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Abstract

We extend to the case of many competing densities the results of the paper [7].
More precisely, we are concerned with an optimal partition problem in N-dimensional
domains related to the method of nonlinear eigenvalues introduced by Z. Nehari,
[16]. We prove existence of the minimal partition and some extremality conditions.
Moreover, in the case of two—dimensional domains we give an asymptotic formula
near the multiple intersection points. Finally we show some connections between
the variational problem and the behavior of competing species systems with large
interaction.

AMS Classification: 35J65 (58E05)

1 Introduction

Let Q@ € RN, N > 2, be a bounded domain and f : R — R a superlinear function. Set
F(s) = [y f(t)dt and let us define, for u € H}(f2), the functional

T () = /Q (;]Vu(x)\Q _ F(u(:r))) dz

*Work partially supported by MURST, Project “Metodi Variazionali ed Equazioni Differenziali Non
Lineari”



With each open w € ) we associate the first nonlinear eigenvalue as:

p(w):= inf supJ*(Au).
uwe€H} (W) A>0
u>0
It is well known that ¢(w) is a critical value of the functional J* over Hi(w). Thus it
corresponds to (at least) one positive solution u to the boundary value problem

—Au(z) = f(ulz)) zew

u = 0 T € Odw;

u will be referred as eigenfunction associated to p(w).

In this paper we consider the problem of finding a partition of Q (in open sets) that
achieves
k k o
inf{ o(w;) : U@-:Q, wiﬁwj:(l)ifi#j}. (1)
i=1 i=1

Many free boundary problems can be formulated in terms of optimal partitions, and
they are usually studied in the case k& = 2 components. For instance, we quote [2] for
applications to the flow of two liquids in models of jets and cavities. Moreover, optimal
partition problems arise in linear eigenvalue theory and various fields of real analysis. For
example, the most recent proof of the well known “monotonicity formula” relies upon a
problem of optimal partition in two subsets related to the first eigenvalue of the Dirichlet
operator on the sphere (see [3]).

Our interest in the variational problem (1) is motivated by the asymptotic analysis of
solutions to superlinear variational systems with large competitive interaction. This kind
of problems are connected to the study of the spatial segregation of biological species,
which move by diffusion, as the interspecific competition rate tends to infinity; concerning
the variational and topological approach to this kind of problems, we quote among others
6, 8, 9, 10, 11, 13, 14] and references therein.

The problem (1) in the case of k& = 2 components has been studied by the authors in
[7]. Aim of this paper is to extend part of the results there to the general case k > 3.
In particular we shall establish the existence of an optimal partition {wi}i?:l, at first in
a relaxed sense. Then, if u; is any (positive) eigenfunction related to ¢(w;), we prove
that the function Zle u; is lipschitz continuous; as a byproduct, the associated partition
is open and hence it is a solution of (1). Furthermore, in dimension N = 2, we discuss
some qualitative properties both of the eigenfunctions and of the free boundary d{z € 2 :

¥ Lui(x) > 0}. In performing the local analysis at a multiple intersection point, a key
role will be played by the already mentioned monotonicity formula in [2] together with
some extensions developed in Section 4.

The paper is organized as follows: in Section 2 we shall prove the existence of the minimal
partition; in the following Section 3 we shall give the basic extremality conditions fulfilled
by the eigenfunctions u; associated to the optimal partition. Section 4 is devoted to prove
some suitable versions of the monotonicity formula that will find the first application in
the proof of the lipschitz continuity of the minimizers in Section 5. Sections 6 and 7



contain some results on the local behavior of the eigenfunctions around multiple points of
the free boundary. Finally in the Appendix we shall deepen the link between (1) and a
class of superlinear variational systems; at first we shall give an existence result and then
we shall perform the asymptotic analysis leading to our optimal partition problem.

2 The variational problem

In this section we prove the existence of a minimal partition to problem (1) in a weak sense.
In fact, at first we will not find an open partition, but a partition made of sets which are
supports of Holffunctions, i.e., the eigenfunctions associated to our problem. Throughout
all the paper, Q will be a bounded domain in RY, with the additional property, in the
results about points on 9€, of being of class C?.

