) N ED)|r, Y
= lim [|B,, (2) NE@)|r,™ + By, (x) N EG)r, V] -

n—oo

wy = lim ‘Brn(x)ﬂ (Ug(z))

Thus (2.3) cannot be satisfied by the chambers £(i) and E(j), provided r is sufficiently small. O
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Let us recall the definition of the perimeter density ©,(&):

. P(&B.(2))
Ou(&) = Jimy AT

Existence and finiteness of 0,(&) for (A, p)-minimizing clusters is given by the so-called monotonicity formula
stating that the quantity

rPE B (@)

N1 (2.4)

WN-1

is increasing, for every r < p and x € 9&, see for instance ([12], Thm. 17.6).

In particular we can infer from the monotonicity formula (2.4) the existence of blow-ups at every point x € 9¢,
namely the sets &, , = (€ —x)/r, as r — 0, converge in L' up to subsequences to a cluster Ez,0 and O&,  converge
in Hausdorff to the boundary of £, . By investigation of the precise error term in the monotonicity formula,
one obtains that the limit set is a conical cluster which minimizes the perimeter in a sense that will be made
rigorous by the following definition.

We say that & is a cone-like m-cluster if, for i = 0,...,m, £(i) is an open cone with vertex at the origin of
RY. A cone-like m-cluster £ is a minimizing cone-like cluster provided

P(&; By(z)) < P(F; By (x)),

for every r > 0, every z € RY and every m-cluster F such that £(i)AF (i) CC B,(z).

3. CONNECTEDNESS OF THE INTERFACES

The aim of this section is to proof the following lemma:

Lemma 3.1. Let N > 2 and &€ be a minimizing cone-like cluster, then the set 0 NSN~1 has the following
property: if A and B are non-empty sets such that 0 N SN~ = AU B, then dist(A,B) = 0.

We will derive it as a consequence of the following two statements. The first one is a local version of a
generalized version of Frankel’s Theorem [5]. The second one is a regularity result that enables us to apply the
first one.

Lemma 3.2 (local version of ([9], Thm. 3)). Let M™ be a complete, connected Riemannian manifold of positive

Ricci curvature. If 31,39 are two minimal hypersurfaces inside M™ possibly with boundary then the map

(p,q) € Ty x By = distan (p, q)

cannot have a positive local interior minimum.

Proof. The lemma is proven in precisely the same way as the “global” version presented in Proof of Theorem 3 of
[9] because it is a local argument. It is a direct consequence of Synge’s second variation formula for geodesics. O

Lemma 3.3. Let £ be a (A, p)-minimizing cluster, and x € OE with the property that there exists a ball
B,.(p) C RY with x € 0B,.(p) and O N B,.(p) = 0 then x is a regular point.

Before giving their proofs let us conclude the proof of Lemma 3.1.

Proof of Lemma 3.1. Assume by contradiction that dist(A, B) > 0. Since 9€ is closed, A and B are closed,
hence there exist a € A,b € B such that distgy-1(a,b) = distgv—1(A, B) = d. Let v : [0,d] — S¥~! be the
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length minimizing geodesic! between a,b. Let m := 'y(%) be the midpoint on . The geodesic ball B := B% (m)
satisfies BN A = ) = BN B otherwise it would contradict distgy—1(A, B) = d. Since £ is cone like we conclude
that €N Cg = @ where Cp is the cone over B i.e. Cg := {\y: y € B,A € RT}. By construction a,b € 9Cp
and 0Cp is a smooth hypersurface outside of 0. We conclude that there are euclidean balls By, By C Cg with
a € 0B1,b € OB,. Hence we are in the situation of Lemma 3.3 at a,b. This implies that there exists ¢ > 0 s.t.
Y1 := AN B.(a),Xs := BN B.(b) are C*7-regular. Furthermore since £ is a minimizing cone-like cluster we
deduce that ¥; are minimal hypersurfaces with boundary in SV~! for i = 1,2. By construction the map

(p,q) € 31 X Xg > distgn—1(p, q)

takes a local minimum in a, b. This contradicts Lemma 3.2 since Ricgy-1 > 0 for N > 2 and proves the lemma.
O

Proof of Lemma 3.3. As shown in about the existence of tangent cone-like minimizing cluster one has the
following equivalence:

(i) o € O€ is a regular point, i.e. there exists a neighborhood of z where € is an embedded C'+7-hypersurface;
(ii) « has a “halfspace” as a tangent cone, i.e. there exists a sequence 7, — 0 and 7 # j such that up to
rotation gr—jf — K with K(i) =RY,K(j) =RY and K(h) = 0 for all h # i, j.

