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ABSTRACT. This survey synthesizes the current state of the art on the regularity theory for
solutions to the optimal partition problem. Namely, we consider non-negative, vector-valued
Sobolev functions whose components have mutually disjoint support, and which are either
local minimizers of the Dirichlet energy or, more generally, critical points satisfying a system
of variational inequalities. This is particularly meaningful as the problem has emerged on
several occasions and in diverse contexts: our aim is then to provide a coherent point of
view and an up-to-date account of the progress concerning regularity of the solutions and
their free boundaries, both in the interior and up to a fixed boundary.

1. INTRODUCTION

Let D C R? be an open and connected set, let N € N and let
Yy ={XeRY: X;>0and X;X; =0foralli,j=1,...,N, i #j}
We work in the space
HYD,%y) :={uc HY(D,R"): u(z) € Xy for a.e. z € D},
pointing out that the fact that u(z) € X for a.e. € D means that all the components
U, ..., un: D — R

are non-negative functions with disjoint support (we might also say that the functions are
segregated). The main character of the present survey are non-negative local minimizers (and,
to some extent, a certain notion of critical points, see Theorem 3.2) of the corresponding
energy functional

N
E(u,D) ::/D|Vu|2dx:Z/D|Vui|2dx.
=1

Definition 1.1. Given a function u : D — X, we say that
e u is a minimizer of E in D if u € H'(D,Xy) and it holds

E(u,D) < E(v,D) for all v € HY(D,%y) such that u — v € H}(D,RY).
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e 1 is a local minimizer of F in D if:
—u € H} (D,Xy), that is, u € H' (2, Xy) for all open 2 € D;
— wu is a minimizer of F in .

The focus of this survey is on the regularity of the local minimizers (and critical points):
besides the regularity of the functions themselves (it turns out that they are Lipschitz con-
tinuous, see Section 3), we are mainly interested in the regularity of the free boundary (the
nodal set), defined as

N
Fp(u) = ﬂ{x € D: uj(z) =0}
i=1

It turns out that the problem we just described has appeared in the literature at different
times and in diverse contexts as a model for various types of phenomena. In Section 2
we describe the ones we are aware of, that is: harmonic maps with singular target spaces
(Section 2.1), limit of competition-diffusion models (Section 2.2), spectral optimal partition
problems (Section 2.3) and multi-valued harmonic functions (Section 2.4).

We wish to emphasize a crucial aspect: since the model we focus on (i.e., minimizers of
E(-, D) acting on H'(D, X)) represents a particular case within each of the broader theories
discussed (we refer to each subsection for instances of such generalizations), its study plays
a central role. On one hand, this focus allows for a clearer exposition, more straightforward
statements, and a reduction in the technicalities of the proofs. On the other hand, and
more importantly, its thorough understanding is crucial: this model, in fact, acts as a bridge
between different theories, so that any further step made in its study is expected to translate
into progress across all the areas related to it.

This being said, in Section 3, after introducing the main tools used to study such problems,
we review the known results concerning regularity of the free boundary, both in the interior
(Section 3.2) and up to the fixed boundary (Section 3.3).

Remark 1.2. We emphasize that, since the optimal partition problem lies as the intersection
of various fields, the known results about this problem that we recall in Section 3 actually
come as particular cases of more general results proved within a certain framework (among
the ones described in Section 2). Hence, since mentioning this fact any time would make
the exposition heavier, we adopt the convention that this is generally the case and refer the
reader to the cited papers for the complete statements.

Remark 1.3. This survey is addressed to researchers specialized in the analysis of PDEs
and regularity theory. We presuppose the reader’s familiarity with elliptic regularity, and
the basic tools of free boundary problems (such as monotonicity formulas). This allows us to
focus directly on the specific features of the optimal partition problem.

2. POINTS OF VIEW

In this section, we describe the various theories for which our model, i.e. the functional
E(-, D) acting on H'(D, X ), represents a particular case.

2.1. Harmonic maps with singular target spaces. Harmonic maps are classically defined
as critical points of the Dirichlet energy functional naturally associated to functions

u: D — N,

with D C M being an open set and (M, g) and (N, h) being smooth Riemannian manifolds.
More precisely, by taking an extrinsic viewpoint, let us first assume that (N, h) is isometrically
embedded into R, for some N € N (this is always possible thanks to Nash’s theorem [36]).
This way, we can define the Dirichlet energy in a natural way, for u: D — R as

N
[ Va2 av, =3 [ 19 av;,
D — /o
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and the corresponding Sobolev space
HYD,N) :={u e HY(D,R"): u(z) € N for a.e. z € D}.

We point out that one can also define Sobolev spaces of maps between manifolds (and, more in
general, metric spaces) in an intrinsic way which does not make use of embedding theorems;
we refer to the seminal paper [29] for the basics of this theory. Harmonic maps are then
defined as critical points of the Dirichlet energy with respect to suitable outer variations (one
needs to deal with the fact that the target space N is not necessarily linear); if a harmonic
map is critical with respect to inner variations (which are always admissible), then it is
usually called stationary. However, in this paragraph, we consider a map v € H'(D, N
being a minimizer of the Dirichlet energy, which is then always a stationary harmonic map
in the sense above.

The literature on harmonic maps is huge, even when restricted to the topic treated herein,
i.e., regularity theory (we refer to [19, 31, 44] for a detailed and comprehensive study of
regularity of harmonic maps). We here briefly recall just the main results in the field, trying
to give an up-to-date account. Given an energy-minimizing map v € H'(D,N), D C M
open, for general smooth Riemannian manifolds M and A, we know that there exists a closed
set Sing (u) C D such that

e v is C*° in D\ Sing (u);

e Sing (u) is (d — 3)-rectifiable and has locally finite (d — 3)-Hausdorff measure.
These results are essentially sharp, the latter being quite recent (we refer to the original article
[35] for comments on its sharpness). We also remark such results have been proved in a series
of paper and a cornerstone role is played by [41] by Schoen & Uhlenbeck. In particular,
when M and N are arbitrary smooth manifolds, one cannot exclude discontinuities in the
minimizers, for instance one can think of the (nowadays) standard example

RY STl g 2
]

which is minimizing for d > 3 (see [30]) and has a discontinuity at the origin. Nevertheless,
while the structure and the geometry of the (smooth) domain manifold plays essentially
no role concerning the regularity of the minimizers, if one requires additional structural
assumptions on the target manifold, then stronger results can be obtained. In particular, if the
target manifold has nonpositive sectional curvature, then the Dirichlet energy becomes convex
and so harmonic maps (with fixed Dirichlet data) are unique and coincide with minimizers.
Moreover, in such a setting, minimizers are smooth, essentially as a consequence of the validity
of a Bochner-type formula. This last result is contained in the pioneering work by Eells &
Sampson [17]. However, for a nice exposition on the topic, we refer to [42].