Let f satisfy the following assumptions:

(f1) f € CYR), f(—s) = —f(s), and there exist positive constants C, p such that for all
seR
[f(s)] < CL+[sPH) 2<p<2,

where 2* = 400 when N =2 and 2* = 2N/(N — 2) when N > 3
(f2) there exists v > 0 (2 + v < p) such that, for all s # 0,
F'(s)s* = (L+7)f(s)s > 0

Remark 2.1 It is well known that, when f is not an odd function,

inf  sup J*(\u)
w€HJ(w) \>0
uZ0

is achieved by a one—sign critical point of J* (this functional is defined in the Introduction and
recalled here below). If the infimum is restricted to the positive functions and then to the negative
ones, it gives two possibly different critical levels and two correspondent critical points, one positive
and one negative. To fix the ideas, in this paper we consider only positive critical points, i.e.
positive values of s. Thus the assumption f(—s) = —f(s) is not truly necessary: we can extend
any other f, without loss of generality, to be an odd function.

Moreover, we can allow f to be z-dependent, although for the sake of simplicity we shall always
refer to f as a function of s only.

Observe that, in a standard way, from assumptions (f1) and (f2) we can obtain the fol-
lowing properties for the primitive F' of f:

F(s) < C(1+|s]"), f(s)s = (2+7)F(s) = 0.

For u € H}(Q) and U := (uy,...,us) € (H}(Q))* we define the functionals

7= [ (GIVu@P - Pul) ) ds



observing that

k
(u; -uj = 0a.e.onQfori # j) = J(U) = J*(Zuz)
i=1

Next we define the Nehari manifolds associated to these functionals:
NI :={uec HY(Q): u>0,u#0, VJ*"(u)-u=0},
N(J) = (N (),
No :=Nyn{u;-uj =0a.eonQfori # j}.

With this notation we introduce the problem we want to study in this paper:

! k
co 1=inf{2¢(wi)i Uw =9, wimwj:(bifi;éj}:

i=1 i=1
k
= inf {Z sup J*(\ju;) @ u; € H&(Q), u; >0, u; Z0,u; - uj = O0a.e.onQfori # j} =
i=1*:>0
=inf{J(U): U € Np}.

(3)
Observe that in the previous equality the first infimum is intended over all the partitions
of Q into subsets which are supports of H}(Q)-functions. In this sense, (3) is a relaxed
reformulation of the initial problem (1) (for more details about the equivalent character-

izations see [7]). A similar characterization, when k& = 2 was also exploited in [5] when
seeking changing sign solutions to superlinear problems.

Our first result concerns the existence of the optimal partition:

Theorem 2.1 There exists (at least) a k—uple of functions U := (uq,...,ur) € Ny such
that

—Aui(x) = f(ui(x)) x € supp(u;)

and U and their supports achieve cy.

To prove this theorem we need a preliminary lemma:

Lemma 2.1 Let u € N(J*), J*(u) < co+ 1. Then there exist positive constants Ci, Cs
such that HUHH(}(Q) < Cy and ||u||pr > C2 > 0.

Proof: by assumptions we have u Z 0 and

[ 19u? = swyu=o,
Q

1
/Q§|Vu|2 — F(u) < co+ 1.

Multiplying the first equation by 2 4+~ (see Assumption (f2)) and subtracting the second
we easily obtain that [|Vu|? is bounded. On the other hand, using the first equation, the
superlinear properties of f and the Poincaré inequality we obtain the bound for ||u||z»,
p < 2%, [ |



Proof of Theorem 2.1: let us consider a minimizing sequence U, := (ugn), .. .,u,(Cn))

in MVy. This means that ugn) € N(J*) and hence the previous lemma applies, providing
the existence of (ugo), cee u,(co)) both H}-weak limit and LP—strong limit of a subsequence.

Using again the previous lemma and LP—convergence we deduce that ul(-o) % 0 for every 1,
and thus we can find positive constants A;, i = 1, ..., k, such that

sup J*(/\ugo)) = J*(/\iugo)).
A>0

Now we observe that, by weak convergence, HuEO)H < lim inf ||ul(")||, and so

k k k
Sy < 3T ™) 4 o(1) < 3T + (1) < o
=1 =1 =1

On the other hand, for every i we have /\iugo) € N(J*), and, by strong LP—convergence,

ugo)u§0) = 0 almost everywhere on 2. Thus, by definition of ¢y,

k
Z J*(/\iuz(o)) > cp.
i=1

Hence we have found a k—uple of functions that achieves the infimum. Now using the
equivalent characterizations of (3) and standard critical point techniques the theorem
follows. [ ]

3 The basic extremality conditions
In this section we discuss some basic variational inequalities satisfied by the eigenfunctions.

Lemma 3.1 Let U = (u;,...,u) be as in Theorem 2.1. For a fized index i define

k
Vi = U; — Z Uy -
j=1

i
Then each v; satisfies (in distributional sense) the inequality:

—Avi(x) > f(vi(x)) x € Q.