Once again by ([2], Thm. 4.13) for every sequence r — 0 there is a subsequence, still denoted by 7y, a cone-like
minimizing cluster IC such that

E—=x

%

— K.

Up to a rotation we have %,3_1 — RN as k — oo. Hence 9K C @ The Lemma follows showing the following

claim:
Claim. Every cone-like minimizing cluster I with 0/C contained in a halfspace is a “halfspace”.

Proof of the claim. After reordering the components of K we may assume that RY C (1) and K(i) C @ for
all i > 1. Fix ¢, f € C}(R,R) non-negative, non increasing with ¢(s), f(s) = 1 for s < 0 and define the vector
field

X(z) = (ly))f(xn)en,

where y = (21,...,2n-1,0). Observe that spt(X) Oﬁ C Bp for some R > 0. Hence if ®; denotes the flow
generated by ® we have that

K()AP(K(j)) C Br forall j =1,...,m,|t| <§.
Since K is minimizing, the first variation of perimeter ([7], Thm. 17.5) and (2.1) yield

d 1
=% P ==y e (X) dHN L
0 = —li=oP(2:(K)) 2 2 /{)K(i)dlvrw)( )dH

IThe geodesic is unique since OE cannot consists only by two antipodal points for N > 2, since HN =2(£NnSN—1) > 0.
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Since DX () = ¢(ly]) f'(zn)en R en + ¢ (|y|) f(IN en ® y, the boundary divergence of X on k(i) is given by

diviee (X) = o) (ox) (1 — i en)?) + w’<y|>f<|zN) (en3) — (vinen)y,12))

= () (ex) (1 — (winen)?) + so’<|y|>f(z]|”m<vi,e1v>2

where we used beside (ey,y) = 0 that, since K(¢) is an open cone,

0= (x,v3) = (y,vi) + N (Vi en).

This implies that divi(;)(X) < 0 for each i. Choosing ¢ and f appropriate we deduce that 0K(i) C {xx = 0}
for all 4. This concludes the proof of the claim. O

4. PROOF OF THE LOWER DENSITY BOUND

In this section we prove Theorem 1.1 for minimizing cone-like m-clusters. Before proving our main result we
show in the following lemma that, if m > 2, then the origin cannot be the only c-singular point.

Lemma 4.1. Let N > 2, m > 2 and let £ be a minimizing cone-like cluster, then c-sing(€) N SNt #£ (.

Proof. Fix a chamber £(i); for x € (i) let I(z) be the set defined in (2.2). Suppose that c-sing(§) NSV~ N
OE(i) = 0, then I(z) = {i,j(x)}, for some i # j(z) € {0,...,m}. Let

r(z) =sup{r >0 : |B.(x) NE)| =0, foreveryl ¢ I(x)}

Thanks to Lemma 2.1 we have that r(z) > 0, for every 2 € 9£(i). Moreover r is a Lipschitz continuous function,
indeed, since B,_.(y) C B,(z) C Byr4c(y), whenever |z —y| < g, thus r(z) —e < r(y) < r(z) + . With the same
argument it is easy to check that j(x) is locally constant.

Let K be a connected component of O€(i) N SV~1 and let j = j(x), for every x € K; since K is a compact
set, then the function r(z) achieves a positive minimum 7. We get the contradiction by using Lemma 3.1 with

A=K and B=0£NSY~1\ K. Indeed dist(A, B) > T and B # 0, since (1) C B, for every | ¢ {i,5}. O

Proof of Theorem 1.1. We are going to prove the statement by induction on the ambient dimension .

If N = 2 then the estimate follows by the fact that the boundary any minimizing cone-like cluster consist of
three line segments meeting at the origin.