One can then wonder how the regularity properties of the minimizers depends on the
regularity of the target manifold N. This question was essentially solved (up to some later
refinements) in [20], where the authors consider harmonic maps with values into non-positively
curved metric spaces (thus admitting singularities). Let us be more precise. Let (X,dx) be
a length space, i.e. a metric space endowed with the intrinsic metric and such that every
two points are connected by a distance-realizing curve, and let us assume it is non-positively
curved in the sense of Alexandrov (NPC or CAT(0) space). The notion of curvature in the
sense of Alexandrov is a generalization of the notion of sectional curvature adapted to general
metric spaces. We give the following definition, referring to [29] for more details.

Definition 2.1. A metric space (X, dx) is non-positively curved (NPC, or CAT(0) space) if

e it is a geodesic space, that is: for every pair of points P, Q € X there exists a rectifiable
curve whose length is dx (P, Q);
e the following “triangle comparison inequality”

dX(Pv Qt)2 < (1 - t)dX(P7 Q)2 + th(P7 R)2 - t(l - t)dX(Qa R)Qv
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holds for every triple of points P,Q, R € X, with @); € X being the point on the
geodesic segment joining @ and R such that dx(Q,Q¢) = tdx(Q, R).

Given an open subset D of a smooth manifold (M, g) and an NPC target space (X,dx),
we consider minimizers for the Dirichlet energy associated to maps u: D — X, i.e.

[, 19gulav;.

To be precise, this quantity is classically defined in the case X C RY (which is considered in
[20]), while in the case of a general metric space X we refer to the intrinsic theory developed
in [29] (see also [21]). At this point, we observe the following: the fact that Sing(u) = 0
when the sectional curvature of the target manifold is non-positive does not depend on the
smoothness of the manifold, but only on such geometric feature. Indeed, in [20, 29] the
authors proved the following.

Theorem 2.2. Let D C M be an open set, let (X, dx) be an NPC space and letu € H' (D, X)
be a minimizer of the Dirichlet energy. Then wu is locally Lipschitz continuous. In particular

Sing(u) = 0.

Harmonic maps with singular NPC targets naturally emerge for various reasons, we name a
few. First, they emerge as limits sequences of harmonic maps between smooth manifolds, see
e.g. [46] and references therein. A remarkable example is the blow-down sequences. Namely,
if u: R* — A/, then the blow-down rescaling u, () := r7u(zo + 2/r) (for 4 > 0 and z € D)
takes values in r"A := {r7z: & € N'}. The space which emerges as a limit as r — 07 of 77\
(to be intended in the pointed Gromov-Hausdorff metric) might be singular. Moreover, if A/
has everywhere non-positive sectional curvatures, then the blow-down limit is NPC. Second,
they might be a precious tool for studying rigidity questions for discrete groups, which is one
of the main motivations for [20] (see also [22, Section 8]). Lastly, and most importantly for
our purposes, optimal partition problems. Let us choose

X=%Sy:={XeR": X;>0and X;X; =0foralli,j =1,...,N, i # j},

i.e. we assume X to be the union of the nonnegative part of the coordinate axes of RY, then
we precisely recover the optimal partition problem introduced in Section 1, with intrinsic
distance

(2.1) dy, (X,Y) = {'XZ Yil, X =1 =0 forall j 74,
| X5+ 1Y;], if X5,Y; # 0 for some ¢ # j.

The reason why we recalled this is that the space ¥y C RY is a simple example of non-
positively curved space; thus, all the results proved in the setting of harmonic maps with
values into NPC spaces holds in this case. The literature also in this field is large; without
aiming at giving a complete list, besides [20, 29] it is worth mentioning the independent work
by Jost [25]. We also include the lecture notes [26] and some other contributions by Jost
and coauthors [28, 27] (and references therein) and the various works by Mese and coauthors
[32, 33, 34, 13, 14] (and references therein).

Finally, we mention the fact that considering X = Yy as a target is equivalent to consider
X as a locally finite metric tree, which is indeed an example of NPC space. In this field, we
mention the work by Sun [50] and references therein.

2.2. Limit of competition-diffusion models. For an open D C R%, we now consider the
functional

N
> [ s,
D

,5=1
i#]

N
Es(u, D) ::Z/D\Vui|2dx+§
i=1
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defined for u = (uy,...,uy) € H'(D,RY), i.e. with not necessarily segregated densities, and
let us consider a non-negative minimizer ug € H'(D,R") of Es(-, D), that is u; > 0 in D for
alli=1,..., N and

Eg(ug, D) < Eg(v,D) for all v € H'(D,RY) such that ug — v € H}(D,RY).

Differently from the optimal partition model considered in Section 1, here we deal with
unconstrained minimizers, which then satisfy the following system

—Aug; + ﬁumZu%J =0, inDforalli=1,...,N.
J#1
As a consequence, by a bootstrap argument, we have that ug; € C*°(D) and, by the maximum
principle, we have that either ug; =0 in D or ug; > 0in D, for all = 1,..., N. However,
by looking at the functional, one can easily see that the term

B~ [ 22
EZ/Duiujdx,

ij=1
i#]
penalizes the regions where two different densities coexists i.e.

N
U ({ugi > 0} 0 {ug; > 0}),
i,j=1
i#]
and the penalization grows as 5 > 0 increases. One might expect a sort of convergence to the
segregated model described in Section 1; indeed, this fits into the framework of I'-convergence
and one can easily prove the following.

Proposition 2.3. Eg(-, D) RN Ex(-,D) as B — +oo, where
E(u,D) ifue HY(D,Sy),

+00 otherwise.

Ex(u,D) := {

A standard consequence of the I'-convergence is that minimizers converge to minimizers.
More precisely, if ug € H'(D,RY) is a minimizer for Eg(-, D) and if ug — u weakly in
HY(D,R") as B — 400, then u € H'(D,Xy) and u is a minimizer for E(-, D).

This point of view was adopted in a series of pioneering papers by Conti-Terracini-Verzini
[8, 10, 12]. Afterwards, a vast literature flourished in this framework, studying various as-
pects of this “approximate” model, which has deep connections with other important topics
including Bose-Einstein condensates and Schrodinger systems, see e.g. [37, 38, 52, 47, 49].