Proof: we recall that i is fixed throughout the whole proof of the lemma. We wish to
prove that

| (700 = fwe) > 0

for all ¢ > 0, p € C3(Q). Assume by contradiction the existence of ¢ > 0 such that the
opposite inequality holds. We will obtain a contradiction constructing a k—uple in Ny that



decreases the value of 3. Let Ajv; := ANju; — 37,4, Aju; with |Aj — 1| <6 for all j: if 6 is
small enough we can also assume by continuity that

/Q(VAWNSO — f(Awi)p) <0. (4)

By the inf-sup characterization of ¢y and by the behavior of the function J*(Au) for fixed
u > 0, we can take § so small that

VJ*((l — 5)’LLj)’LLj >0 VJ*((l + 5)uj)uj <0 V. (5)

Let us fix £ > 0 small and let us consider a C! function ¢ : (R*)¥ — RT where
t(A1,..., A\g) = 0 if for at least one j it happens |[A\; — 1| > ¢, and t(A\i,...,A\x) = t if
|Aj —1| < §/2 for every j. Next we define the continuous map

k
DN,y Ak) = ANjuy — Z Ajuj + (AL, ey AR
i
Note that @~ is a positive function whose support is union of £ — 1 disjoint connected
components, each of them belonging to the support of some u;. Now we define the function
U(A1y ooy Ak) = (@, .., Ug) in such a way that @; = 7 (Aq, ..., ) restricted to supp(u;),
j # i and 4; = ®*. Let us compute J(U):

J(O) = [(3IVAwil2 + 5|V 2)de + [ (VA0 Ve — F(Ajw; + to))dae <
J(Aut, oy Apug) + [ (VA0 Vo — f(Avi)p)dz + o(t).

By (4) and taking ¢ small enough, this implies

JU AL, -, Ak)) < J(Arua, - Apu)

if [\; — 1] <6/2 for every j. .
Now, if ¢ is small, we can assume that (5) holds for U(Aq, ..., A;) instead of (Ajuq, ..., Apug).
Thus by continuity there exists (1, ..., u) such that |u; — 1| < 6/2 and

VI (pa, s i) - Ulps oo ) = 0

that means U (y1, ..., ux,) € Np. But this is in contradiction with the definition of U as in
Theorem 2.1 and the fact that

(O (a1 1)) < T (reas, oo ) < J(U) = inf J(V).
VeNy

Lemma 3.2 Let U = (u;,...,ux) be as in Theorem 2.1. Then each w; satisfies (in distri-
butional sense) the inequality:

—Au;(z) < f(ui(z)) z € Q.



Proof: again i is fixed. Assume by contradiction the existence of ¢ > 0, ¢ € C}(£2) such
that

/ﬂ (VA Ve — fOui)e) > 0 (6)

for all A\; such that |A\; — 1| < 4, § small enough. As in the proof of Lemma 3.1 we can
assume ¢ so small that (5) holds and we consider the function ¢(\;) analogous to the one
introduced therein. Then we let ®(\;) := A\ju; — t(\;)p and we define U with components
U = O, a; = u; if j = 1,..,k — 1, j # i and finally u,(z) = ug(z) if = € supp(u),
tg(x) = @~ if x € supp(u;) Nsupp(P~)(z). By computing J(U(\;)) we obtain
J(O) = [GIViui — t0)|* = F(Nui — t))da + 345 J* () =
= J(u, o Aty ) + [ GIVPdr — [ (VA Vo — f(Nus))da + o().

By (6) and taking ¢ small enough, this implies
JUN)) < J(ug, .., \g, up,)

if |\, — 1| <4§/2.
Now a contradiction with the properties of U as in Theorem 2.1 can be obtained by arguing
as in the final step of the proof of Lemma 3.1. [

4 Monotonicity formulae

Let us now recall the monotonicity lemma in [2], Lemma 5.1.
Lemma 4.1 (The monotonicity formula) Let (w1, wz) € (HY(Q))? be non negative

subharmonic functions in a ball B(xo,7) C Q (i.e. —divVw; < 0 in distributional sense).
Assume that wi(x)wa(z) =0 a.e.. Assume that xy € d(supp(w;)) fori =1,2. Define

|Vw; (z)|?
_IVWAL)I”
Hrz/ Bleor) [T — mo| N2

Then ® < +oo and it is a non decreasing function in [0, 7).

