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Abstract: We study a rather broad class of optimal partition problems with respect to monotone and
coercive functional costs that involve the Dirichlet eigenvalues of the partitions. We show a sharp
regularity result for the entire set of minimizers for a natural relaxed version of the original problem,
together with the regularity of eigenfunctions and a universal free boundary condition. Among others,
our result covers the cases of the following functional costs
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where (w1, ..., w,,) are the sets of the partition and A;(w;) is the j-th Laplace eigenvalue of the set w;
with zero Dirichlet boundary conditions.
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1. Introduction

Let Q c RY be a smooth bounded domain, m > 2 an integer and ki, ...,k, € N. Consider the

following optimal partition problem: among all m-tuples of open disjoint subsets wy, ..., w,, of Q,
belonging to an admissible class, find those that minimize the functional

((L)l, o ,(L)m) = F(QOI (/11((1.)1), .o 9ﬁk1(w1)) seees Pm (ﬁl(wm)’ C ’Ak,,l(wm)))

where A;(w) is the i-th eigenvalue of w with Dirichlet boundary conditions. Here F and ¢; are given
functions which satisfy certain monotonicity and coercivity assumptions. The aim of this paper is to
show that not only problems of this form have a regular solution, but also that any solution is regular.
Examples of functionals that fall in the scope of our results are

m ki 1/pi m ki
(@1 ) = ) [Z Aj(w»f’f] ] [ﬂ ﬂ,-(w,-)],

i=1 \j=1 i=1 \j=1

1

m ki
[Z Aj(wi)) (1.1)
=1

J=1

and combinations of these functionals.

Optimal partition problems are a particular case of a shape optimization problem that appears quite
naturally in engineering, where a cost functional defined on a structure made of several materials is
being optimized (each material corresponds to a set of the partition).

The problem of existence and regularity of optimal shapes for spectral costs (meaning cost
functionals that depend on the spectrum of an operator set in a specific member of the partition) has
been addressed by many authors. They are connected with the study of nodal sets of eigenfunctions of
Schrédinger operators [3—5, 17], monotonicity formulas [2, 9, 14, 18, 23] and nonlinear systems of
partial differential equations with strong competition terms [9, 11-14, 17,20, 22,24]. Moreover, these
problems provide examples of monotone functionals which are lower-semicontinuous with respect to
the weak y-convergence, where existence results of a relaxed formulation (partitions of quasi-open
sets) can be achieved by direct methods [7, 8]. Alternative methods typically involve penalization
arguments (see for instance [6, 17, 18,20,24]).

The main goal of this paper is to characterize and prove regularity of all possible minimal partitions
of problem (1.3) and their eigenfucntions.

1.1. Open partitions

We contextualize our results by introducing a first natural formulation of the problem. For a given
m > 2, consider the set of open partitions of Q in m disjoint subsets, denoted by

Pu(Q) = {(@1.....wn) : w; C Qopen Vi, w;Nw;=0Vi# j}.

Observe that, according to this definition, a partition is not necessarily exhaustive, meaning that
possibly U,w; & Q. To any element w of a partition we associate the corresponding eigenvalues of the
Laplacian with zero Dirichlet boundary condition 4;(w) < A>(w) < ..., counting multiplicity. It is
well-known that these eigenvalues are the critical levels of the Rayleigh quotient

u € Hy(w) - f|Vu|2/fu2
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where Hé(a)) is the closure of the subset of H'(Q) functions whose support is contained in w. A
characterization of eigenvalues, which takes naturally into account their multiplicity and is also better
suited for our purpose, is given by the Courant-Fisher-Weyl formula, which states that for any j > 1

Ai(w) = inf wp(J}Wﬁﬁff)
McH}(w) ueM\(0} \ Jw w

dim M=j
where M is any linear subset of Hé (w) of dimension j.

1.2. Cost functional

We introduce a general class of cost functional for the optimal partition problem. Let F € C'(R™; R)
and, foranyi=1,...,m,¢; € C L((R*)%; R), functions that verify the following assumptions.

(HI) Monotonicity: forevery i =1,...,m,

F
a—(X1,---,xm)>0 V(xi, ..., x,) € R,
6x,-

dp; |
fﬂww%bovmWWWE®WJeme
x .

J

(H2) Coercivity: foreveryi=1,...,m,

Hm F(xp, ..., Xic1st Xie1s e oo X)) = +00 Y(x1,...,x,) € RY)"

t—+00

lim @;(s1,..., 81,8, Xjs1, ..., 8) = +00  V(sp,...,8) € (R+)k",j€ 1,...,k;
t—+00

(H3) Symmetry, foreveryi=1,...,m

@i(o(S1,. ..y Sk)) = @i(S15 ..., Sk;) for every permutation o € Sy..
We consider the following problem: among all partition (wy, . .., w,) € P,(€2), find
inf F (1A (1), -« s A (01))s - o s @A (@he)s - - 5 A, (Win))) - (1.2)
(W10 ) EP ()

The goal here is to show that a solution, an optimal partition, exists and also to establish some of its
qualitative properties, such as the regularity of the associated eigenfunctions, topological properties of
the partitions and the structure of their boundary.

Although this first formulation has a very natural appeal, it comes with an apparent incompatibility
between the structure of the set of solutions #,,({2) and the minimization problem. Indeed it does not
seem easy to endow the set of the open partitions #,,(€2) with a topology that allows any compactness
results on sequences of minimizers of the cost functional. There are many ways to circumvent this
issue (see for instance [6, 8, 17]), usually by considering a relaxed version of the original problem.
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1.3. Measurable partitions

We adopt here the framework of [17], see also [15], in that we reformulate our problem in the
context of measurable sets. For this reason we extend our notion of partition and consider the set of
measurable partitions of € in m almost-disjoint subsets, denoted by

a’m(Q) = {(wl, cos W) T w; C Q measurable Vi, lw; Nw;| =0 Vi # j},

where | - | is the Lebesgue measure. Correspondingly, for any w C RY measurable (with non-empty
interior) we define the Sobolev-like set

Hyw):={ue H'(Q):u=0ae. inQ\ w)

and we introduce the generalized eigenvalues of w as

Aj(w) = inf  sup ( f |Vu|2/ f uz).
MCH}(w) ueM\{0} \ Jw w

dim M=j

They form a nondecreasing sequence which is associated to an L?—orthonormal sequence of
eigenfunctions {¢;} jany, Which satisfy —A¢; = 1;(w)¢; in the weak sense

f Vé - Vi = Aj(w) f ém  Vne Hiw)
Q Q

and belong to L*(Q2) (see [15, Section 2]).

Remark. The notions of classical eigenvalue A; and generalized eigenvalue A differ in general, even
for Lipschitz sets. Indeed, there are open sets Q C RY, such that 4;(Q) # Zk(Q) for some k (in general
we have Ik(Q) < A4(Q)). Taking for instance Q = B;(0) \ {x; = 0}, then one easily verifies that
1) = () = A,(B;(0)), while Zk(Q) = Ax(B1(0)) for any £k € N. On the other hand, if Q has
smooth boundary (for instance, {2 enjoys an exterior cone condition), then the two notions coincide.
See [15] for a more in depth discussion on this subject.

We can finally introduce a suitable relaxed formulation of the minimization problem: among all
partition (wy, . .., W,) € P,(Q), find

(wl"..’jf)f@m(g) F (901 (;il (W), ... ,Zk. (wl)) ey Om (Il (W), - . . ,;{km(wm))) ) (1.3)

We state a general existence theorem for the solutions of this problem

Theorem ( [20]). The optimal partition problem (1.3) cgjncides with (1.2) and admits an open regular

solution (wy, . ..,wy,) € P,(Q) This partition is that 1(w;) = Ajw;) for every i = 1,...,m, j =
1, ey k,‘.

Moreover, for all i = 1,...,m there exist k; linearly independent eigenfunctions u;,...,u;y, €
ﬁé(wi) associated to 71-1 (W), ... ,Zki(wi) which are Lispschitz continuous, and O; coincides with the

interior of the support of
ki
Z |u;, jl-
=1

Mathematics in Engineering Volume 3, Issue 1, 1-31.



5

Finally, foreachi=1,...,mand j = 1,...,k; there exists a; j > 0 such that given x, in the regular part
between the interface between two adjacent sets O, O, of the partition, the free boundary condition is

ky ky
lim > a, IVu, (0P = lim " @ Vu, (0 # 0.
XX & X=X “

x€0, J=1 x€0, J=1

For the notion of regular partition, we refer to the next statement. This statement is a combination
of [20, Theorem 1.2] and the paragraphs after that, see in particular the relaxed formulation (2.4)
therein. It should be noted that the case of functionals depending only with first eigenvalues was
treated in [1,9, 10, 14], while [24] deals with second eigenvalues.