Let N > 2, let £ a cone-like minimizing cluster of RN and suppose that our statement is valid for every
cone-like minimizing cluster & ¢ RV 1,

Thanks to Lemma 4.1 there exists a point z € c-sing(£) NSV~ that we can assume, up to rotating &, that
coincides with ep. Since £ is conical, then, for € > 0, every point eey belongs to c-sing(€), thus monotonicity
formula (2.4) and the fact that £ is left invariant under blow ups at the origin imply that

O0(€) > B, (&).
Indeed

WN—1 wn-1(1 —¢)N—1

> PEDLC) 000 2 00, 6) + 016)
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Here, the first inequality in the second line follows by the fact that By _.(een) C B1(0), and the second inequality
is a direct consequence of the monotonicity formula that, for minimizing clusters, can be written as

P(E; Br(x) _ P(E: B, (x))
Wn  RN-1T = oy rN-17

whenever R > r.

We set € = lim, &y ; as already mentioned € is a cone-like minimizing cluster with ©¢(&) = O, (€),
moreover it is easy to check that 0 € c-sing(€).

Since & is conical, then £ is invariant under translation in the ey-direction, namely & = £ x R, for some
(still minimizing) m’-cluster & € RY~1. Again 0 € c-sing(£’) and thence with m’ > 2.

The inductive assumption gives that ©¢(£’) > 3/2. We can now conclude by computing the density @0(5)
in terms of ©y(&’). Indeed the co-area formula for HN ~1-rectifiable sets yields

- P& B 1 ! .
00(€) = LEBY / HN-2 (a*emBm{xN :t}) at
WN—1 wN-1J_1
1 1
= HN2(0*E'N B dt
[ B
1 ' N—2 (g% ol 2\ N2
= H (0*E'NBy) (1 —t°) = dt (4.1)
WN-1J-1
P(E;B) [! _ 2 [ o
_PE:B) 1)/ (1— )" dt = 0y() 2N 2/ (1- )"
WN -1 -1 WN-1J-1
3wN,2 ! o\ N=2 3
> — 1—t*)2 dt= =
T 2w /_1( ) 2’
where the last equation easily follows from Fubini’s Theorem. O

Remark 4.2. In the proof above, we showed that there exist z) € c-sing(€) and r, > 0 such that & = &, . —
& x R, such that £ is an N — 1-dimensional minimising cone-like cluster, singular at the origin. In particular,
arguing by induction on the dimension N, and repeating the construction of the proof of Theorem 1.1, it is
possible to show that there exists a sequence of points x;, — 0, ) € c-sing, and a sequence of positive numbers
7 — 0, such that, up to rotations

E-o vy jN-2,

Tk

5. CONSEQUENCES
5.1. Characterization of Y x RN~2 by its density

Corollary 5.1. Suppose K is a minimzing conelike cluster with ©¢(K) = % then up to rotation we have
K=Y xRN"2

Proof. To show the claim we combine Proposition 2.2 with some classical consequences of the monotonicity of
the density.
Let £ be a any minimizing cluster then

(1) if iff_?;fvy,)l) = f:](\,g_if@l) for some 0 < r < s then £ coincides with a cone in the annulus Bs(y) \ B (y);
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(2) if € is a cone with vertex 0 then ©,(&) < ©y(€) for all y;
(3) additionally one has that Lg := {y: ©,(£) = O¢(€)} is a linear subspace of RY. Suppose k = dim(Lg¢)
then there is a cone-like minimizing cluster £& in RV~ such that £ = £ x Lg.

(1) follows from the montonicity formula ([7], Thm. 28.9), (2) and (3) can be found for instance in a more
general setting in [15].

We will show the corollary by induction on the dimension N. For N = 2 the statement follows by the
classification of cone-like clusters in R? ([7], Prop. 30.9). Suppose the corollary is proven for dimension N’ < N.
Let K be a minimizing cone-like cluster in RY with ©¢(K) = 2. By Lemma 4.1 there is y € c-sing(K) NSV~
Applying Theorem 1.1 we have ©,(K) > 2. Combining (2) and (3) above we deduce that k := dim(Lx) > 1
and the existence of cone-like minimizing cluster K’ in RN =% with K = K’ x Li. By Fubini’s Theorem, compare
(4.1), we have

< ©p(K') < ©o(K) <

N o
| w

Hence by K’ satisfies the conditions of the corollary and by induction hypothesis we have K’ =Y x RV—k=2
and so K =Y x RV, O

5.2. Sequential convergence of clusters

The aim of this subsection is to proof the following.