The fact that ® is finite is shown in the proof of Lemma 2.1 of [4]. We will prove an
extension of this formula to the case of h > 2 subharmonic components when €2 is a subset
of R?:

Lemma 4.2 Let N = 2 and let wy,...,w, € HY(Q) be non negative subharmonic func-

tions in a ball B(xo,7) C Q (i.e. —divVw; < 0 in distributional sense). Assume that
wi(z)w;j(z) =0 a.e. if i # j and that xo € O(supp(w;)) NQ for all j =1, ..., h. Define

HTh/ s \Vw, )|?dz.

Then ® is a non decreasing function in [0,7].



Proof: by computing ®'(r) we obtain

q)/(’r) = h2+1 H 1fB (zo,7) |V’U)Z( )‘de—i_

+oiz Y [(Hj;éi B0 VWi (@)] dI) JoB(zo.r) |Vwi($)|2d$} = (7)

S [Vw; (z)]?
) _h? h  JoBg.r) ‘
(7') T + Zz_l fB(zO,r) [Vw; (2)[2

Since each w; is positive and subharmonic, testing with w; on the sphere we obtain, for

all i: 5
B(zo,r) dB(zo,r) on

Now we pass in polar coordinates. We write w; = w;(r, ), and 0, 9y for the derivatives.
We have, by the previous inequality,

JBaer) IVWil* < r 3T widyw; <
< r(fEm w2 (5 (Dpwi)?) 2

Now let us introduce I';(r) = supp(w;(r, -)) C [0,27], Y7, [Ts(r)| = 27 and note that

fF i(r) ‘ang‘z s 2
A e (|ri<r>|> |

Hence we can go on with the previous chain of inequalities as follows:

Jataom IVwil? < e P (3T (@gwi)2) V2 (f5 2(D,w:)?)1
< T 2T 0 (Gpuy)? 4 2T L(0,w5)?) <

ro [ Vil

We obtain , \
Vw; 2
fB (zo,m) ’vwl( )| r i=1 Fl(r) T
Comparing with (7) the thesis follows. |

Unfortunately, these lemmas do not apply directly in our situation, because the functions
u;’s are not subharmonic, but only subsolutions of a superlinear equation (see Lemma
3.2). This property is not sufficient to guarantee the monotonicity of the function ¥(r),
but only its boundedness as r — 0.

Lemma 4.3 Let U = (u1,...,u) as in Theorem 2.1 and let w; = 3y, wj, where Iy U...U
In c{1,...,k}. Assume that xo € O(supp(w;)). Then the following holds:



1. If h =2 then
2 2
1
H?/ Md <cC. (8)
i=1 " (zo,r

) o — x|V -2

)

2. If N =2 then for all h > 2
I | Vw;(x 2dx < C. 9
Th /B(xo,r) | ’ ( )

Proof: let us consider a small ball B(zg,r) centered at xg and the eigenvalue problem
—Ap(z) = ap(z) x € Blxo,r)
o(x) >0 x € B(xg,7)

(wi(z))

where a = sup{’fw , * € B(xg,r)}. The existence of a positive solution ¢ to the

problem, where ¢ is radial with respect to g, is ensured if r is small enough. Then let us
consider

- ui(x)
u;(x) =
= )
By elementary computation it holds

x € B(zo,r’), 7 <.

—@? Aty — 20V Vi < 0
that means
—div(¢*(Vii;)) <0

Now consider w; = 37, u;, where Iy U...U I, C {1,..,k} and let @; := w;/p: then
—div(p?(Va@;)) < 0. Let h = 2: following the proof of The Monotonicity Lemma 4.1, it is
easy to obtain that the function

!sz( )2
H 2 / Blzorr \m _ xO‘N—Qd:U

is increasing in the r variable on [0, r'].
By this formula and since there exist positive a < b such that a < ¢(x) < b for all
x € B(zg,7"), it follows in particular that (8) holds.

The same kind of construction together with the application of Lemma 4.2 when N = 2,

allows to prove (9) for all h > 0. |

Finally we state suitable version of the lemma above which holds for xy on the boundary

of Q:

Lemma 4.4 Let Q C RN be a regular subset of class C? and let U = (uy, ...,ux) as in
Theorem 2.1. If xo € 050, then

1

— VU]?dz < C
rN /B(acoﬂ’)’ |

where C' is continuous with respect to xg € 0S).