1.4. Main results

In this paper we strengthen the previous result, by showing that every solution of (1.3) is equivalent
to a regular partition, together with universal results regarding the regularity of eigenfunctions and a
free boundary condition. In what follows, A denotes the symmetric difference between two sets.

Theorem 1.1. Let w = (wy,...,w,) € E‘Sm(Q) be any minimizer of (1.3). Then there exists a unique
open partition O = (Oy,...,0,) € P,(Q) such that the following holds.
Equivalence:

e subsets coincide up to negligible sets, |w;AO;| =0 foralli=1,...,m;

e they share the same eigenvalues,

A(w) =A;0)  foralli=1,...,mand j=1,... k;

o they share the same eigenfunctions, for all i = 1,...,m there exist k; linearly independent
eigenfunctions ¢;1,...,Pix, € Hé(w,-) associated to A,(w;),..., A4 (w;) and k; linearly
independent eigenfunctions u;, ..., Uy € Hé(Oi) associated to 21(0,), . .., A4, (0;) such that, for
any jel,...,k;, we have

Gij= U quasi-everywhere in Q.

Regularity of the sets: the partition O is regular, in the sense that the free-boundary I’ = Q\ U2, O; is
a rectifiable set and there exist disjoint sets R,Z C I such that

e I' = RU X has Hausdorff dimension at most N — 1: 7;,,(I') < N - 1;

e R is relatively open and X is relatively close in T';

e Ris a collection of hypersurfaces of class C'** (for some 0 < a < 1). Moreover, each hypersurface
separates locally exactly two different elements of the partition: for every xy € R, there exists
p > 0 and exactly two indices i # j such that xo € 00; N 00, B,(xo) \I' = Bo(xp) N (O; U O;).

e X is small in the sense that 7;,(X) < N —2;

o if N = 2, the set X is a locally finite set and R consists of a locally finite collection of curves
meeting at singular points.

Spectral gap:
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e foreachi=1,...,mit holds

Zki(wi) < :ik,-+1(wi)-

In particular, if ENC,-,.,-(w[) - ﬁé (w;) denotes the eigenspace associated to zj(w,-), then the dimension
of the linear space E}, := span (U';’: Ei, j) is equal to k;.

Regularity of the eigenfunctions:

o fori=1,...,m, we have
Ey, C Lip(Q),

in the sense that each eigenfunction has a continuous representative.

Now, for i :J, ...,m, let ¢';1. yeesGix, be an L2-orthonormal base of Ey,, associated respectively to the
eigenvalues 1 (w;) < ... < A, (w;). Then

e foreachi=1,...,m, O, is the interior of the support of

ki
Z |¢i,j|;
j=1

e there exists a; j > 0 such that given xo € R and O, O, the two adjacent sets of the partition at xo,

then
kf’ k‘l
lim > a, 1V, (0 = lim > a1V, ()P # 0. (1.4)
X—X0 X—=X0
x€0, n=1 x€0, n=1

The coefficients depend only on the eigenvalues of the optimal partition, through the formula
aij = O;F (901 (Zl(wl)’ TS (wl)) s O (Il (W), - - a;{km(a)m))) 3,‘%‘(}1 (@1), ... W)

and ;= aiy if Lp(w;) = ().

The proof of Theorem 1.1 is based on a penalization argument. We exploit a regularized version of
the relaxed formulation (1.3), involving eigenfunctions rather than eigenvalues, that is better suited to
prove the aforementioned properties of optimal sets. Following [20], we consider a singular
perturbation and approximate these eigenfunctions by minimal solutions of a nonlinear elliptic system
with competition terms. This allows to prove the regularity results concerning eigenfunctions and
interfaces. By adding an extra term in the energy functional we are able to select any specific
minimizer of which we wish to show regularity.

It should be noted that the previous result in the case of functionals depending on first eigenvalues
was proved in [17]. The case of higher eigenvalues presents many extra difficulties which are related
to the unknown multiplicity of the eigenvalues of an optimal partition and to the fact that some
eigenfunctions change sign.

Mathematics in Engineering Volume 3, Issue 1, 1-31.



1.5. Examples

Before presenting the proof of our result, we illustrate a couple of concrete applications for specific
choices of cost functionals. As a model case, we consider the first function in (1.1), that is the case of

1
m ki ri
F(xi,...,x,) = le- and  @i(s1,...,8) = (Z si”]

i=1 i=1

with p; > 0. Then our theory applies to all minimizer of

1/pi
)| e i

which are the shown to be regular in the sense of Theorem 1.1. Moreover, the coefficient in (1.4) are
given in this case by _
ﬂn(wi)pi_l

a,',j = ol

(Zl;’;l zj(wl)pi) "

The same results also holds for the (suitably renormalized) limit case p; — 0, where we find

k,‘ ki

Gi(S1y ey St) = 1—[ sj, and a;;:= 1—[ Z,-(a)l).

i=1 Jj=Lj#i

1.6. A remark about quasi-open sets

In the theory of optimal partitions with respect to spectral costs we can find another class of
partitions, given by quasi-open sets, which is in a sense intermediate between the class of open
partitions and the class of measurable partitions. It is defined by

ﬁm(Q) = {(a)l, ., Wy) T w; C Q quasi-open Vi, cap(w; Nw;) =0 Vi # j} ,
with associated problem

inf_ Fpi(i@), ..., % @1), ..., @u(i(@n), . - -, A, (W) -
(‘Ul ----- U—’m)epm(g)

We recall briefly the notions of capacity and of quasi-open sets, taken from [7, Chapter 4]. The (2-
)capacity of a set is

cap(A) = inf{f(qul2 +u?): ue H'RY), u = 1 in a neighborhood of A}.
Q

A set A is said to be quasi-open if for each € > 0 there is an open set A, satisfying cap(A2A,) < &,
where A denotes the symmetric difference between sets. There is a close relation between quasi-open
sets and Sobolev functions. In fact, each u € H'(RY) admits a quasi-continuous representative, this
meaning that for each € > 0 there is a continuous function u, with cap({u # u.}) < &. Now A is a quasi-
open set if and only if A = {# > 0} for a quasi-continuous function u. It follows from the definition
that, in the setting of this paper, any open minimal partition is a quasi-open minimal partition, and any
quasi-open minimal partition is a measurable minimal partition. Then, thanks to Theorem 1.1, we find
that the three formulations are actually equivalent (up to negligible sets).
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1.7. Numerical simulations and open problems

We conclude this introduction providing some numerical simulations. They were obtained
implementing the construction in Section 3 (see also [20]), via a fixed point iteration and a finite
element discretization. Specifically, given an initial guess of the eigenfunctions associated to the
optimal partition, iteratively we orthogonalize the eigenfunctions (2.3), reorder them according to
their respective eigenvalues (2.4), compute the coefficients (2.5), linearize the Euler-Lagrange
equation (2.6) of the penalized functional Ez and compute new approximations of the eigenfunctions.
We do this, increasing the penalization parameter S, until we reach a fixed point up to a tolerance in
the H' norm. All the simulations were implemented in FreeFem++ [16], a free software available at
https://freefem.org/.

In Figure 1, a numerical approximation of the optimal partition of the unit ball associated to the cost
functionals

(w1, w2) = Aj(wy) + b(wy) + (W) + (W) (L.5)

and
(W1, wy) = (W) (W) (wr) A (W)

The two functionals share, numerically, the same optimal partition. The first functional (1.5) is linear,
making the algorithm quite efficient in this case.

Figure 1. Optimal partition and eigenfunctions for (1.5).

On the left of Figure 1 is a representation of the eigenfunctions associated to the first eigenvalues
of the partition: They highlight the two sets of the partition, which are symmetric semicircles. On the
right the second eigenfunctions of the two sets. Observe the additional nodal lines (in connected sets
the second eigenfunctions is sign-changing). In this case the strong symmetry of the two functionals
seems to translate in the symmetry of their solutions.

In Figure 2, a numerical approximation for

(W1, w2) P ()W) + A (w)* + a(w))* (1.6)

In this case the functional is no more symmetric and the solution too looses symmetry. Nevertheless,
observe that the cost functional is scale-invariant.