2.3. Shape optimization. Minimizers — or, more precisely almost-minimizers — of E(-, D)
acting on H'(D,Yy) emerge in the setting of optimal partition of the domain D into N
subdomains with the cost function being the sum of the first Dirichlet eigenvalue on each
subdomain. Let us be more precise. We consider the family of N-partitions of D

PN(D) = {(Ql,...,QN)Z Qz - D open, Qz ﬂQj = Q) for 4 %j},

and we consider, for p € (0, +00], the following optimal partition problem for D (studied by
Helffer, Hoffmann-Ostenhof & Terracini in [24] and by Conti, Terracini & Verzini in [11])

N P
(2.2) E/(D) := inf (le(ﬂi)lﬁ  (,...Qn) € Py(D) b,
=1

where \1(£2;) stands for the first eigenvalue of the Dirichlet-Laplacian on £2; and, in the limit
case p = 400, the value

1
P

N
(Z Al(Qi)p> ;
i=1
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is intended as

A1(€2;).
enax ()

In words, problem (2.2) aims to find an optimal partition {£;};—1 .~ of D with respect to
the cost functional

1

p

N
PN(D) > (Ql,... ,QN) — (Z/\l(Qz)p> s
i=1

given by the p-norm of the N-vector of the first Dirichlet eigenvalues on (€q,...,Qx): this
clearly falls into the category of shape optimization problems. For instance, to mention one
remarkable example, in the particular case of the 3-partition, i.e. N = 3, and D = B, we
have the following conjecture.

Problem 2.4 (Bishop-Friedland-Hayman-Helffer-Hoffmann-Ostenhof-Terracini). For N =
3, prove that the Y -configuration, given by

(21,9, 03) = (R™2 x Y1) N By, (R2 % )5) N By, (R x V5) N By)
where

V= {(rcose,rsme): r>0, 2r(i—1)/3< 0 < zm'/g}, fori=1,2,3,
is the unique minimizer of (2.2) with D = By, for any p € (0,+00] (up to rotations).

This conjecture was proved for p = 400 in dimension d = 3 by Helffer, Hoffmann-Ostenhof
and Terracini in [24] and in any dimension in [40] (see also [48]), to which we refer for further
details on this topic.

These shape optimization problems turn out to fall into a larger class of problems of the
kind

inf {F(Q1,...,0n): (..., ) € Py(D)},
with F' belonging to a certain class of functionals. In this generality, questions of existence
of optimal shapes were addressed in [4] (see also the survey [5]).

Let us now analyze the connection with the optimal partition problem introduced in The-
orem 1.1, focusing on the case p =1 in (2.2), that is

N
(2.3) Ex(D) :=inf {Z M(Q2): (Q1,...Qn) € PN(D)} .
=1

A possible strategy to tackle the shape optimization problem (2.3) is to pass to a relaxed
formulation, which we now describe. For a measurable w C D, we let

Ju I Vu? dz

Al(w) = inf{ T2 u € Hi(D)\ {0} is such that u = 0 a.e. in D\w}.

We then consider the following larger family of N-partitions of D
Py(D) :={(Q,...,0Qn): Q; € D measurable, ;N Q; =0 for i # j}

and the corresponding relaxed problem

N
(2.4) E%(D) = inf {Z AL(): (Q,..., Q) € P;(D)}.
=1

Trivially, we have that
EN(D) < En(D).

At this point, we can derive an equivalent formulation in terms of Sobolev functions with
values in Y. More precisely, one can prove the following.
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Lemma 2.5. If we let

J2d
(2.5) mf{E:fDW“Q’dmx we HY(D,Sy) N HY(D,RY),
i=1 D ™

u; 20 foranyie{l,...,N} 2,

then we have E% (D) = E3 (D). Moreover, if u € HY(D,%y) N HY(D,RY) achieves (2.5),
then (,...,0n) € Py(D) achieves (2.4), where
Q; :={z € D: u;(z) > 0}.

Viceversa, if (Q1,...,Qn) € Pi(D) achieves (2.4), then u = (u1,...,uy) € H(D,Sy) N
HE(D,RYN) achieves (2.5), where u; denotes the first eigenfunction on €);.

The next step is to prove that if u = (uy,...,uy) achieves EX (D), then u; is continuous,
so that the corresponding partition is open and we have

En(D) = Ex(D) = Ex (D).

This path have been successfully pursued in [9, 11, 7, 6]. In particular, the following holds
(see e.g. [11]).

Proposition 2.6. Let u € HY(D,Xy) N HY(D,RY) be a minimizer of (2.5). Then u is
locally Lipschitz continuous.

Finally, we emphasize that minimizers of (2.5) can be proved to be almost minimizers for
the optimal partition model problem defined in Theorem 1.1. For the proof we refer e.g. to
[39, Proposition 6.8].

Lemma 2.7. Let u € H'(D,XN)NHY(D,RY) be a function achieving (2.5) and let D' € D.
Then, there exists C = C(D'") > 0 such that

E(u, Br(x9)) < (14 Cr)E(v, Br(z0))

for allv € HY(B,(x0),Xn) such that u — v € H}(B,(20),RY) and for all zo € D and r > 0
such that B.(x9) C D’. If D is regular, the result holds for every D' C D and C > 0 depends
only on d, N, D.

2.4. Symmetric 2-valued harmonic functions. We start by briefly introducing the no-
tion of a g-valued function, for more details we refer to [15, 2] and the references therein.
For any integer ¢ > 2, we denote by A4(R) the set of all unordered g-uples of R and we will
use the notation a = {a1,...,a4} for an element a of A,(R). Let D be an open subset of
R4 A function ¢ : D — A, (R) is called a g-valued function. Given a g-valued function
¢ : D — Ay(R) we will say that ¢ € C% if there is C' > 0 such that

dist(p(x), p(y)) < Clx —y|* forall z,y € D,

where dist(a, b) is the Wasserstein distance between a = {a1,...,a4} and b = {b1,..., by},
ie.

dist(a, b) mfz lai — bpg)
the infimum being taken over all permutatlons 73 of {1,...,q}. Given a g-valued function

¢ : D — A (R), we say that ¢ is differentiable in D, if for each € D there is a g-valued
affine function

Ly :RY— A, RY) | L.(h) = {cpl(ac) +oui(x)-h,..., pg(x)+ vg(z) - h},
with v;(z) € R? (single-valued), such that

1
hi% WdlSt( o(x), Ly(h)) = 0.
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We will also write Vi : D — A, (R?) to be the multivalued function

Vo(z) = {vi(x),...,v4(2)}
Finally, we will say that say that ¢ € Cb, if ¢ is differentiable and V¢ € C%.
We next recall the following definition of a harmonic 2-valued function from [45].

Definition 2.8 (Symmetric 2-valued harmonic functions). We will say that ¢ : D — A3(R)
is a symmetric 2-valued map if each ¢(z) is of the form {a,—a} for some a € R. For a
symmetric two-valued map ¢, we denote by K, the set

K, = {a: €D : ¢(x) ={0,0} and Vo(x) = {0,0}}.

Moreover, we will say that a symmetric 2-valued map ¢ € Ch* is harmonic if for each ball
B C D\ K, there is a harmonic function h : B — R such that ¢ = {h,—h} in B.