Proof: (sketch) let us follow the proof of the monotonicity lemma in [2] with the formal
substitution vt = u~ = Y2F  u;, Ty = (Ts(r) =)supp(u®) N B(xo, 7). Then, since by the

regularity of the boundary % = % + o(1) as 7 — 0, the arguments there allow to
prove that
2 2
1 VU]
P(r) = —/ ————dx
=115 o T
is bounded. ™

5 Regularity of U

With some abuse of notation, in the following two sections U will denote both the vector
(ui,...,ur) and the sum of its k& components (and the same for V, W, and so on).

Let as define the set of zeroes of U as
ZU)={z€Q:U(x)=0 ie ui(z)=0Vi=1,...k}
and define the multiplicity of z € Z(U) as the number m(x):
m(z) = 4{i : meas({u; >0} N B(x,r)) > 0Vr > 0}.

Note that m(z) > 2 for all z € Z(U): indeed, by Theorem 2.1 and the maximum principle,
we know that u;(z) > 0 if 2 € supp(u;).

Remark 5.1 Let € Z(U) such that m(z) = 2 and consider B(z,r) for any r < d(z,{y €
Z(U) : m(y) > 3}. Then, by Lemma 3.1 it follows that the function w = uy; — ug (resp. ug — uy)
is a solution of —Au = f(u) on B(x,r).

In the following we shall denote by Z3(U) = {z € Z(U) : m(x) > 3}.

Theorem 5.1 (Local Lipschitz Continuity) Let U be as in Theorem 2.1. Then U s
Lipschitz continuous in the interior of ).

Proof: let ' be compactly enclosed in . Consider

1
I'(r) = sup — VU2,
(1) xesll)' I | |

Our thesis is equivalent to the boundedness of T over €. Assume not; then there are
sequences () in " and 7, — 0 such that

1
lim f/ VU2 = +oo. (10)
B(zn,rn)

n—-+oo Trjy

Note that d(z,, Z3(U)) — 0 by Remark 5.1.

10



Claim 0. There is a sequence z, € Z3(U) such that (10) is satisfied with ball centered at
zn, and radius of order 7,.

Let r > 0 be fixed and consider A, = {x € Q : d(x, Z3(U)) > r} (note that, by Remark
5.1, in A, we can give alternate positive and negative sign to the u;’s in such a way that
the resulting function locally solves our differential equation).

Then let us define

1 1
o) =y [ VOGP = [ VUG ) Py

By elementary computations it turns out that —A(|VU (z)|?) < 2f'(U(z))|VU(z)|?* and
thus —A® < a,® on A,, for some positive constant a, depending on r.

Up to subsequences, we can assume the existence of zp € Z3(U) such that z,, € B(zg, p)
for any n > N,. We fix p so small that —A¢y = a,¢ has a strictly positive solution ¢ on
B(zp, p), which is radially symmetric with respect to zg. Then it holds —div(<p2V%) <0

on A, := B(zo, p) N Ay, and by the maximum principle it holds maxa, , % < maxpa,,, %

Thus there exists C' > 0 (independent of r) such that maxa, , ® < C maxga, ®; from this
we obtain that, at fixed n, (10) holds for a choice of z), such that d(z},, Z3(U)) =< ry;
finally let us consider z, € Z3(U) such that |z, — z,| = d(«/,, Z3(U)). Then (10) holds for
balls centered at z, and radius ry, + d(z},, Z3(U)) =< ry,.

Claim 1. There is a sequence (denoted again by r,,) satisfying (10) and moreover

/ VU2 < l/ VU |?
OB (zn,Tn) Tn JB(zn,rn)

where 7 only depends on the distance of €' to 9f.

Let n be fixed large enough and set U, = U, 2z, = x and r,, = §. For the sake of simplicity
we assume that d(Q,0Q) = 1. Let v > N and assume by contradiction that

1
i d —/ VU2 :/ |VU\2—1/ VU2 > 0 (11)
dr \ r7 B(z,r) 0B(z,r) T JB(z,r)

for all 6 < r < 1. By assumption (10) the function

1
=% VU|?
g(T) rN /B(x,r) ‘ |

is such that g(d) > g(1). Then, if we let

o1 2
9r) = =N /B(m,r) VUl

it turns out that g(d) > ¢g(6) > g(1) = g(1). As a consequence there exists r € (d,1) such
that 4g(r) < 0, in contradiction with (11).