Mathematics in Engineering Volume 3, Issue 1, 1-31.
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Figure 2. Optimal partition and eigenfunctions for (1.6).

On the left of Figure 2 is a representation of the eigenfunctions associated to the first eigenvalues
of the partition and the two sets w; (in the center) and w, (the two lobes). On the right the second
eigenfunctions of the two sets. Numerically, we observe that the second domain is not connected
and that A;(w;) = A(w,). This implies that the first eigenvalue of the second subset of the partition
has multiplicity two and one can choose the corresponding eigenfunction to have disjoint supports
contained in only one of the two lobes at the time. This suggests that there are minimal partitions
made of disconnected sets and where the eigenvalues have multiplicity higher than one (unlike the
case of cost functions depending on first eigenvalues only). Any choice of eigenfunctions will still
verify (1.4) with the same coefficients. Finally we point out that in this example the equi-partition
of angles at singular points seems false (unlike in [17]), although at the moment we lack any explicit
counterexample of this fact.

Figure 3. Optimal partition and eigenfunctions for (1.7). We observe some numerical artifact
in the first picture: the presence of a region where the eigenfunctions are zero. This points
out a weakness of our numerical scheme when some of the coefficients in (1.4) are small
compared to the others.

In Figure 3, a numerical approximation of the optimal partition of the unit ball associated to

). (1.7

(@1,02) = (@)™ + (@) + Ay (w2)™

Mathematics in Engineering Volume 3, Issue 1, 1-31.
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This functional gives a rather good approximation of the cost
(w1, w2) P max (A2(w1), 41 (w2))

which does not fall in the scope of our main result, as it is not strictly monotone with respect to 4;(w).
It can be shown that the optimal partition corresponding to this last function is the two third sector of
the circle (w;) and a third sector of the circle (w,). We obtain a rather similar result for (1.7).

On the left the eigenfunctions associated to the first eigenvalues of the partition and on the right the
second eigenfunction of the first subset. We point out a seemingly singular point at the center of the
ball. According to Theorem 1.1 all the eigenfunctions in the energy functional are regular, and indeed
the first eigenfunction of w, is regular, but it appears that as the exponent in the functional becomes
larger and larger (the /7 norm approaches the [ norm), the first eigenfunctions loses its regularity. This
phenomenon will be the object of an upcoming paper.

2. The penalization argument: an approximate problem

In order to simplify the presentation, we only detail the proof in the case m = 2, k; = k, =: k € N
and ¢; = ¢, =: ¢. The general case follows by the same argument with some simple modifications. In
this particular situation, problem (1.3) becomes

c= inf  F(e(h@),..., @), o(li (@), ..., ) 2.1)
(w1,w2)eP2(Q)

where, we recall,
Pr(Q) = {(wy,wr) CQAXQ: wy,w, measurable, [w; N w,| = 0}.

Following [20], this problem has at least one open and regular solution in the sense of Theorem 1.1.
Here we show that every solution of this problem is equivalent to an open and regular partition, together
with some regularity properties of the associated eigenfunctions and a free boundary condition (1.1).

Keeping this in mind, let (w, w;) € P»(Q) be a solution of (2.1). We denote by {(ﬁi(w 1), ®i)}ien and
{(Zi(wz), Vi) }ien the sequences of nondecreasing generalized eigenvalues (enumerated with multiplicity)
and corresponding orthonormal eigenfunctions of the Laplacian in ﬁé (w;) and ﬁé (wy), respectively.
We point out that, even though the eigenfunctions associated to the generalized eigenvalues belong to
some Sobolev-like spaces, they are still Hé (Q) functions. Thus we have the identities

f‘/’i¢j = 6;j, and fv¢i Vo = ;ii(wl)éij,
Q Q

and similarly for {¢;};en. Here ¢;; denotes the Kronecker symbol, thatis 6;; = 1if i = j and O otherwise.

Remark 2.1. We point out that, a priori, the sets span{¢1, . .., ¢} and span{y, . .., ¥} may not contain
all the eigenfunctions associated to A;(w;) and A;(w,). However, we shall see later on that this is never
the case, thanks to the spectral gap property (cfr. Theorem 1.1).

We denote ¢ = (¢y,...,¢) and ¥ = (¥, ..., ;) and we introduce two linear subspaces of L*(Q)
generated by ¢ and ¥, together with their orthogonal projections:

L($) = span{¢y,.... ¢, P LH(Q) > L($)*,

Mathematics in Engineering Volume 3, Issue 1, 1-31.
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L) = span {1, ..., ¥}, Q' L(Q) - Ly)*.

Exploiting the orthogonality of ¢ and ¥ we find that for every w € L*(Q) the projections are
k k
Ptw=w- Z(W, ¢i>L2(Q) and QLW =w- Z(W, l/’i)LZ(Q)-
i=1 i=1

where (-, -);2(q) denotes the usual scalar product in LX(Q).

Our aim is to define an energy functional and an associated minimization problem whose solutions
are close to those of (2.1). In order to achieve this, we need to introduce a regularized energy functional
with two additional terms. For the first one, inspired by [20], we relax the disjointedness constraint
of the supports of the eigenfunctions ¢ and ¥ by introducing a competition term between groups of
eigenfunctions; this allows to prove the regularity of both the partition and of the eigenfunctions. For
the second one, using the projection operators P+ and Q-+, we introduce a penalization that enables us
to select the specific minimizer to which the sequence of approximated minimizers converges. This
allows to prove that the singular limits are, up to orthogonal transformation, the original eigenfunctions.
We need a couple of technical tools before introducing the approximating functionals.

Given u,v € Hj(Q;R"), define the k X k symmetric and positive definite matrices

PR
- L]
LJ

M) := (f Vu; - Vu; + (Plu,-)(PLuj)) = ((Vu,-, Vi) + (Plu,-,PLuj)Lz(Q))
Q

N(v) := (j; Vv - Vy; + (QlVi)(QLVj)) = (<VVi’ Vvidizg) + (O, QJ_Vj>L2(Q))l.J.-
i,j ’

Observe that for any orthogonal matrix O € O,(R) we have
M(Ou) = OM()O",  N(Ov) = ON(V)O".

In particular M(Ou) and M (u) have the same spectrum.
We extend the function ¢ : (R*)* — R to the set of symmetric and positive definite matrices in the
following way: given such a matrix M, we let

SD(M) = ‘10(719 .. -/Yk)»

where y1, ...,y are the (positive) eigenvalues of M (with an abuse of notation, we identify the function
acting on the eigenvalues with the function acting on the matrices). Observe that such function is well
defined by the symmetry assumption (H3). By definition, we have

o(OM o) = (M) for every M symmetric positive definite, O € O(R)
Since the original function (acting on the eigenvalues) is smooth and symmetric, we find that ¢ is also
a C! function in the set of symmetric and positive definite matrices. We denote
9 o(M + h(E;; + E;;)/2) — (M)

aTijQD(M) = lim ;

the (tangent) derivative, in the set of symmetric matrices, of ¢ at M with respect to the component (i, j).
Here E;; is the matrix whose component (i, j) is equal to 1, while all other components are 0.
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Example 2.2. In some notable cases the extended functions can be computed explicitly. For the map
(S1y.0., 88) (Zle(si)p)l/p, we have (M) := (Zle(yi)f’)l/p = (trace(MP))"'?, which coincides with
the p-Schatten norm of a symmetric and positive definite matrix M. For (sy,...,s;) — ]_[i.‘:1 S;, We
have (M) := Hf.‘zl v; = det(M). These examples are related to (1.1).

Lemma 2.3 ( [20, Lemma 3.6]). For every diagonal matrix D = diag(y,,...,Yx), we have

0 0
— (D) = 8;0(v1, . .., Vi, —o(D)=0 Vi#]j
aE,.,.‘P( ) o(y1 i) Vi aEij"D( ) !

We are now ready to introduce the family of approximating functionals. Fix any exponent 1/2 < g <
2*/4 = N/[2(N - 2)*]. For 8 > 0 we define the C' energy functional Ej : H)(Q, R¥) x H)(Q,RY) - R
as

k k
E,g(u,v>:F(¢<M(u)),¢(zv(v)>)+§ f (2o@) ()

Q

and the least energy level
cp = inf {Eg(u, v) 1 u,v € S(L2)}, (2.2)

where
T(L?) = {W = (Wi,...,W) € H&(Q;Rk) : fw,-wj = ¢;; for every i, j}.
Q
The functional and the set £(L?) are invariant under multiplication by orthogonal matrices

Eg(u,v) = Eg(O1u, O,v) YO,, 0, € OxR),

and
(n,v) € X(L?) & (0u,0,v) € X(L?), YO, 0, € O(R).