Proposition 5.2. Let &, be a sequence of (Ag, pr)-minimizing clusters with A, — A, pr, — po >0 and &, — &€
in some open set U € RVN™1 as k — oo, then the following holds:

c-sing(&x) — c¢-sing(€) in Hausdorff on every V € U.
Proof. We will first show the easier part that for each € > 0 there exists kg > 0 such that
c-sing(&x) C (c-sing(&))e.
Suppose the inclusion fails, then there exist a sequence zy, € ¢-sing(E,) NU’ with dist(xg, ¢-sing(€)) > e. Passing

to an appropriate subsequence we have x — x € U’ \ (¢-sing &), i.e. = ¢ c-sing(E). Hence by Proposition 2.2
there exists a tuple i # j, a radius r > 0 and a positive number ¢ such that

E(3) N By.(z)| + [E(5) N Br(2)] > (1 — e)rNwy.
But since & — &, and B,.(xx) — B, (x) for k sufficient large we have
€6 (1) N By (k)| + [Ex(5) N Bp(ag)] > (1 = 2e)rNwy.

But again by Proposition 2.2 this implies zj, ¢ c-sing(&). Which is the desired contradiction.

We are left to show the harder part of the proposition, namely that if x € ¢-sing(€) N U then there exists
a sequence x, € c-sing(€x) with 2 — x. This will be achieved by the fact that a Y C R? is essentially non
removable:

Lemma 5.3. Given a partition of B1 C R? into three sets of finite perimeter Ey, Es, E3 such that E; N 0By is
a single interval for each i =1,2,3 then

OE, NOE; NOEs # 0.
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Before we give the proof of this statement let us show how to conclude.
We will use the following notation for cylindrical sets:

Cp:=B,x] —r,r[N2Cc R x RY"2 and S.:= B. x RV72,

By the Remark 4.2, there exists sequences x; — x and r; — 0 such that up to rotation we have

E—xl
T

S Y xRV 2 as] — 0.

Furthermore up to relabeling the chambers and an application of the infiltration Lemma 2.1 we may assume
that

E(i) —x

T

NCs =0 for all i > 3,1 > .

Since &, — € as k — oo we can therefore find a sequence {k(l)};en such that

Evqy — T

& = —Y xR¥"2 as | — .

T

Hence we will have that &/ (i) N Cs = 0 for all ¢ > 3 and [ > [;. So will forget about all higher ¢ > 3 in sequel
and consider &£ as a cluster with 3 chambers.
Observe that sing(Y x RV~=2) = {0} x RV~=2. The small excess regularity criterion, e.g. ([2], Thm. 4.1),
implies that for [ > Iy we have
sing(&) N Cy C S
DE/ N C3\ S, is a CH*- graph over parts of Y x RV=2 (5.1)
To conclude the claim it is sufficient to show what for each [ > 5 one has ¢-sing(€]) N Cy # (0. To do so fix some

I > I5. Since the argument is independent of I we drop the index and write only &’.
Assume by contradiction that c-sing(£’) N Cy = (). We consider the the sliced cluster for z €] — 2, 2[V 2

E; = S/QCQQ (R2 X {Z} C BQ) C R2.

Observe that for almost every z we have

(1) & ={&.(1),EL(2),£.(3)} is a partition of By C R? by sets of finite perimeter.
(2) as a consequence of (5.1) 9E. \ Ba consists of three C1*-curves and £ (i) N dB; is a simple interval for
i=1,2,3.

Fix any such z €] — 2,2[V~2. We assumed that c-sing(€) N Cy = (). But then the Proposition 2.2 implies that
for each (y, z) € Cy there exists a radius r = r(y,z) > 0 and and index i = i(y, z) € {1, 2, 3} such that

€'(i) N By ((y,2)) =0,
which implies

€.(i) N Br(y) = 0.
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FI1GURE 1. Even if OF is disconnected, when E N JB; is a single arc in the unit circle, there
exists a curve v C OF connecting the endpoints of £ N JB;.

Observe that this equivalent to €. (y) N B,(y) = 0. As a consequence we have
IEL(L) NOAEL(2) NDEL(3) = 0.

But this contradicts Lemma 5.3, because the assumptions are satisfied by (2) above. O

To prove Lemma 5.3 we will use the following “path-connectedness” property of sets of finite perimeter in
the plane, Figure 1.

Lemma 5.4. Let E C R? be a set of finite perimeter s.t. EN OBy is a single interval with OE N 0By = {a, b},
then there exists a rectifiable curve v C By s.t. 9y = {a,b} and v C OF i.e. {a,b} are path connected inside OF.