A typical example of a symmetric 2-valued harmonic map is
0:R? SR, go(z):ER(zS/2>,

for which I, is the origin and the nodal set {¢ = 0} divides the plane into three disjoint
cones 11,2, Q3 with 120 degree angles at the origin. If we denote by u;, j = 1,2,3, the

function
]§R(z3/2)\, if zeQy,
uj(z) = _
0, if z ¢ Q;,
then the map
U:R2—>23 , u:(ul,U2,U3),
is critical for the Dirichlet energy E (in the sense of Theorem 3.2 below). It is immediate to

check that this is true in general. Indeed, we have the following proposition.

Proposition 2.9. Suppose that D is an open subset of R? and that ¢ : D — A3(R) is a
CYa two-valued symmetric harmonic map with nodal set {¢ = {0,0}} that divides D into N
distinct disjoint connected open sets Q1,...,Qn. Let

u = (ul,...,uN):D—>ZN s
be the segregated map defined as follows:
¥ 1‘) ) Zf S Qﬁ
u](x) —_ ‘ ( ’ ' J
0, if x¢ Q.
Then, w is critical (uw € S(D,N)) is the sense of Theorem 3.2.

Proof. It is sufficient to show that the components w;, i = 1,..., N, satisfy the inequalities
Au; >0 and A(ui — Zu]) <0 in D.
J#i

The first inequality is immediate since w; is non-negative in D and harmonic in ; = {u; > 0}.
Since, by [45], ¢ € HE, (D) and the Hausdorff dimension of K, is at most d —2, it is sufficient
to check that the second inequality holds in the interior of D\ IC,. Now, if zq lies in some €,

then A(ui — D uj> = 0. Suppose that x( lies on the nodal set {¢ = 0}. Since zg ¢ Ky,
in a neighborhood of oy {¢ = 0} is a smooth interface between two of the sets € and €.
But then, by a simple integration by parts we get that A(ui =2 i uj) < 0 in distributional
sense around . O

We next show that also the converse is true, that is, every map in the class S (defined later
in Theorem 3.2) gives rise to a symmetric two-valued harmonic function.
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Proposition 2.10. Let N € N, D € R? be an open set, and let u = (uy,...,ux) € S(D, N).
Let Q; == {u; > 0} for j =1,...,N. Let ¢ : D — Ay(R) be the symmetric two-valued
function defined as

() {uj(z), —uj(x)}, if xe€Q; forsome j=1,...,N;

Then, ¢ € CY1Y/2 and ¢ is harmonic in the sense of Theorem 2.8.

Proof. We first notice that the set IC, coincides with the singular set Sp(u) defined in Sec-
tion 3.2. Thus, for every zg € K, we have

(2.6) lp(2)| = |u|(z) = O(|z — x0>?), as & — 0.

Now, suppose that B is a ball in D \ IC,. Since the nodal set of v is smooth in B, thanks to
[40, Lemma 3.3], we can assign to each u; a sign o; € {£1} in such a way that the resulting
function h(z) = Z;-Vzl ojuj(z) is harmonic in B (see [40, Lemma 3.4]). This proves that ¢
is harmonic in the sense of Theorem 2.8. In order to prove the C11/2 regularity of ©p, it is
sufficient to prove that for each zg € K, we have

IVo|(z) = O(|z — zo|*/?), as z — xo.

Let x € D\ Ky, let y be the projection of x on Ky, and let r» = |z — y|. Let h be a harmonic
function in B, (z) such that ¢ = {h,—h}. By (2.6) and the gradient estimate we have that

Vel(@) = [Vh|(x) < Cle —y|"* < Cla — xo|"/?,

where C' does not depend on the projection y, but only on the distance from zy to D. [

3. KNOWN RESULTS

In this section we consider minimizers (and a certain notion of critical points) of the
Dirichlet energy, i.e. solutions of the optimal partition problem. We introduce some notation
and the main tools needed in the investigation and we recall all the main results (to the best
of our knowledge) concerning the regularity of the solution itself and of the free boundary.

3.1. Preliminaries.

The classes M and S. First of all, for the sake of clarity in the exposition, we recall here the
notion of local minimizer, already introduced in Theorem 1.1.

Definition 3.1. Given N € N, an open set D C R? and a function u : D — RY we will say
that u is admissible, and we will write u € A(D, N), if u € H} (D,Xy). We will say that
an admissible function v € A(D, N) is a local minimizer, and we write v € M(D, N), if for
every open ) € D it holds

E(u,Q) < E(v,Q) for all v € H(Q, ¥ y) such that v — v € H3(Q,RY),
where E(u, () is the Dirichlet energy

N
E(u,Q) ::/Q|Vu|2dx: Z/Q|Vui|2d$.
=1

We now introduce a notion of critical point of the Dirichlet energy acting on segregated
Sobolev functions.

Definition 3.2. We say that u € A(D, N) belongs to the class S(D, N) if
—A’Uq; < 0, in D,

(3.1) —A(ui - Zuj) >0, in D,
i
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holds in the sense of distributions, for all i = 1,..., N. These two inequalities are also known
as extremality conditions.

This notion was first considered in a series of papers by Conti-Terracini-Verzini, see Sec-
tion 2.2, and we recall that there holds M(D,N) C S(D, N) (see e.g. [12, Theorem 5.1]).

Finally, if u € M(R? N) (respectively, u € S(R? N)) is homogeneous of some degree
v > 0, we write u € M. (R, N) (respectively, u € S, (R%, N)).

Lipschitz continuity. In [12] (see also [20, 7] for the particular case of minimizers) it is proved
that every u € S(D, N) is locally Lipschitz continuous, i.e. u; € C’loc (D) for every i =
., N. In particular, the sets

O :={zx € D: u(z) >0}
are open and well-defined and, as a consequence of (3.1), the functions u; are harmonic in

Q.

3.2. Interior regularity. In the present section, we review the known results concerning
the regularity of the free boundary at interior points.

3.2.1. Almgren and Weiss monotonicity formulas. For any non-trivial u € S(D, N) one can
define the Almgren frequency function for any xo € D and any r < dist(zg,dD) as

L E(U,QZ‘O’?")
N(u,zg,r) = Hlw,z0.1)’
where
1 2
E(u,xg,7) := ) E(u, By( rd 5 E / 5 (o) |Vu;|* de

is the scaled energy and

H(u,zg,r) : Td 12/63 o)

is the scaled height function. It is known that for v € S(D, N) which is not identically zero,
the function r — N (u, zo,r) is monotone non-decreasing and so the frequency of u at xg

v(u, o) := lim N(u,zo,7)
r—0t

is well-defined at any point z¢p € Fp(u). Moreover, by standard arguments, the map g —
v(zg, u) is upper-semicontinuous. Finally, once the expression of 9, (u, zg,r) is known, one
can easily prove that also the Weiss energy

H(u,zo,7)
W’Y(u> Zo, ’l“) = T (./\/(U, Zo, T) - ’7)
is monotone non-decreasing with respect to r > 0, for any v < y(u, xg).