One should keep in mind that Eg and ¢ also depend on the vectors of eigenfunctions ¢, . However,
in order to simplify the notation, we will not point out this dependence explicitly.

Lemma 2.4. For each 3 > 0 we have
F(p(M(u), o(N(V))) = F(@(A1(Q), ..., 4(Q)), ..., @(A(Q),..., (L))  Vu,ve (L)

and cg is finite.

Proof. For any (u,v) € X(L?), take 01,0, € O(R) in such a way that O;M(n)O!, O,N(v)O} are
diagonal and the elements on the diagonal are ordered nondecreasingly. Let u = Oju, v = O,v.
Exploiting the monotonicity of F and ¢, and the invariance of X(L?) and ¢ under orthogonal
transformations, we find that

F(e(M(), o(N(V))) = F(e(M(u), o(N(V)))
= F(‘P (f Vi, | + (PLﬁl)z,---,fWﬁdz + (PLﬁk)z),
Q Q
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so(f Vo ? +(Ql71)2,--~’flwk|2 +(Q 2))
Q Q
> F(p(4(Q), ..., 4(E), ..., (4 (Q), . ..., 4(E))

Then, recalling that > 0, we conclude
cg = F(o(A41(Q), ..., 4(Q)), ..., 0(A1(Q), ..., 4(L))) > —oo. o

We have established that for any 8 > 0, the functional Ej is bounded from below in £(L?). We now
show that the infimum is always attained, making the least energy level ¢z in (2.2) a critical level for
Ejg. For notation convenience, let

Gp = {(u,v) € X(L?) : Eg(u, V) = cg}.
Proposition 2.5. For any 8 > 0, we have the following:

(a) the value cg is a critical level for the functional Eg and Gg is not empty. Moreover, for every
(w,v) = ((uy,...,u), (vVi,...,Vr)) € Mg, we have

Eg(u,v) = 0.
(b) For any O, O, € O (R) orthogonal matrices,
(u,v) € Gg = (011, 0yv) € Gg.

Therefore, if (u,v) € Gg we can further assume that it verifies

fVul- . Vl/tj + (PJ'MI')(PJ'MJ') = fVVi . VVj + (QJ'VI')(QJ'V]') =0 Vi # ]
Q Q
(2.3)
f IVu)* + (Pru)* < f IVu,* + (Pu))?, f IV, + (0*v)? < f IVviI* + (Q*v))* Vi<
Q Q Q Q
(2.4)

In particular, M(u), N(v) are orthogonal matrices, and

Ep(u,v) :F(go(f |Vu1|2+(Plu1)2,...,f|Vuk|2+(Pluk)2),
Q Q

90( f Vil + (P f |Vvk|2+<Pivk)2))

Q Q
B - 2\4 : 2\?
L

(c) Fori,j=1,...,kthere exist Lagrange multipliers y;;, viig > 0, and coefficients

aig = 01F (p(M(w)), p(N(V))) - 0ip (f Vil + (Pruy)?, ..., f Vi |* + (Pluk)z) >0
" o (2.5)

big = L F (M), o(N(V))) - dip (f Vo2 + (@ )% f [Vvil? + (lek)z) >0
Q Q
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such that the components of (u, v) solve the system
q-1 q
aip(—Au; + Pu;) = Z];a Mijputj — Bu; (Z, 1 U; ) (ZI;‘:I Vf)
1 in Q. (2.6)
q- q
big(=Av; + Q*v;) = Z -1 VijpVj — Bvi (21 1V ) (Z§=1 ”3)

In view of the previous result, whenever we refer to Gz we assume that its functions verify the
additional conditions (2.3) and (2.4).

Proof. The result follows by the critical point theory of functionals in Hilbert spaces. First, some
preliminary remarks :

1). £(L?) is a C' submanifold of H}(Q, R) of codimension k(k + 1)/2 (see [20, Lemma 3.7]).
2). Eg: H)(Q) x Hy(€Q) — R* is a C' functional and, for any £, € Hy(Q,RY), we have

Eju, V)& )
S =0\ F (p(M(w)), sD(N(V)))Z 6—«p(M(u)> fg (Vi - VE; + (Prupé))

2
i<j
k
+ 0, F (p(M(W)), p(N(V))) Z P(N(V)) f (Vvi - Vi +(Qvjm))
i<j I
k k q 1 k k 1, & .
ey, [ue(Ye) () +ﬁzfv,-n,-<zvf) (D).
i=1 Y@ =1 i=1 i=1 Y& =1 i=1
Let § > 0. By Lemma 2.4 we have ¢y > —oco. We take a minimizing sequence W, = (U1, .., Uiy),
Vo = (VipseoosVin) € (L3, Eg(u,,v,) — cgasn — oo. By Ekeland’s Variational Principle and
by property (1) listed above, we can suppose without loss of generality that Eﬁlé(Lz)(un,Vn) — 0 in

H™'(Q,R¥). For each n € N take O,,0,, € Ox(R) such that 0,,M(u,)0{, and O,,M(v,)0;, are
diagonal matrices and let

u, :=0,u, and V,:=0,,V.

Then Eg(u,,v,) = Eg(u,, v,), w,, Vv, € £(L?) and

Eﬁ(ﬁn’vn) - g, EZ{'Z(LZ)Gin,Vn) -0 asn — oo.

Therefore

F(QO (f |Vz[1,n|2 + (Plﬁl,n)za . flTkn|2 + (P_Lukn) )
Q

(f |V~1 nl + (Plvl n) f |Wkn|2 + (P_kan) )) < Eﬁ(ﬁn’vn) < Cﬁ +1

for large n. Since u,, Vv, € X(L?) then

ﬁl(Q)SflVE,nIZ,IIVVi,nIZ.
Q Q
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Combining this information with (H1)—(H2) we deduce thatu,, v, are bounded sequences in Hé (Q,RY,
so that (up to subsequence) U, — W, v, — V weakly in H}(Q,R"), strongly in L"(Q;R¥), for every
1 < r < 2*. We can now conclude exactly as in [20, Theorem 3.8], observing that agﬁgo(M(ﬁn)) =
72-¢(N(¥,)) = 0 for i # j (recall Lemma 2.3), that |

01 F (p(M(,)), (N (V,))) al-so( f Vit + (P ). f Vit |* + (Prﬁk,,,f) >8>0,
Q Q

02F (o(MG,), o(NG) aicp( f VoL + (P f Vo + <Plvk,n>2) > 650
Q Q

for some 6 > O independent from n, and that u,,V, satisfy (2.6) up to an o,(1) perturbation in
H™'(Q,R*). We can then conclude that actually u,,V, converge strongly to w,V in Hy(Q,R"), which
solve (2.6). O

3. Asymptotic limits: Proof of Theorem 1.1

We study the entirety of Gg, the set of critical points of Eg at level cg, in order to establish its limit
when  — +oco. Our main aim is to show that the functions in G are uniformly Holder continuous in
B. This allows to prove strong convergence in H' to (¢, ¥), together with the desired regularity results
in Theorem 1.1.

3.1. Uniform bounds
Recall the definition of ¢ from (2.1). We start with some easier bounds of the L™ and H' norms.

Proposition 3.1 (Uniform L™ and H' bounds). We have
cp<cC for every 3 > 0.