Proof. The proof is based on an approximation by smooths sets and the classification of compact 1-manifolds.
Passing to

1 (2) = 1p(x for |z] <1
BV T 10(2)  for o] > 1

|]

we may assume that E is a cone outside of By i.e. 9E N IBr = {Ra, Rb} for all R > 1.
Given € > 0,¢, — 0 and ¢ €]0, 1] we set for an symmetric mollifier p.

Ue = pex1p  Up =u., B ={u, >t}

As shown in ([7], Thm. 13.8) we have that for a.e. t €]0, 1] we have
(1) tis a regular value for w,,;

(2) B % B, P(E}, By) — P(E, By);

n

(3) OE! C (OE).,,.
Appealing once more to the Morse-Sard theorem we may assume that

(4) tis a regular value for u,|gp, : B2 — [0, 1].
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F1GURE 2. Following the path from a to ¢ one is forced to cross a point in 0Fy N OFEy N OFs.

We claim that for n > n; we have
OE! N0By = {2ay,2b,} a, — a,b, — b.
This can be seen as follows. Let .S be the set {\z: x € EN9JB1, A > 0} then for n large we have
Un(x) = pe, *1g(x),x € OBs.
The claim easily holds true for p. * 1g(z).
Fix 0 <t < 1 such that (1) to (4) above are satisfied for all n € N. By the classification of compact

1-dimensional manifolds ([8], Appendix), OE! N By = {u, = t} N By is a finite disjoint union of circles and
segments. Since OE! N By = {2ay, 2b, } there is precisely one segment ,,. This segment satisfies

Ovn = {an, by} Length(y,) < P(aEfm By).

Since P(OE!, Bs) < 2P(0E, B3) by (2) for sufficient large n and compactness of rectifiable curves there is a
subsequence satisfying

Yo=Y Oy — {2(1, 2b}'

It remains to be proven that v C JF. Assume by contradiction that there is € v\ 9F then there exist r > 0

s.t. for n large with €, < 3

either |B.(z) NE| =0 wu,(y) =0 Vy€ Bz()
or [Br(z)\ E[|=0 wu,(y)=1 Vy& Bz(x).

In both cases we have v, N Bz () C {u, =t} N Bz (x) = (), since 0 < ¢ < 1. But this contradicts = € ~. The
lemma now follows since OF \ By = {\a: A > 1} U {\b: A > 1}. O

Now we are able to obtain Lemma 5.3 as a corollary.

Proof of Lemma 5.3. Given the sets F1, E5, F3; as in Figure 2 we set

azaElﬂaEg bZaEgmaEg c:8E1ﬂ8E3.
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We apply Lemma 5.4 to the set F; and obtain the existence of a rectifiable curve
v :10,1] — By with v C 9E1,v(0) = a,v(1) = c.
By contradiction assume that
OE1 NOE; NOEs = 0.
This implies that
#I(z) <2forall z € By

where

I(z) = {i € {1,2,3}: 0 < |E; N B,(2)| < 7r® Vr > 0} .
It is straightforward that I(z) is locally constant i.e. the map ¢ — I(y(¢)) must be constant. But this is a
contradiction since I((0)) = {1,2} and I(y(1)) = {1,3}. Hence the lemma is proven. O

By applying Proposition 5.2 with & = £ (and thus Ay = A and p; = p), have the following
Corollary 5.5. Let € be a (A, p)-minimizing cluster, then c-sing(E) is a closed subset of OE.

5.3. Graphicality over Y x R™M~2 and gap in the perimeter density

Using the results from the previous section, we can prove that, in a neighborhood of a c-singular point whose
denity is sufficiently close to 3/2, the boundary of the cluster is “close” to the cone Y x RVN~2.

We indicate how to combine Corollary 5.1 with the seminal work [13] to obtain the graphicality, compare as
well ([2], Thm. 4.6).

Theorem 5.6. Let £ be a (A, p)-minimizing cluster. There exists 0 < n = n(N) such that, if © € c-sing(&)
and ©,(E) < 3/2+n, then, up to rigid motions, OE is a OV graph over Y x RN=2 in a sufficiently small
neighborhood of x.