We remark that the frequency function N (u,xg,r) could actually be defined only if
H(u,zg,7) >0,

hence the monotonicity of A/ is conditional. On the other hand, with classical arguments,
one can prove that if u € S(D, N) is nontrivial, then H (u,xg,r) > 0 for every xg and r > 0
such that B,(zg) C D (see e.g. [51, Theorem 2.2]). The proof of the Almgren monotonicity
formula can be found, for instance, in [51] (see [20] for the case of minimizers), while for the
Weiss we can refer to [39].
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3.2.2. Almgren blow-up. Let u € S(D, N) \ {0}, respectively M(D, N) \ {0}, and let zy €
Fp(u). We define the Almgren rescalings as
u(zo + 1)
H(u,z0,7)

with H as in Section 3.2.1, so that H(ug,,0,1) = 1. Furthermore, from scaling properties
and the monotonicity of the Almgren frequency (see Section 3.2.1), we have that

Uz (T) 1=

N
Z/ |V(ux0¢)i|2 dz = N (ugyr,0,1) = N (u,z0,r) < N(u, zo, dist(zg, 0D))
i=17B1

Hence, for any sequence r,, — 0 there is a subsequence r,, — 0 such that
Ugo,r,, — U uniformly in By and in Hl(Bl;RN), as k — oo,

for some U € S,(RY, N) (U € M, (R?, N), respectively), with v = lim,_0 N (u, o, 7), such
that

N
Z/ U:[2dS = H(U,0,1) = 1.
i=179B1

Actually, from the monotonicity of the Almgren frequency, one immediately deduces only
weak-H' convergence, but the full result only needs some further technical steps. For the
complete proof we refer e.g. to [39, Proposition 6.13] (the arguments originally come from

[18]).

3.2.3. On the admissible frequencies. A crucial point in many problems in regularity theory
is to understand whether a certain value v > 0 is an admissible frequency. In our context of
the optimal partition problem, this means to investigate if S, (R%, N)\ {0} # 0 (respectively,
M (RE N)\ {0} # (), for some N € N. Let us review what is known in this topic.

e In view of the Lipschitz continuity of the solutions, one can easily prove that
S,(RE,N)\ {0} =0 forall0 <~y <1,
see e.g. [51, Corollary 2.7]. Moreover, we have that
S1(RY N) = S1(RY,2) = My (R% N) = M (R%,2)
and that if U € S;(R%,2), then U has the form
U=z, Uy = a:;,

up to rotations, multiplication by a dimensional constant and relabeling of the com-
ponents’ numbering.
e In [48, Lemma 4.2] it was proved that

S,(RLN)\{0} =0 forall 1 <y < g

Moreover, basing ourselves on similar arguments, in [40, Proposition 3.5] we proved
that

83/2(Rd7 N) = ’53/2(Rd7 3) = M?’/Q(Rda N) - M3/2(]Rd7 3)
and that if U € 8:3/2(Rd,3), then U has the form U(z) = Y (zg4-1,24) with 2-
dimensional profile defined as

Yi(r, 0) r2 |sin (%9) , for ZX(i—1) <6 < 274,
(r,0) =
' 0, elsewhere,

for ¢ = 1,2, 3, up to rotations, multiplication by a dimensional constant and relabeling
of the components’ numbering.
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e In [40, Lemma 6.5] we proved that there exists ¢4 > 0 such that

3 3
MR N)\ {0} =0 for all 5 <V7<gtea

o If we restrict to dimension d = 2, a full classification is available (for a deep analysis
of the two dimensional case, we refer to [12] and [23]). We know that

S,(R%, N)\ {0} # 0 if and only if

(3.2) 2< N <m, if N iseven,

'yzﬂforsomemENand ] ]
2 3< N <m, if N isodd.

In particular, this follows from the existence of the profile
/2 |sin (%0)|, forde (%(z - 1), %2) ,

0, elsewhere,

(3.3) Ui(r,0) = {

for i = 1,...,m. By working on the labeling of the components of U = (Uy, ..., Uy,),
keeping in mind that two distinct connected components of {U; > 0} can meet only
at the origin, and thus cannot share a common boundary ray, one can easily produce
minimal configurations for N € N admissible as in (3.2). Moreover, by exploiting the
fact that we are in 2D, one can also prove that if U € M, (R, N)\ {0} then v and
N must satisfy (3.2) and U must be of the form (3.3) (up to relabeling of the vector’s
components). Furthermore, by a simple alternating argument (see e.g. [40, Lemma
3.4]), one can see that

Sm/Q(R27 N) = Mm/2(]R27 N)

for all the admissible N € N. Finally, we observe that, by cylindrical extension in the
remaining d — 2 variables, there holds

(Z) 7é Mm/z(Rd7 N) \ {0} - Sm/2(Rda N) \ {0}7

for any admissible N € N.

e Finally, spherical harmonics provide examples of minimizers in any dimension. Namely,
if pm: R — R is a nonzero harmonic polynomial, homogeneous of degree m € N
(whose restriction to the sphere S91 is called spherical harmonic), then we can pro-
duce a nontrivial element of M,,(R%, N), for some N € N, as follows. It is known that
R\ {p,,, = 0} is the union of a finite number N of connected components {Ai}iz=1,.. N
Now, for any i € {1,..., N}, we define

Wi = |pm‘7 in Aia
e 0, elsewhere.

Finally, one can easily verify that u = (uy,...,ux) # 0 and that u € M,,(R%, N).

3.2.4. Decomposition of the free boundary. Given v > 1, we use the following notation for
the set of points of frequency ~y

Fp(u) :==A{z € Fp(u): v(u,z) =~}

(this is well defined in view of the validity of the Almgren’s monotonicity formula). Hence,
equivalently, in view of the blow-up analysis described in Section 3.2.1, a value v > 1 is
admissible (in the sense of Section 3.2.3) if and only if F)(u) # 0 for some non-trivial
u € §(D, N) (respectively, u € M(D, N)), for some N € N. As a consequence of the results
we just described in Section 3.2.3, we can split the free boundary as a disjoint union as
follows:

e if u € S(D,N), then Fp(u) = Fp(u) U [ U fg(u)];

7>3/2
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e if u € M(D, N), then Fp(u) = Fp(u) U}"F(u) U [ U fg(u)]
¥>3/2+¢€q
Finally, for reasons that will be clearer later, we also denote

Rp(u) := Fh(u) and Sp(u):= U Fh(u).
>3/
3.2.5. Clean-up. By a clean-up result, we mean a statement of the type:

if, in some ball, some components of a (normalized) solution u: D — X are small,
then in a smaller ball these components vanish.

To be more precise, we here recall a tailored version of a more general result of Sun [50],
originally stated in the context of harmonic maps with values into R-trees.