There exists C > 0 independent of B such that for any (ug, vg) € Gg we have

B f o 4 & q
2 2
= (D ue) (D v) <€
q9Ja 5 i=1
and . |
- Salﬁ,...,akﬁ < C, ot Sb]ﬁ,...,bk’ﬁ <C. (31)
C C
Furthermore,
||uﬁ||H(')(Q,Rk), ||V/3||H(1)(Q,Rk) <C, ||uﬁ||L°°(Q,Rk), ||Vﬁ||L°°(Q,Rk) <C

Proof. Since ¢; = 0a.e. in Q\ wy, ¥; = 0ae. in Q\ w; and |w; Nw,| =0, then ¢; - ¢; = 0 a.e. in Q for

every i, j, hence
k k
[ () -0
i=1 i=1

Moreover, Pr¢; = Q*y; = 0, as ¢; € L(¢) and y; € L(y). Therefore, since ¢, € X(L?),

c=F (QD(/ll((l)]), cee /lk(wl))’ QD(/?.[((UZ), cees /lk(wZ)))
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:F((p(L|V¢1|2,...,fg;|V¢k|2)’¢(\[g;|V¢1|2"“’jg‘z|vwk|2))

=Ez(@,¥) > min Ez(u,v) = cp.
p(0:4) 2 min, Ey(u,v) = ¢

By the monotonicity assumptions on F and ¢, and since S > 0, we see that

F (‘70 (f |Vul,,3|2, D) f |Vuk,,3|2) » P (f |Vv1,ﬁ|2, D) f |Vvk,ﬁ|2))

Q Q Q Q

< F(‘P (f IVuy gl + (Pruip)’, ... ,f Vi gl* + (PLMk,ﬁ)Z),
Q Q
Qo(f |VV1,3|2 + (PJ_VI,/})Z’ cees f |VV/<,ﬁ|2 + (PLVk,/s)Z))
Q
ﬁ k k
f Z I/tlzﬁ Z V; /j = Eﬁ(llﬁ,Vﬁ) =Cp < C.
i=1 i=1

Combining this with Lemma 2.4 and our assumptions of F' and ¢, (H1)—-(H2), we conclude that there
exists a constant C > 0 such that

k k
f|vu,,g| + (Pruip), f|Vv,ﬁ| + (0 vip)’ gL(Zuiﬁ)q(Zvﬁﬁ)qSC for all § > 0.

i=1 i=1

BN |
lO

Since F and ¢ are of class C', by (2.5) we conclude that 1/C < aip, big < C for some C > 0.
The only thing left to prove is the L™ uniform estimate. Let i,/ € {1,..., k}. Testing the equation of
u;g in (2.6) by u; g yields

e = O0ud; Vu: 2 Ptu: 2 . 2 q 1
Hip = 0idip (l ut,ﬁl +( ut,ﬁ) )+ ﬁut,ﬁulﬁ ujﬁ
Q Q

J

k k
Vip

=1 j:l

and hence |u; , 5| < C independently of 8 > 0. Recall that P*u; 5 = u; 53— Z';:1<uiﬁ, b2 @;. By Kato’s

inequality, we have

- Aluiﬂl < —Sign(uiﬁ)Auiﬁ

Ui
= Z _Jﬁﬂgn(uzﬁ)um - |Mz/3| + Z(uzﬁ, ¢J>L2(Q)Slgn(uzﬁ)¢J

j=1

M»

— Bluil(

()

k
Z Clujgl + Z(uzﬁ, P 12)sign(Uip)d;.
j=1

j=1

Il
—_
~

J

By summing up fori =1,...,k and letting wg := Zf.‘zl luigl > 0, we have

— Awg < C(wg + [wgllr2@)- 3.2)
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Since {wg} is uniformly bounded in L*(Q), a Brezis-Kato type argument allows us to conclude. Indeed,
assume that wg € L**°(Q) for some 6 > 0. To simplify, we omit the dependent of w on 3 for the
remainder of the proof, and consider N > 3 (otherwise the proof is simpler). Testing (3.2) by w!*S,
using Sobolev and Hélder inequalities, and denoting the best Sobolev constant of Hj(Q) < L*(Q) by
Cs we find

1+6 1+0
2 2+6 1+6/2)2

246

246
< C(lwll + Wl 2 @lwllLi+oq) < C||W||L2+6(Q)'

L2+6(Q)
Hence there exists a constant k > 0 such that

(1 +6/2)%\ 4

2+6
) il

||W||L2*(2+¢5)/2(Q) < (K

We wish to iterate this inequality in order to obtain a bound for the L™ norm of w. To this end, let {5,},
be the sequence of positive real numbers such that 6y = 0 and 2 + 9,,.; = 2*(2 + 6,,))/2. We immediately
note that 5, > (2*/2)""!, thus

o o0 K(1+8,/2)*
Do- 1_[ K(l + 6 /2)2 2+6n _ex Z 10g (;—-i——én) c o
B 1+6, - P 2 +6, '

n= n=1

As a consequence
[Wllz=@) < Dlwllr2)

and the proof is concluded, as w = wy is uniformly bounded in L*(Q). O

We proceed our analysis of the family of solutions Gg, focusing this time on stronger compactness
results independent of the separation parameter 8 > 0. Our goal is to show that it is possible to take
the limit as  — +oo in the family of minimizers of Proposition 2.5. In particular, we want to apply
the well-established framework of [19,21,25]. We start by some uniform estimates of the C%® norms
of the solutions. Here we scheme through the proof of this result without entering too much into the
details since the result, even though expected to hold, is not present in this from in the literature due to
a different form of the competition term (cfr. in particular [21]).

Proposition 3.2 (Uniform Holder bounds). For any given a € (0, 1) there exists a constant C, > 0,
which may depend on a but not on 3, such that for any (ug, vg) € Gg

”uﬂ”CO,(v(ﬁ’Rk)’ ”Vﬁllcoﬁ(ﬁ’Rk) < Ca.

The proof is based on a contradiction argument, to which we dedicate the rest of this subsection. Let
us assume that, for some a < 1, there exists a sequence of solutions (u,, v,,) whose a-Holder quotient is
not bounded. Since the function (ug, vg) are smooth for 8 bounded, it follows that necessarily 3, — +co
and that there exists a sequence of points (x,,y,) € Q x Q such that

|utin(X) — Ui (V) Viny(x) = vianOW
L, := max {max , max
klayed  x =y xye@ X =yl
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_ {luzn(xn) - ui,n(yn)l |vi,n(xn) - Vln(yn)l}
= man — 00.

|xn - Yn|" ’ |xn - ynl"

Letting r, = [x, — y,| = 0, we introduce a new family of functions, which are rescaled versions of
(u,,Vv,). Namely, foranyi=1,...,k, we let

1
Uiy = Qui,n(xn + I”n.X), Vin = Qvi,n(xn + rnx)
L,r® L,r®

for x € Q, = &% From the definition, we observe that the functions (ii,, v,,), although they may not

be umformly bounded in O for instance, they have uniformly bounded Holder quotient of exponent
and moreover for each n there exists a component in (i, V,) whose oscillation in B, is equal to 1, that
is

[i;.(x) — it n(y)| [Vin(x) = ViV
max 4 max , max
k| xyeQ, lx — yl* xyeQ, lx — y|*

_ _ Vn— X
= max A |it;,(0) — i1y, | ———
i,j=1,...k Ty,

Without loss of generality, we assume that

n — Xn
mam—mﬂf )

,m®—m0““)

I'n

b=t

= 1. (3.3)

I'n

Finally, a direct computation shows that (u,, v,) solves

-1
_ - k=2 \4 k=2 \4
_ai,nAui,n - Si,n - Mnui,n (Zj—] l/ljn) (Z] 1 V ) .
) ] P : _2 p in Q,, (3.4)
=binAViy = 6y — M, Vi, ( =17 ) ( Yy )

where the competition parameter is M, = B,Ly" *r.**" " and

k k
2—ay-1
gin(x) =1L, (_ui,ﬁn + Z(Mi,ﬁ,,, P red; + Zﬂij,ﬁn”j,ﬁn) (x, +1,x) > 0
=1 =1

. L 3.5
5[7n(x) = ri—(YL;1 (—V,‘,’B,, + Z<vi’ﬁ”’ lﬁj)Lz(Q)';[/j + Z Vij,ﬁnvjﬁn] (Xn + r,,x) -0

j=1 J=1

uniformly in Q, by Proposition 3.1 and since ¢ i € L7 (Q) for every j.
We now split the rest of the contradiction argument into several lemmas.

Lemma 3.3. The functions in (i, V,) are uniformly locally bounded in C**(Q,). In particular, both

k k
=Y @,0)  and  e,:= ) 7,00
i=1

are bounded uniformly.
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We adapt the proof of [25, Lemma 6.10] to our present context, which is based an a contradiction
argument. We need an integral estimate on the size of the competition term. First of all we observe that
if either {d,} or {e,} is unbounded, then necessarily 2, — R” by the uniform estimate on the Holder
quotients of the blow-up sequence and since u, = v, = 0 on 0€),. In particular, we may assume that
for any x € R" and R > 0, Br(x) C Q, for any n sufficiently large.