Proof. First let us observe that all the results in [13] in the stationary case actually carry over to multiplicity one
class with generalized mean-curvature Hpe in L°°. This has been pointed out by Simon himself in the remark
below Theorem 7.3 in [13]. As indicated by Simon in precisely this remark, one needs to use the following
modified excess, compare ([3], Def. 2.1):

E(0E,Y xRN=2 x.7) =1"fo1/ dist(y, Y x RN =2)2quN -1
9E—zNB,(0)
+ Cr|Hoell L (9en, (2)) (5.2)

where C' is a given large constant.
Furthermore recall that if £ is an (A, p)-minimizing cluster, then £-2 is an (rA, £)-minimizing cluster. Hence
it is sufficient to proof the theorem under the assumption that £ = 0,p = 2 and A is arbitrary small.

Step 1: The family of (A, p)-minimizing clusters is a multiplicity one class in the sense of Simon ([13], Sect. 1)
with mean-curvature bounded by A.

Proof of Step 1. Firstly note that every (A, p)-minimizer has generalised mean curvature Hpe bounded by CA.
This can be seen for instance by combining Theorem 17.5 and Lemma 17.9 in [7]. Secondly due to compactness
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theorem stated above, the family is closed and by the regularity criterion the regular part of any (A, p)-minimizer
consists of an C1®-surfaces. Hence we conclude that the family of the regular parts of (A, p)-clusters satisfies
the assumptions of the mulitiplicity one class of Simon in [13].

Step 2: For every gp > 0 there exists n = n(eg, N) > 0 such that if £ is an (A, 2)-minimizer, A <17, 0 € c-sing
and

P((%', Bz) < (% + n)wN_12N71

then up to a rotation we have

B(E,Y xRN720,1) < ¢ (5.3)
dist(0€ N B1(0),Y x RN =21 B, (0)) < €

Proof of Step 2. We argue by contradiction. Hence there is an ¢y > 0 and a sequence of (Ag,2)-minimizing
clusters &, with 0 € ¢-sing, P(9€, By) < (% +np)wy_12V 7 A < mi, mr — 0 but failing at least one of (5.3)

and (5.4). Appealing to the compactness theorem up to a subsequence we conclude that &£ converges to some
cluster minimizer & with 0 € ¢-sing. Hence by Theorem 1.1 and the monotonicity formula (2.4), we have

In particular £ is a minimizing cone-like cluster with ©y(€) = % Corollary 5.1 implies that up to rotation
€ =Y x RV2, Since the convergence of &, towards £ is strong in measure and Hausdorff inside Bj, and
|Hoe, || < CAx < Cny, we conclude that (5.3) and (5.4) has to be satisfied for sufficient large k, in contradiction
to our assumption. O

Step 3: If £ satisfies the assumptions of Step 2 then rescaled cluster %, 0 < r < 1 still satisfies the assumptions
of Step 2 and for each r < 1 there exists a rotation O, € SO(N) such that

E(&,0,(Y xRN72),0,7) < egr?® (5.5)

Proof of Step 3. Firstly recall that if % satisfies the assumptions of Step 2, then the dichotomy/excess decay
([13], Lem. 1) applies. Recall that in the proof of Proposition 5.2 we showed that Y x RV~2 is essential non-
removable, hence by the very same argument in combination with ([13], Rem. 1.14) we conclude that the
dichotomy (i) in Simons Lemma 1 can never occur. Thus there is rotation O € SO(N) such that

E(E,0(Y x RN=2),0,0r) <> E(E, (Y xRN=2,0,r).
By induction we conclude (5.5).

Step 4: The excess decay (5.5) implies that under the assumption of Step 2 with 5 replaced by ' << n a
neighbourhood of 0 of £ is a C1**-perturbation of Y x RV=2,

Proof of Step 4. Appealing to the monotonicity formula (2.4), there is a small neighbourhood U of 0, such that
&€ — x satisfies the assumptions of Step 2 for each = € ¢-singNU. In particular we conclude that each point
x € ¢-singNU is in fact an element of the set E, considered in the proof of Theorem 1 from [13]. In particular
Simons arguments presented on page 640 ff. apply and we conclude the Theorem. O
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The following corollary is a straightforward consequence of the theorem above.

Corollary 5.7. Let € be a (A, p)-minimizing cluster, and x € c-sing(E). There exists 0 < n = n(N) such that
either ©,(€) = 3/2, or ©,(€) > 3/2+ 1.
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