Theorem 3.3 ([50], Theorem 1.2). Letu € M(D,N), let xzg € D and let R = dist(zo,0D)/2.
Then there exists 0, p > 0, depending on d and N (u,zg, R), such that the following holds. If,
for some Z C {1,...,N} and some r € (0, R), we have

> M (uaor)illLoo(my) <6,

i€l
then
(Uzor)i =0 in B,, for anyieT.
As a direct consequence, we also get the following.
Corollary 3.4. Let u € M(D,N) and let xy € D. If, for some r,, — 0 there holds
Ugg,r, — U uniformly in By,

with U € Mv(uwo)(Rd,N) satisfying U; = 0 for any i € Z (for some Z C {1,...,N}), then
there exists r > 0 such that u; =0 in By(zo) for anyi € L.

3.2.6. Points of frequency 1. Let us consider u € S(D,N) let 79 € Fp(u) = Rp(u). We
recall that, in this case, all the limits of Almgren blow-up sequences are of the form

U=z, U, = JZ;,
up to rotations, multiplication by a dimensional constant and relabeling of the components’
numbering. We have that, around xg, the free interface Fp(u) is a smooth manifold separating
two of the sets QY. Precisely, there is a neighborhood B, (zp) and two different indices
i,7 €{1,..., N} such that
up =0 in By(z9) forevery k¢ {i,j},
while in B, (x¢) the function u; — u; is harmonic (thanks to the extremality conditions as in
Theorem 3.2) and
|V (ui — u;)|(z0) # 0.
In particular, by the implicit function theorem, by choosing r small enough, the interface
(3.4) o N OQY N Br(wo) = {z € D: ui(z) — wj(z) = 0} N By (wo),
is smooth (d — 1)-manifold and we have
.FD(U) N BT(.%'()) =007 N Br(x()) = 89? N Br(.%'o).
In particular,
Fp(u) N By(zg) = Rp(u) N By(xo).

The proof of this fact can be found, for instance, in [20].
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3.2.7. Points of frequency 3/2. We now move to the study of the lowest stratum ]:;)/2(u) of

the singular set Sp(u). Before stating the results, we remark that the fine analysis of F;)/Z(u)
has been pursued, so far, only when u € M(D, N) is a minimizer (this has been done in [40]),
while the corresponding analysis for the broader class S(D, N) remains an open problem.
Moreover, this is currently the only stratum of the singular set for which a full e-regularity
result is known.

We recall that, by the classification in Section 3.2.3, we know that any limit U of Almgren
blow-up sequences at points of frequency 3/2 is of the form U(z) = Y (xg4—1,24) with 2-
, for 2F(i—1) <6< 2,

dimensional profile defined as
3. 3
(3.5) Yi(r,0) = {“ s (59) 3

0, elsewhere,

for i = 1,2, 3, up to rotations, multiplication by a dimensional constant and relabeling of the
components’ numbering.

By upper-semicontinuity of the map zy — 7(u,xp), we first notice that the set ]:gz(u) is
a relatively open subset of Sp(u). Moreover, in [40] we proved, essentially, that near a
point of frequency 3/2 the solution is a C'''® deformation of the model triple junction, see
Figure 1. More precisely, for any zo € fgz(u) there exists r» > 0 and three different indices
i,7,k € {1,..., N} such that

e uy =0 in B,(xg) for every ¢ & {i, j, k};
f3D/2(u) N By (7o) is a (d — 2)-dimensional C1:*-smooth manifold;
Fp(u) N Byr(zp) is the union of three (d — 1)-dimensional smooth manifolds (with
boundary) I';j, I'jg, Tix, where I'yp := 0Q} N OQY N By (xo), for h, € € {3, j, k};
each pair of such manifolds intersects along s (u) N By (20)
Iy is CH%-smooth up to Fap(u) N By (x0), for b, € {i, j, k};
the sets T, T'ji, Ty, form 120 degree angles at Fsj,(u) N By (20)-

FIGURE 1. A picture of a possible minimizer near a point of frequency 3/2.

It is worth mentioning that a crucial role in the proof of these results is the epiperimetric
inequality for the 3/2 Weiss energy, again proved in [40], which we here recall.

Theorem 3.5 (Epiperimetric inequality). There exists §,e,7 € (0,1) depending only on the
dimension d such that the following holds. For any N € N and any 3/2-homogeneous function
c € HY(By;Sn) N COY(By; RY),

3 N
Zd'H ({CZ > 0}, {Y; > 0}) + Zdy ({CZ > O}, {wd,1 =Xg= 0}) <T

and
[dsy (e, Y)HHI(Bl) <9,
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with Y as in (3.5) and ds, as in (2.1), there exists u € H'(B1; Sn)NC%Y(By; RY) such that
Ws (U, 07 1) < (1 - €)W§ (Cv Oa 1)
2 2

3.2.8. Rectifiability and measure bounds of the singular set. Besides e-regularity results near
particular frequencies, one can investigate dimension and measure bounds for the singular
set, for both minimizers and critical points. While the set of regular points is known to be a
smooth (d — 1)-dimensional manifold, we also know that the singular set is strictly smaller.
More precisely, if u € S(D, N) then

(3.6) dlmH(SD(U)) S d—2

and this result is clearly sharp, keeping in mind 2-dimensional minimizers (and their cylin-
drical extensions). For reference, (3.6) has been proved in [20, Theorem 6.4] in the case of
minimizers and in [51, Theorem 1.1] for the class S(D, N).

Actually, something more can be said. In particular, in [3] (see also [16], which treats only
minimizers, in the broader context of harmonic maps into singular spaces more general than
¥ n), the authors proved the following. For any u € S(D, N), we have:

o the singular set Sp(u) is, locally, countably (d — 2)-rectifiable; namely, it can be
covered by countably many (d — 2)-dimensional C! manifolds, up to a set of (d — 2)-
dimensional Hausdorff measure zero;

e for any compact K € D there exists C' > 0 and ro € (0, dist(K,9D) (depending on
d, uw and K) such that

|B,(Sp(u) N K)| < Cr? for all 7 € (0,r),

where
B, (Sp(u)NK) = U B, (z9).
20E€Sp (u)NK
e as a consequence of the previous point, Sp(u) has locally finite upper (d — 2)-
dimensional Minkowski content and (d — 2)-dimensional Hausdorff measure.

We point out that the results contained in [3, 16] are based on the techniques introduced by
Naber and Valtorta in the context of harmonic maps, see [35].