Lemma 3.4. Assume that either d, — +oo or e, — +00. For any R > 0 there exists C(R) > 0 such that
for any x € R and n large enough

k 9( k q
) -2
M, | | > @, D 7] < C®min Z||u,n||Lw<32R>,Z||v,n||mm>
Br() \ 21

J=1 j=1

Proof. The proof follows verify closely the proof of [25, Lemma 6.10], thus we provide here and a
sketch of it in the case x = 0. We consider the system (3.4). Multiplying the equation in it;, by i;,,
integrating by parts in Bgx(0) and summing over j, we find

k k 9( k q
1
IR) = f Vit = )" &jnitjn + M, {Z uin] [Z vin) dx
Bg

j=1 j=1

=1
P ; S, Rd| 1 S,
RN 2 Zu’" in = JpN 2RN-2 Jop Zuj’n " 2dR| RN aBRZMj’n '

Br J=1 j=1

Exploiting the uniform Holder bounds of the blow-up sequence we have

2R 21 o £ . o
ﬁ ; (r)= (2R)N-1 LBZR ;MJ" - RN LBR ;uj’n
k k
= L‘Bl Z:: (u/n(zRX) - u/n(RX) = f Z (ﬁj,n(ZRx) - ﬁj’n(RX)) (ﬁj’n(ZRx) + ﬁj,n(RX))

J=1 =
k
< C(R) [Z ||ﬁj,l’l||L°°(BZR)] :

J=1

On the other hand, taking also (3.1) into account, we can bound the same integral term from below as
follows.

2 ) , 1 M, \
J ;'<f>2s§%}s?m’<s>>1e~z[cz -, R(Z ] (Z ] fm,zl'gf"””f"']

Jj=1 j=1

zcue)[ { ] [ ) — max el (Z||u,n||mgm]]
P R B PR B Z

We can reach an analogous conclusion by taking into account the equations satisfied by v,. The
conclusion follows by joining the two estimates together with (3.5). O
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Proof of Lemma 3.3. To prove the result we argue by contradiction, excluding different possibilities
for the sequences {d,} and {e,}. Specifically we show that the assumption that the one of these two
sequences is unbounded is incompatible with the uniform Hélder bounds of the blow-up sequence.

Case 1. We start by excluding the case in which both sequences d, and e, are unbounded. Exploiting
the uniform bounds of the C%?-seminorm of i, and v, we find from Lemma 3.4 that for some R > 0
there exists 72 such that if n > 7 then

k k q S g
;LM”ZWJ’"'(O)[ZL_‘ ) [ (0)] l (ZJI Jn(o)) (%: Vj,n(o))
J=1 j=1
M

2 M (1 + ijl |uj,n|(0))
L @3(0) — RP) (B4 510(0) - R’
(1 + Zj:] |ﬁ/,n|(0))

1 ( o #,(0) )q[ Yo 12,00) ]"
2( 251 @70 (0) = R*? ) \ 25, (9(0) — R%)?

fBR(O) (Z];=1 L_‘in)q (Z];=1 vin)q
IBRO)I (1 + X5, 1;,1(0))

IA

X

SMn

< C(R).

In particular, since d,,e, — +o00, we obtain that in this case M,, — 0. Moreover there exists A € R
such that

k -1k q
M, u(%) [Z in(x)] [Z 2,m| - A
j=1 j=1
uniformly in any compact set of €),,. Indeed for any K c R"
k a1k q k -1k q
M, sup [ii ,(0) [Z uinm)] [Z vinm)) ~ i1,(y) [Z uim} (Z vin@)]
yeK =1 j=1 j=1 j=1

yeK

k q-1 k a1k 4
+M, sup liiy ()| (Z ﬁin(())] — Z aﬁ,,,(y)) [Z vﬁ,,,(o))
ye j=1 Jj=1 J=1
X q-1 k q k q
+ My supli () > ain(y)) (Z vfn(O)} - [Z vin(y))
ye j=1 j=1 J=1
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—1 q
a1, (|- 5 &
<M, sup l_u:,n (O)‘|u1,n(0)|{§ uin(O)] {5 vj,,(())]

yeK j=1

mm(ﬁ <0>)q_ (i <0>]q

J=

(ZJ 1 u ,n(y))

( j=1 ﬁ],n(o)) )
k =1/ 1 q
+ M, sup|iiy ,(0)| (Z ainm)] [Z vin(O)}
j=1

ﬁl,n(y)
it1,,(0)

+ M, sup|l —

yekK

yeK =
x 1_( J= 1V ]n ) ( j= lu]n(y)) i ,(y)
(=5 72,0) | |(zt, 2, )| [714©
- q-1
<c@®ysup|l - 2D c(Rysup |1 - (2 7,0)) | |0
yeK ul,n(o) yeK (ijl ﬁj,n(())) l/tl’n(O)
k=2 q k-2 q-1 _
+C(R)sup |1 - (Z' Ui @)) (ZFI ”j,n(y)) _ I:‘l,n(y) o
k| (2 ,0) (2 @2,0) 11O

We introduce now an auxiliary sequence of functions by letting w, := i;, — it; ,(0). The sequence
{w,} is uniformly bounded in C0 ** and, up to striking out a subsequence, there exists w € C0 w(R") such
that w, — w locally uniformly (and in C lOZ(R“) for any y € (0, @)), w is globally Holder continuous of
exponent @ < 1, w is not constant and it solves the equation (for ¢; := limay ;)

—a1Aw = —A in R",

a contradiction. Indeed w = h + A/(2n)|x|*> where h is harmonic which grows at most quadratically
(since |h(x)| < A/(2n)|x|* + [w(x)|), thus A is a harmonic polynomial of degree at most 2, but since w is
globally Holder continuous this implies that A(x) ~ —A/(2n)|x|* for |x| — +oo, which is impossible.

Case 2. We exclude the case in which the sequence {d,} is bounded while {e,} is unbounded. Observe
that, in this case, the sequence {u,} is uniformly bounded in Cﬁ);’ and, up to striking out a subsequence,
there exists a vector w € C**(R") such that @1, — w locally uniformly, w is globally Holder continuous
of exponent , at least its first component w; is not constant by (3.3). Since at least w; is not identically
0 in B;, we can again exploit Lemma 3.4 in order to conclude that there exist R > 0 small and constants
C,C’ > 0 such that

M [Zkl 7 (0))q ) {Zk: ]q I (Z- luin)" (et Vf-,n)q
n ~ Jin Mf ) Zk: 17l2n q Zk: ‘_}zn q
j=1 Mfl ( , uz)q(m;)(\};)l} 1)( Jj=1 J,)
fBR(x) (Zk— i )q ((Zjlvjﬁn) 7 fBR(X) (ul )

=N (S5 9,0
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Thus M, — 0 bounded and there exists a constant A > 0 such that

M, (i Vin(X)

=

q
- A

uniformly on compact subsets of R”. We conclude that w has at least one component (its first one) not

constant and it solves 1
k q-

—a;Aw; = —Aw;(x) Z w?(x))

=1

a contradiction by applying [21, Lemma A.3] to |w;|.
Case 3. Similarly, we now exclude the possibility {d,} is unbounded, {e,} is bounded and there exists
x € R" and C such that e¢,(x) > C > 0. Indeed, as in the previous case we find that there exists C > 0

such that
k q
M, [Z ain(x)] <C

=

thus M,, — 0 and there exists A
q

M, (Zk: i,| = A

J=1

Then, by assumption the sequence {v,} is uniformly bounded in Cl%g and, up to striking out a
subsequence, there exists a vector z € C%**(R") such that v, — z locally uniformly, z is globally
Holder continuous of exponent a, at least one component of z is not zero and it solves

k g-1
iz = ~Az(x) [Z z§<x>]

J=1

which implies that A = 0 (and z constant). But then letting w,, := i, , — it ,(0), then {w,} is uniformly
bounded in Cﬁ;j and, up to striking out a subsequence, there exists w € C&S(R”) such that w, — w
locally uniformly, w is globally Holder continuous of exponent @ < 1, w is not constant and it solves

-Aw =0

in contradiction with the classical theorem by Liouville on entire harmonic functions.
Case 4. Thus we need to exclude the case {d,} is unbounded but {e,} is bounded and e,(x) — 0 locally
uniformly. Again by Lemma 3.4 we find that for any x € Q, and R > 0 we have

k q k q k
M, f [Z ﬁin] [Z vi,,) < CR) D 7jalliip = 0.
Br j=1

J=1 J=1

Let 7 € C5°(R") be any test function. By multiplying the equation in i, by 77 and integrating by parts
we find
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k a1/ g q
fVL_thVU = f‘gl,nn - Mﬂuj,nn [Z ﬁin) [Z ‘_}in]

J=1 J=1

< Neralli=lllein + Mllgllin, f

R

k q/( k q
[Z ] [Z ) o
=1 j=1
for any R > 0 such that suppn C Bg. Letting once more w, := i, — ii;,(0), the sequence {w,} is
uniformly bounded in Cﬁf and, up to striking out a subsequence, there exists w € C&S(R") such that
w, — w locally uniformly (and in C%Z(R") for any y € (0,@)), w is globally Holder continuous of

exponent @, w is not constant and it solves the equation
-Aw =0 inR"
a contradiction. O

As a consequence of the previous result, we have that, up to striking out a subsequence, the sequence
{(@,, V,) }.enw cOnverges in Cﬁ;z for any v < « to some limiting entire profile (1, V) € C%?. Reasoning as
in [19, pp. 293-294] we have the following.