11



By the monotonicity lemma and (8), we infer

(V;(z)]?
7d <
HTZ/zn,r |z — 20| N2 c

where C' > 0 (independent of n) for all vy := u;, vy := >_j4i Uj, such that 2z, € Osupp(u;) N
Osupp(u;) for some [ # i. Consequently (since |z — z,| < r for all z)
v [ Va@Pdr [ Ve sc
— vi(x)|*de - — vo(x)|*dx .
rN B(zn,r) ! rN B(zn,r) 2 B

Then it follows from assumption (10) that there exists only one component, say u1, such
that

1 1
— Vui(z 2da;—>oo, — Vui(z)|?de — 0 Vi1, 12
N B(Wn)! 1(z)] N B(Wn)! (@)| # (12)
Now consider the sequence of functions
Un(@) = ——U (2 + raz)

defined in = € B(0,1), where

2=

nT N |VU (x)|*dz (— o).

B(zn,rn)

Then [ 1) |[VU,|?> = 1 and, by Claim 1, Jono.1) |VU,|? is bounded too. Then there
exists Uy € H'(B(0,1)) such that, up to a subsequence, U, — Uy weakly and U, — Uy
strongly in H'/2(9B(0,1)). Moreover, by (12) we deduce that JB0.1) \Vu ]2 — 0 for all

indices ¢ > 2 and thus ul( "0 strongly in H(B(0,1)) for all i > 2.
Claim 2. Up(z) # 0

Let us remark that, by the very definition, for x € B(0, 1) it holds

AU (z) = —Aui(zp + rpx)) < 7;nf i(zn + o)) < ary, u™ (2 ’
L L b

where a = sup f(u;(z))/ui(z). Let us multiply by ul(-n) and integrate on B(0, 1):

/ |Vu§”)|2 S/ ugn) 0 ( )+r / a(ugn))z.
B(0,1) 8B(0,1) o B(0,1)

Let ¢ = 1 and then pass to the limit as n — oo: then the left-hand side converges to
1. Furthermore, since 7, — 0 and by the strong convergence in LP(B(0,1)) (p > 1) and
in L?(0B(0,1)) we obtain faB(o,l) ugo)%ugo) > 1 and thus ugo) > 0 on a set of positive
measure.

12



Claim 3. u§°) is harmonic and thus {z € Q : Up(z) > 0} = B(0,1).

Let us recall that for all x € B(0,1), it holds
— A (z) < arZul (z)
and analogously, setting vl(n) (z) = ugn) () = 2 iz ugn) (), we know that

Ao (2) > —ar2|ol™ (2)].

(2

(n)

Then, passing to the limit and taking into account that r, — 0, L,, — oo and u; * — 0 in

HY(B) Vi > 2, we finally obtain AUEO) = Augo) =0.
Claim 4. vgn) > vgo) + o(1) where o(1) — 0 in the H'-topology.

Since

—Af” —of”) 2 0

then we can write ui") - v§°’ = a, + b, where a, is such that —Aa, = 0 in B(0,1)

with boundary conditions a,, = U%n) — v%o), and b, vanishes on the boundary and satisfies

—Ab,, > 0. Then, by the maximum principle, b,, > 0in B(0, 1); furthermore UYL) —UEO) —0

in H%@B(O, 1)) implies a,, — 0 in H'(B(0,1)) and now the result follows.

Final step. Now the thesis follows since the convergence is uniform on almost every circle
0B(0,7). Fix such a radius r: then there exists NV such that U%n) > 0 in 0B(0,r) for all

n > N. Since ’UYL) is supersolution by Lemma 3.1, then we can compute

0= Ugn)(()) > Cy vgn) (x)dz >0,
B(0,r)
a contradiction. m

Furthermore, if Q is sufficiently regular, then U inherits regularity up to the boundary, as
stated in the following

Theorem 5.2 (Global Lipschitz Continuity) Let Q@ C RY be a regular set of class
C? and let U be as in Theorem 2.1. Then U is Lipschitz continuous in Q.

Proof: in the following we set U defined on RY by setting uz,; = 0 on RY. Arguing by
contradiction we assume that there are sequences (z,,) in £ and r, — 0 such that
1
lim TV/ VU2 = o0 (13)
o0 T J B(@n,rn)
with d(x,,0§2) — 0 by the local Lipschitz continuity.
With the same kind of arguments as in the proof of Theorem 5.1 (see Claim 0 there) we can

assume that xz,, € 09 and, up to subsequences, x,, — xg € J2. But now a contradiction
with (13) comes by directly applying Lemma 4.4 to zy. [ |

13



6 Further properties in dimension N = 2.

Aim of this section is to give a detailed description of the local features of the free boundary
in the two—dimensional case. The first property of the free boundary concerns with the
local behavior of Z(U) about the points of multiplicity 2.