3.3. Boundary regularity. We now pass to the description of the known results for what
concerns the regularity of both solutions and their free boundaries up to the fixed boundary
0D. Compared to the interior case, to the best of our knowledge, there are few results
concerning boundary regularity and they are essentially contained in [43], [12] and [39]. In
particular, in [43], the author works in the context of harmonic maps with values into NPC
spaces and proves up-to-the-boundary Hélder regularity of minimizers, in terms of the Holder
character of the boundary itself and the Dirichlet datum. On the other hand, in [12, Theorem
8.4], the authors prove that if the domain D is of class C! and if u € S(D, N) satisfies u = ¢
on D for some ¢ € WH™(9Q), then u is locally Lipschitz continuous up to dD. Finally,
in [39] we focused on the regularity and the behavior of the free boundary Fp(u) up to the
fixed boundary 9D, when v is a minimizer, i.e. u € M(D,N), and satisfies homogeneous
Dirichlet boundary conditions on a portion of dD. In particular, we analyze the regularity
and geometrical structure of the free boundary on the fized boundary, defined as

Fop(u) := Fp(u)NoD.
We now briefly discuss the main results of [39] and we refer to the paper for all the details.
We point out that the work [39] actually deals with the spectral optimal partition problem
described in Section 2.3, which is slightly different from the problem of minimization of the
pure Dirichlet energy, since there are also lower order terms to handle. However, one can
easily see that all the results obtained for the former trivially hold true for the latter (which
is the setting we are considering in the present survey).
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3.3.1. Set-up and assumptions on dD. We begin by describing the setting of of [39], which
is essentially laid as an extension of Section 3.2 in order to “see” the boundary 0D. The
definition of minimizer is the same as in Theorem 3.1, but with D replacing D and prescribing
homogeneous Dirichlet boundary conditions on a relatively open set I' C 0D. Namely, we
say that u € M} (D, N) if it belongs to the admissible set

AG(D,N) == {u € H,.(D,%n): u; € Hyp(R) for any open bounded  C D and all i > 1},

where Hé,F () is the space of H! functions in Q that vanish on I' in the following sense

Hip(0) = Cr@\ 1),
and if it minimizes the Dirichlet energy, i.e.
E(u,Q) < E(v,Q) for all v € H(Q, ¥ y) such that v — v € H3(Q,RY),
for any open bounded  C D. Analogously, we say that v € S} (D, N) if u € S(D,N) N
(H&F(Q))N for any open bounded 2 C D. Finally, we analogously extend the notation from
the interior case also for the y-homogeneous functions, i.e. Mg (C,N) := Mg%(c ,N) and

So4(C,N) == gg(c ,N), for any open cone C C R?. We emphasize that these spaces contain
functions that vanish on the whole boundary of the cone 9C.

We now proceed by fixing the requirements on I'. Without loss of generality, we describe the
situation near the origin, assuming that 0 € I'. Then, we assume that, locally near 0, I' = 9D
and that D is the epigraph of a C! function ¢, i.e.

DN By ={(2,xq) € R 24 > (')} N By,
ODN By =TNB; ={(z/,z4) € RY: 24 = (')} N By,

where, up to a rotation of the coordinate axes, we can suppose ¢(0) = |[V¢(0)| = 0.

In the rest of the section we will work in the ball By where I' = 0D and uw =0 on 0D.
In order to keep the notation as simple as possible we drop the index T'.

Moreover, if we denote by o € C([0,2]) the modulus of continuity of Ve:
V(') = Vo) < ol —y|) forall .y’ € Bin{zq =0},

we will assume that there exists o9 € C'*(0,2) such that

2 2 T
(r~"Mag(r)) <0, / %(r) dr < oo, / ! / @dt dr < oo,
o T o roo(r)Jo t
where mgy > 0 is a fixed dimensional constant. This last assumption is here stated in its
generality, but it is actually satisfied if I" is of class C1*~Pin with o > 3 (see [39, Definition
2.2] and the discussion in [39]) and, in particular, if T is of class C%?, for some a € (0, 1).

3.3.2. Differentiability of minimizers. Let u € Mo(D,N)\{0}. While from [12, Theorem 8.4]
it was already known that u; is Lipschitz up to 0D, for any i € {1,..., N}, in [39, Theorem
2.3] we proved that actually w is differentiable at 0 and that exactly one of the following holds

(1) there exists i € {1,..., N} such that
e u;(z) =arx) +o(|z|) as |z| — 0, for some a; > 0;
e u; =0 in a neighborhood of 0, for all j # i;
(2) there exists i,j € {1,..., N}, withi # j, e = (e1,...,e4-1,0) € S"2x {0} and ay > 0
such that
o u;(z) =az(z-e) z) +o(|z|?) as |z| = 0;
o uj(z) =az(z-e)” x} +o(|z|?) as |z| — 0;
e u; = 0 in a neighborhood of 0, for all k # 1, j;
(3) wi(x) = o(|z|?) as |x| — 0 for any i € {1,..., N} and there exists 7,5 € {1,..., N},
with ¢ # 7, such that u; #Z 0 and u; # 0 in a neighborhood of 0.
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By scanning the proofs in [39], one can track the dependence of the constants a; on the point
and derive its continuity, thus implying that Vu;(z¢) is continuous with respect to xg € 9D,
for any i.

3.3.3. Almgren and Weiss monotonicity formulas. Also in the boundary case, one can derive a
good notion of frequency function and Weiss function, which turn out to be almost monotone.
In particular, basing ourselves on the techniques introduced in [1] with the scope of studying
harmonic functions vanishing on non-convex boundaries, in [39] we proved that there exists
a C! diffeomorphism ¥: R? — R? such that ¥(0) = 0 and D¥(0) = I, which induces a
suitable perturbation of balls in such a way that the corresponding frequency function is
almost monotone. More precisely, we have that for any non-trivial u € M(D, N) (extended
by zero outside D) one can define the (boundary) Almgren’s frequency function as
_ E(u,r)
N(u,r) == )’

where for any r € (0,1)

1 1 Y
E = ——Fu,¥(B,)) = — 2 d
(u,r) a2 (u, ¥(B,)) ) ;:1 /P(BT) |Vu;|* dz
is the scaled energy and

1 N
H(u,r) = —— / u?ds
()= S ; ou(B,)

is the scaled height function. Then, as proved in [39, Theorem 6.6], the function r — N (u, )
is almost monotone, in the sense that there exists C' > 0 and f € L'(0, 1) such that

T /
(ecfo @) dt/\/(u,r)) > 0.
Hence, we can define the frequency of v at 0
v(u,0) := lim N (u,r).
r—0t
Analogously, one can define the frequency function N (u,zg,r) and its limit v(u,z¢) at any

xg € 0D. Again, by standard arguments, the map xg — y(zp,u) is upper-semicontinuous.
Finally, we point out that also the Weiss energy

H(u,r)

r2Y

W (u,r) = (M(ur) =)

is almost monotone non-decreasing with respect to r > 0, for any v < ~v(u,0), see [39,
Proposition 6.16].