Lemma 3.5. The convergence of (a subsequence of) (0, V,,) to its limit (0, V) is also strong in Hll0 C(RN ).

In order to conclude, we have to analyze the following three possible case: M, — 0, M,, bounded
and M,, — oo.

Lemma 3.6. There exists C > 0 such that M,, > C for all n.

Proof. Indeed, assume by contradiction that there exists a subsequence in (u,, v,,) for which M,, — 0.
Then, from the local uniform convergence of (i,, v,) we obtain that the limit (@, v) is made of entire
harmonic functions with bounded C%® semi-norm. Consequently they all must be constant, in contrast
with the limit of the oscillation in B; of the first component. O

Lemma 3.7. It must be that lim,, M,, = +co.

Proof. We may reason as before, assuming that M,, — 1. We then end up with limiting functions (u, V)
which solve

- _ A 2\¢
s = () ()
— — ) q-1 ko =2\¢ ’
s = (2 (5 )
and the conclusion follows as in [20, Claim 2. pag 18]. O

Finally, let us address the case M,, — co. In this case, in order to find a contradiction, we need to
ensure the validity of an Almgren-type monotonicity formula for the limit profiles (i, V). To this end,
we let first show the following

Lemma 3.8. For any x € RY and almost every r > 0, the following identity holds

k k
2- Vil + b\ Vv, f IVl + bi| Vv
(2 - N) B,m);(al af + b|Voil) + r 6B,(xo);(a| il + b Vo)
k

=2 i(0,1:)* + bi(8,7))) .
rfaBr(xo);(a( ;)" + bi( v))

Mathematics in Engineering Volume 3, Issue 1, 1-31.



24

Proof. The proof follows mainly by a direct computation. For easier notation, let us consider the case
xo = 0. Testing the equation in (u,, v,) by (x - Vu,, x - VV,) and summing over i = 1,...,k, we obtain
integrating by parts

k

f Z (_ai,nAﬁi,n-x : Vﬁi,n - bi,nA‘_"i,n)C . Vl_}i,n)
B,

roi=1
1_ ~ f Z atnlvutnl +b|VVzn| gf Z aznlvuznl +btnlvv1n| )

B 5o ’11

s 3 (@i + bia(Br7?).

B i=1

We observe that, due to the strong H' convergence, the right hand side of the previous expression
passes to the limit for almost every radius » > 0. On the other hand, replacing the equation in the left
hand side, we find

M, fB i[ﬁi,n)C~Vﬁi,n(i »‘zin)q_] (Zk: ]q+v,,,x Vvln[zk: ]" [ ﬁ?,n]q]

roj=1 ]:1

k k

k 4q q q
[Z v?] —M,,é N [Z afJ (va] . (3.6)

J=1 J=1

=

X q
B n@ B,(Zﬁin)

=1
We now go back to the equations in (u,, v,). By Kato’s inequality we find that there exists a positive
constant C, independent of n, such that

k g1/ 1 q
— Al +Mn|a,-,n|(2 uin] (Z Vin] <C

=1 =1

and similarly for v;,. Let r > O be any fixed radius, we multiply the previous inequality by a smooth
cut-function 7 € C;’(Bs,) such that

x)=1 if x| <r
{” IVill= < 1/r.

n(x) € (0,1) ifr<|x<3r

Integrating by parts yields the estimate

k q9-1 /1 q k 9/ k q-1
M, f |a,~,n|(z ainJ (Z vin] M, f |f»l~,n|[Z ﬁi,,] [Z vﬁ,n) < €.
B, =) - B, - -

We obtain that
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and thus, by Fubini’s theorem, for almost every radius r > 0 the right hand side in (3.6) vanishes as
n — +oo. Finally, we observe that thanks to the H' converge of (ii,,, ¥,,) and the uniform vanishing of
(€n,0,) (see Eq 3.5), we have

k
lim f (Ein - Vil + Gy - Vi) = 0
3

n—+oo -
roi=1

for every radius r > (0. The proof follows recollecting the previous observations. O
We are in position to conclude the uniform regularity result.

Proof of Proposition 3.2. As of now, we have obtained that, if there is no uniform Hélder bound, then
necessarily M,, — oo. From this point on, the conclusion follows exactly as in [20, Step B. page
19]. O

3.2. Conclusion of the proof of Theorem 1.1

From the previous results we can completely characterize the limit profiles as § — oo.

Proposition 3.9 (Limit as 8 — co). Let (ug, vVg) € Gg. Then

k k
Jim B (Y, (3m) -0 37

Moreover, there exist u = (Uy,...,u;),Vv = (Vi,...,V;) € Co’a(ﬁ; RY N Hé(Q, R%) such that, up to
subsequence:

1). ug = u, vz —> vasf — +oo, strongly in Hé(Q, R%) and in CO’“(ﬁ, R¥) for every a € (0, 1).
2). ui-v;=0inQforeveryi,j=1,...,k and

(01, 02) := ({lu] > 0}, {|v] > 0}) € P»();

3). u,v e X(L?);
4). we have

fVul- : Vuj + (PJ'M,')(P'LM]') = val- : VVj + (Q'LVI')(QJ'VJ') =0 Vi # ]

Q Q

f IVui)? + (Pru)* < f IVu,* + (Pu))?, f Vv, + (0*v)? < f Vi[> + (Q*v))* Vi<
Q Q Q Q

As a consequence we have
lim Egz(ug, vg) =c.
ﬁ—)+oo ’B( ﬁ ’B)

Proof. We only sketch the proof of these results, referring to [19, p. 294] for a complete and detailed
proof. Recall the uniform bounds in Propositions 3.1 and 3.2. Since C*%(Q) — C%(Q) is a compact
embedding whenever 0 < y < @ < 1, we have (up to a subsequence)

ug—>u, VgV as f — oo, (3.8)
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weakly in HJ(Q,R¥) and strongly in C%(Q,RF) N LP(Q) for every @ € (0,1), p € [I,+c0]. By
combining this information with Proposition 3.1 we have items (2) and (3). By Kato’s inequality and
the bounds mentioned before, we have the existence of C > 0 independent on § such that

k k
Mgl + Blusgl( Y 2) " (Y 2,) < .
j=1 J=1

and the same holds for the equation of v;s. Since Q is smooth 9,|u;gl, d,[vigl < 0 on 0Q and an
integration of the previous differential inequality yields

k k k k
2 2 2 2
B f |”iﬂ'(2”fﬁ (D vie)'-B f [Vigl Z”m va

Q J=1 J=1 Jj= J=

We can deduce (3.7). Moreover, testing the equation of u; g with u; 3 — u; and the one of v; g with v; g —v;
implies that in (3.8) the H)—convergence is actually strong, so that (1) is proved. Finally, (4) is a direct
consequence of this strong convergence combined with (2.3)—(2.4) O

Proposition 3.10. From the family of functions (g, vg) in Proposition 2.5 we consider any converging
subsequence, and let (0, V) := limg_,.,(Ug, Vg) be any limit profile, as in the previous lemma. Then:

1). regarding the parameters, we have:
limuﬁﬂ = Ui > 0, lim Viig =: Vii > 0, lim,uijﬂ = lim Viig = OfOI"i * j,
B B B B (3.9)
11[1;1’1 aig =: a; > 0, hlgn bl‘ﬁ =:b; >0, ’

2). the limit profiles satisfy

a;(—Au; + Ptu;) = p;u;  in the open set Oy = {Ju| > 0}
bi(=Av; + OQ*v,) = v;;v;  inthe open set O, = {|v| > 0};

3). for any xy € RN and r € (0, dist(xy, 0Q)), the following identity holds

k

2-N) Zl fB o (il Vur + b(IVviP)

- Z f (a:r2@u)” = Vi) + bir(2(0,0)° ~ [V, P))
0By(x0)

k
2 2 2 2
+ Z f r(ui; + vivy) — Z f NQuiiu; +vivy)
0B,(x0) i=1

Br(xo)

- Z f (2a:(P*up)Viti(x0) - (x = xo) + 2b:(Q V)V, - (x = x0))
i=1 (x0)

Mathematics in Engineering Volume 3, Issue 1, 1-31.