Lemma 6.1 Let N =2, U be as in Theorem 2.1 and let xo € Z(U) such that m(xo) = 2.
Then VU (x0) # 0 and Z(U) is locally a C*—curve through xo.

Proof: let zy € {u; > 0} N d{uz > 0}, so that there exists B(xg) such that B(zo) N
supp(u;) = 0 for all ¢ > 2. It follows by Remark 5.1 and by standard regularity results for
PDEs that u = u; — ug is a C1(B(x¢))-function and supp(u;) N B(zo) is open, i = 1,2.
By the Dini Theorem, if VU (z() # 0 then the set {z € B(xo) : u = 0} is a regular curve.
Hence let by contradiction VU (zg) = 0; u is C! and satisfies the equation —Au = a(z)u
(with a(z) = f(u(z))/u(x)). Following the same argument of the proof of Lemma 4.3
we consider a positive and regular function ¢ such that —Agp = a(x)p on B(zg) (such a
function clearly exists when B is sufficiently small). So we have that u/p solves the second

order equation
—div (goQV (u)) =0.
¥

But this means that u/¢ satisfies all the assumptions necessary to apply the main theorem
in [1], which says that the null level set of u near xy is made up by a finite number of
curves starting from xg. Obviously in our situation such number must be even. Now recall
that each supp(u;) is connected in §2: by a geometrical argument we can see that the null
level set is made up by (two semi—curves joining in) one C''-curve. But again applying [1]
we have VU (z9) # 0, a contradiction. |

Now let us consider a point xg € Z(U) with multiplicity higher than 2. Then g is a
singular point for U as stated in the following:

Lemma 6.2 Let N = 2 and let U be as in Theorem 2.1. If xg € Z(U) is such that
m(zg) > 3, then |VU(z)| — 0 as z — xo.

Proof: assume by contradiction the existence of x,, — zg and r, — 0 such that

1
lim 7/ VU =C (14)
B(zn,rn)

n—-+00 7‘%

for some positive C. The arguments here follow the line in the proof of Theorem 5.1.
First, we can assume that (14) holds with balls of radii r,, and center at z,, € Z3(U) (as
in Claim 0 therein). Again, with an argument similar to that in Claim 1 and exploiting
the lipschitz continuity of U, we can assume

3
[ avops= [ vop
8B(xmpn) Pn B(Invl)n)

where p, = (2L/C)r, and L is the Lipschitz constant in Q' = {x € Q : d(x,09) >
d(zg,00)/2} D {x,}. (We denote p,, again by r,.)
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By the extended monotonicity lemma (Lemma 4.2) and the corresponding remark (9) with
h = 3, there exists C' > 0 (independent of n) such that

]‘[ 3/ V() 2dz < C
T JB(xn,r)

for all vy 1= w;, v2 1= uj and v3 := 3,4y, jy Un, such that x, € dsupp(u;) N dsupp(u;) N
Osupp(u;) for some [ & {i,7}. Then, due to assumption (14), we deduce that there exist
at most two components, say u; and us, such that

1 1
lim 7/ Vui(2)Pdz >0, i=1,2 - Vui(e)2de — 0 Vi> 3.
n—oo Tn B(-'En,rn 7an B(mn,rn)
(15)
Now consider the sequence of functions
Unle) = Ul + ro2)
n = Lo Tp T T'nd
defined in z € B(0,1) where
2= L VU (2)%dz (= o).
" rN B(zn,n)

Then [p 1) |[VU,?> = 1 and, by Claim 1, JoB(0,1) |VU,|? is bounded too. Then there
exists Uy € H'(B(0,1)) such that, up to a subsequence, U, — Uy weakly and U,, — Uy
strongly in H/2(8B(0,1)). And by (15) we deduce that JB0.1) \Vugn) |2 — 0 for all indices
i > 3 and thus u(n) — 0 strongly in H'(B(0,1)) for all i > 3. Now two cases may occur:
either [ 1) ]Vu \2 — 1 (resp. [p(1) \Vu;)lz — 1), or [po1) \Vu )]2 — «a; > 0 for
both i = 1 2 with a1 + a2 = 1. In the ﬁrst case we obtain the thesm by following exactly

the same reasoning of Theorem 5.1 from Claim 2 on.
Here below, assume that the second case hold.

Claim 1. Up(z) # 0.