3.3.4. Almgren blow-up. With some technical adjustments, by virtue of the almost mono-
tonicity of a perturbed frequency function (see the previous paragraph), we can perform a
blow-up analysis in the same spirit as Section 3.2.1. More precisely, setting
u(zo + re)
H(u,zg,7)’

we have that, for any sequence 7, — 0 there exists a subsequence r,, — 0 such that

uxo,r(x) =

Ugg,r,, — U uniformly in By and in H Y(By; RM),

as k — oo, for some U € M(),W(Ri, N) satisfying

N
Z/ Uh2dS = H(U,0,1) = 1,
i=179B1

where v = lim,_,o N (u, 29, 7) and R? := {(2/, 24) € R%: 24 > 0}.
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3.3.5. Admissible frequencies. Again, the description of the results in this section follows the
structure of the interior case. In particular, we again call v > 0 an admissible frequency if
Mo (RL, N) \ {0} # 0 for some N € N. We have the following results, which are mainly
contained in [39].

(3.7)

(3.8)

e In view of the Lipschitz continuity of minimizers, we have that

Mo, (RE, N)\ {0} =0 forally<1.
Moreover,
Mo1(RE,N) = Mo1(RE, 1) = So1(RE, 1) = Sp 1 (RE, N)
and these classes only contain functions of the form
Ulzwj, U;=0 fori>2,

up to rotations, multiplication by a dimensional constant and relabeling of the com-
ponents’ numbering.
Furthermore

Mo,(RLN)\ {0} =0 foralll<~y<?2
and
Mo,g(Ri, N) = MQ,Q(R:{_, 2)
which contains only configurations of the form
Ur=2, 4 :1:;{, Uy = 5”3—1 mg, U;=0 fori>3,
again up to rotations, multiplication by a dimensional constant and relabeling of the

components’ numbering.
There exists £/, > 0 such that

Mo (RE,N)\ {0} =0 forall2 <~y <24e),

for any N € N.
Reasoning analogously to the interior case, we can easily obtain the full classification
in dimension 2. More precisely, we know that

So,(RA,N)\ {0} # 0 if and only if v = m for some m € Nand 2 < N < m.

In particular, this follows from the existence of the profile

Ui(r, 0) = ™ |sin (m@)|, for § € (L (i —1), i),
0, elsewhere,
for i = 1,...,m. Again as in the interior case, by working on the labeling of the
components of U = (Uy,...,Uy,), and keeping in mind that two distinct connected

components of {U; > 0} cannot share a line, one can easily produce minimal config-
urations for any 2 < N < m. Moreover, if U € M, (RZ, N) \ {0} then v and N
must satisfy (3.7) and U must be of the form (3.8) (up to relabeling of the vector’s
components). Furthermore, one can also see that

Som(RE, N) = Mom(RL, N)

for all the admissible N € N. Finally, we observe that, by cylindrical extension in the
remaining d — 2 variables, there holds

0 # Mom(RL,N)\ {0} C Som(RL, N)\ {0},

forany 2 < N < m.

Finally, again with an argument analogous to the interior case, we can produce func-
tions of Mo,m(Ri, N) starting from harmonic homogeneous polynomials of R¢ which
are odd with respect to JR? (hence vanishing on it).
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3.3.6. Traces of the positivity sets and decomposition of the free boundary. Given v > 1, we
use the following notation for the set of points of frequency ~

Fop(u) :={x € dD: y(u,x) = ~}.

Analogously to the interior case, in view of the Almgren blow-up analysis, v > 1 is admissible
(in the sense of Section 3.2.3) if and only if Fj,(u) # 0 for some non-trivial u € Mo(D, N),
for some N € N (and for some D C R?). Moreover, we have the following correspondence
with the results described in Section 3.3.2 (we use the corresponding numbering):

— (1) happens if and only if 7y(u,0) = 1. In this case, we say that 0 belongs to w}*. The
set w;' can be interpreted as the trace of the positivity set

O ={z € D: ui(z) > 0}.
Moreover, we can identify w;' as follows:
wi' ={z € 0D: dyu;(x) < 0}.
— (2) happens if and only if 7(u,0) = 2. In this case, we say that
0 € Rop(u) := Fap(u);

— (3) happens if and only if y(u,0) > 2+ ¢/;. In this case, we say that
0€ Syp(u) = U Fap(u).

y>2+¢€l,

3.3.7. Regularity of the free boundary. The first observation is that

N
(3.9) faD(u) = U 63D w?,

i=1
where Opp w;' is the boundary of wj in the relative topology of D. This is not trivial, since a
priori only the inclusion D holds, and needs a careful justification (see [39, Proposition 9.4]).
In particular, this excludes behaviors like the one on the right in the figure below.!

_ ‘ N _
L Fp(u) s L N
// | \\ // \\
/ \ / A\
/ } \ // \
4 9 Qo 3 / Q0 Qo 3
1
II \\ 1 \\
I | I |
L ] L J
w1 w2 w1 w2

o1 NOD

FIGURE 2. A regular free interface (on the left), a cusp-like singularity (in
the middle), and an oscillating free boundary (on the right). We show that,
among these, only the behavior on the left is possible.

At this point, we know that only (2) and (3) in Section 3.3.2 and Section 3.3.6 can hold if
0 € Fop(u) and that

Fop(u) = Rop(u) USyp(u).

We are now able to state the two main results of [39]. The first one concerns the regularity
of Rop(u) from the “point of view” of 9D.

IFor aesthetic reasons, we omitted the upper index u in Qj and wj'.
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Theorem 3.6. Let u € My(D,N) \ {0}. We have that Rop(u) and Spp(u) satisfy the
following: Ssp(u) is a relatively closed set and Rop(u) is, locally, a (d — 2)-dimensional
submanifold of class C'. Moreover, for any o € Rop(u) there exist i,j € {1,..., N}, with
1 # 3, and rg > 0 such that
wi' N Byr(xg) #
wi N Br(xg) =

’ W}L N BT‘(:CO) 7’é Q),
for all k #1i,j,

= =

for all v < rg.

This, by itself, does not provide the complete picture, since there might be cases in which
Owj' N Ow} is regular near some xg € 9D, but z9 € Rop(u). In the following, we describe the
behavior of the regular part of interior free boundary as it approaches the fixed boundary
0D. This also rules out the middle case in Figure 2.

Theorem 3.7. Let u € My(D,N) \ {0}. For any zy € Rop(u), let ro > 0 be as in
Theorem 3.6. We have that R(u) N By, (z0) is of class C' up to D and
Rop(u)N By, (o) = Rp(u)NoDN By, (x0)-

Furthermore, in this case, Rp(u) approaches 0D in an orthogonal way, in the sense that, if
e, € 0By denotes a unit normal vector for Rp(u) N By, (x0) at the point x € Rp(u)N By, (o)
and v(zg) denotes the unit outer normal to 0D at xq, then

Jim e - v(zo) = 0.
zeD
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