27

Proof. The positivity of the coeflicients in (3.9) follows directly from Proposition 3.1. Testing the
equation of u;g in (2.6) by u;z, we see that
k k
q-1 q
Hijg = (5l~ja,-,ﬁ( L |V1/ll'”3|2 + (Plu,-,ﬁ)z) +,8fg;u,-,ﬁuj,ﬁ( Z Miﬁ) (Z Vj"g)
' =1

J=1 J
= &jai( f Vi + (P*u;)?)
Q
as § — oo by (3.7), and the same for v;;. From this follows (1) and (2). As for (3), it follows exactly as

in the proof of [20, Corollary 3.16], taking again into account the strong Hy—convergence of minimizers
(Proposition 3.9-(1)) and the vanishing property of the interaction term (3.7). O

In order to reach the conclusion of Theorem 1.1, it is convenient to introduce the following
definition. Given a measurable set w C R", we define A (w,@d) as the k-eigenvalue (counting
multiplicities) of the operator —A + P+ in Hé (w), which can be characterized as

Alw, @) = inf sup( f |Vu|2+(PLu)2)/ f 2.
McH}(w) ueM \ Jw w

dim M=k
We define Ay(w, ¥) is an analogous way. Clearly, we have

AW, @), A(w, ) = A(w). (3.10)
Conclusion of the proof of Theorem 1.1. Let

limug =:u = (uy,...,u), limvg =:v=_v,...,»)

=00 L—o0

and (04, 02) := ({lu|] > 0}, {]v| > 0}). We recall that u and v are continuous functions, thus O; and O,
are open subsets of Q. By Proposition 3.9-(4) and inequality (3.10),

f (IVi + (P*u)?) 2 A0y, $) 2 2:(0y), f (I + (@) 2 40, 9) = 1:0y)
Q Q

for every i = 1,...,k. Therefore, using the monotonicity of F and ¢ together with Propositions 3.1,
3.9 and 3.10, _ _ _ _
¢ =F(p(i(w1), ..., (W), (A1 (w2), - . ., A(w2)))

=limc
B B

= 11‘81'11 Eﬁ(llﬁ, Vﬂ)

=F (¢ f Vi P + (PHun)?, ... f Vi + (Pu)?),
Q Q

o fg Vil + (2T, fQ Vuil® + (@' v)}))
>F(o(41(01,9), ..., 4(01,9)), o(41(02, ), ..., 4(O2,¥)))
>F(p(A41(0y), ..., 4(01), p(11(Oy), . .., 4(0,)))

>F(p(A1(0)), . .., 2(01)), (41 (0y), . ..., 1,(01)))
>C.

(3.11)
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Therefore all inequalities are in fact equalities, (O;, O;) is an (open) optimal partition for ¢ = ¢, and
(by the strict monotonicity of F and ¢) 4;(0;) = 4;(01, @), 4,(03) = 1;(O,,¥) foreveryi=1,... k.
We now claim that Ptu; = Q*v; = 0. Indeed, fori = 1:

A1(01) = 4(04,¢) = f

Vi |* + (Pruy)? > f IVuy|* > 2,(02),
Q Q

so that Ptu; = 0. Moreover,
fVM] . VM2 = fVul . Vu2 + (PJ'Ml)(PJ'I/tQ) = 0,
Q Q
and
(01) = 1,(0,¢) = f|V’/l2|2 + (Prup)* 2 f [Vuo|* > ,(0,),
Q Q

hence Pu, = 0. By iterating this procedure, we obtain Pu;=0 for i = 1,...,k and, analogously,
Q+v; = 0, which proves our claim.
From this we deduce that

—Al/ti = /li(Ol)ui in 01, —Avi = /li(Oz)V,' in 02
and A;(wy) = 4;(0y) fori =1,...,k. Moreover u € L(¢), v € L(¥), that is,
u=Mg¢p, v=Ny

for M := ((ui, &) 12)ij Nij := ((vis idiza)i; € RO and, since (u,v), (@, ) € X(L?), then actually
M, N € O(R), being block diagonal matrices:

M = diag(M,, ..., M,;), N =diag(Ny,...,N,), (3.12)

where the dimension of each block is at most equal to the dimension of the eigenspace of the associated
eigenvalue, and each block is itself an orthogonal matrix.
This has many important consequences:

1). In the local Pohozaev identities of Proposition 3.10-(3) we have Ptu; = Q*v; = 0, which
corresponds to the statement in [20, Corollary 3.16]. Therefore we are in the exact framework of
Sections 3 and 4 of [20], which implies by Theorem 2.2 therein that u;,v; are Lipschitz
continuous, (01, O,) is a regular partition, and, given x, in the regular part of the free boundary,

k k
. 2 . 2
lim » a;|Vu;(x)I° = lim Z bjlVv;(x)l” # 0,
XX 4 XX 4~
xe0, /=1 xe0, =1

where

a; = OF (A1 (w), ..., A(w1)), (A1 (w2), . . ., A(w2)))0ip(A1 (W), . . ., A(wy)),
b; = 0F (e (W), . .., A(w1)), (A1 (w2), . . . , A(w2))0ip(A1(wy), . . ., A(wy))
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Since ¢ is symmetric, then a; = a; whenever A;(w;) = 4(w;), and the same holds true for the
coeflicients b;. Combining this remark with the orthogonality of the block matrices in (3.12), we
deduce that also

lim Z a,/V¢;(x)f = lim Z bV (x)P 0. (3.13)
x€01 j=1 erz =1
Moreover we find that (3.13) does not depend on the starting configuration ¢, ¥.
2). Since M and N are invertible, = M~'u and = N~'v a.e. in Q, and since u, v are Lipschitz
continuous, then each ¢; and ¢; has a Lipschitz continuous representative.
3). For a.e. x € Q we find

[ul’(x) = u(x) - u(x) = M(x) - M(x) = | (x), VE(x) = [ ().

Therefore we have O; C w; up to a set of Lebesgue measure zero, 4;(0;) = Z(O i) = E(w ;) for
j=12,i=1,...,k. Combining this with the strict monotonicity of F' and ¢ and (3.11), we obtain the
equality between the eigenvalues. Moreover, the regularity results of (O, O,) allow to conclude that
|0;Aw;| =

We are left to show the spectral gap property, that is, to prove that lw) < /lk+1(w1) For this
purpose, let E C H, 1(a)l) be the (generalized) eigenspace associated to the eigenvalue A(wy) and let
¢ € N be the number of eigenvalue of w, that are strictly less than Au(wy). Our goal is to show that

{+dim(E) =

Assume, in view of a contradiction, that F/ik(a) D= F/ik+ 1(w1) or, more generally, that

{+dm(E) > k+ 1. (3.14)
To start off, we apply the previous reasoning to any vector ¢ = (¢y,...,d¢, Geets...,Pr) where
Geits ..., ¢ are k — € orthonormal functions in E. This shows that all the eigenfunctions in E have a

Lipschitz representative and that E is made of standard eigenfunctions. In particular, by (3.13),
replacing one eigenfunction at the time, for any ¢; L ¢; in any orthonormal base of £ we deduce

IVoil* = Vo, I* (3.15)

on the regular part of the free boundary. Let now § C Q stand for the support of E

dim(E) dim(E)
S =supp[z |¢,-|]=clo[z ¢l > 0.
i=1 i=1

We claim that, under (3.14), S has a unique connected component. Assume the opposite and pick
two normalized functions ¢’, " € E with disjoint supports (this is possible since S is disconnected,
and ¢’, ¢” are orthonormal by construction), and consider other dim(E) — 2 functions to complete an
orthonormal base of E. We immediately find a contradiction with (3.15). Hence, up to a change of
sign, letting w := ¢; — ¢, for any ¢; L ¢; in any orthonormal base of E, we find

—Aw = (0w  in O,
=|Vw| =0 on 00;.

But then, by Hopf’s lemma, we have w = 0 that is ¢; = ¢;, a contradiction. The same reasoning holds
true for Ax(wy). O
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