Let us note that for all z € B(0, 1), it holds

_Augn)(:li) = %(_AUi(Zn +rpx)) < z—" (ui(zn + ) < ar? En)( ),

where again a = sup f(u;(x))/u;(x). Let us multiply by ul(n)

/ |Vu§n)|2 S/ ugn) 2 ( )+7‘ / a(ugn))Q.
B(0,1) 8B(0,1) o' B(0,1)

When i = 1 or ¢ = 2, in passing to the limit as n — oo the left—hand side converges to
a; > 0. Furthermore faB(o,l) ul(o) F,U 5 ) > 1 and thus u( ) > 0fori= 1,2, both on a set of
positive measure.

and integrate on B(0, 1):
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0) _

Claim 2. U%O) =uy 0 ( 0

us  (resp. vy ) is harmonic.

Let us recall that for all x € B(0,1), it holds

—Augn) (x) < ariugn) (x)

and analogously, setting o™ (x) = ne (T) = 2y ne (x), we know that

7 7 j
—Au™ (@) > —ar?|o{™ (@)].

(n)

Then, passing to the limit and taking into account that 7, — 0 L, — C and u;"
HY(B), i > 3, we obtain Augo) - Augo) = AUEO) >0 and
Auéo) — Augo) = Avéo) > 0, giving Augo) = Auéo) and finally the proof of the claim.

— 0in

Rightly in the same way as in Theorem 5.1 it can be proven:

Claim 3. vi(n) > vi(o) +0(1), i = 1,2 where o(1) — 0 in the H'-topology.

Now, if v%o) (0) # 0, then either vgo) > 0 or véo) > 0 in B(0,7) for some 7 > 0 and we can
obtain the final contradiction as in the Final Step in the proof of Theorem 5.1.
Thus, assuming that 0 € Z (vgo)), standard results on harmonic functions (see [12]) imply

that Ugo)(r, 0) ~ rPcos(p(f + 0y)) for some p > 1. Thus, by Claim 3 and a diagonal
(n)

process, we can assume that, for n large enough, u, ~ (i = 1,2) is larger than a fixed
positive constant m; on some wy; = {(p,0) : 7 < p < R,an; < 0 < B} C supp(ugn))
(we can think for instance (3,1 < ay2); note that ap2 — 3,1 — 0 as n — oco. Now,

since 0 is a zero of U,, with multiplicity m(0) > 3, there exists a third component, say
ué"), and a continuous path ~, : [0,1] — B(0, R) such that v,(0) = 0, v,(1) € 9B(0, R),
n(t) € {Bn1 <0 < anat, ugn) (7 (t)) > 0 for all ¢ € (0,1]. Therefore, denoting with @y, ;,
1 = 1,2, the connected component of supp(ugn)) that contains wy, ; we have that @, 1 and
Wn 2 are locally disjoint. More precisely, setting S, = {(p,0: r < p < R, a1 <8 < fp2}
we obtain that @, ; NSy, i = 1,2, have positive distance.

Now we define the sequence of affine transformations (7},) given by

To(z) = rpxn + 2y

For x € T,,(S,,) we define

w (@)= w(x) @ € T(@n) i=1,2

fwgn) (z) := —u;i(x) x € supp(u;) 1=3,...,k—1
n —up(x) € supp(uy)

w,(C )(x) =

_Uz(w) HAS supp(ui) \Tn(@n,i) 1=1,2.
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With the usual abuse of notation the symbol W,, denotes both the vector (w§”), . ,w,gn))
and the sum of its components.

Claim 4. =AWy, > f(Wy,) in T,,(Sy).

Let n be fixed and let us drop the dependence on n. Assume by contradiction the existence
of p >0, p € CL(2,,) such that

| (FWve— ) <o,
T(S)

We proceed as in the proof of Lemma 3.1, deforming U over T'(S), projecting it on the
Nehari manifold and obtaining a new k—uple that decreases the infimum (3).

We define AW := Ajwq + Asws +Z§:3 Ajw; with |A; —1| < § for all j: if § is small enough
we have by assumption

| (Faw)e - pam)e) <o.
T(S)
Again we can take § so small that
VJ*((1 - 5)Uj)Uj >0 VJ*((1+ 5)uj)uj <0 V.

Let us fix £ > 0 and let us consider the C'-function ¢ : (RT)¥ — R already introduced
in the proof of Lemma 3.1; then define the continuous map

k
DA, .o, A (2) = Mwi(x) + Aowe(x) + Z Ajw;i(z) + (A1, .. Ak)o(z) x e T(S).
=3

Note that
supp(((®(A1, ..., Ak)) ™) C supp(AW)~ (16)
and
supp((AW) ™) C supp(((P(Ar, s M) ™).
and, if ¢ is small enough, the right—hand side contains at least two disjoint components
wi, i = 1,2, that are supersets of T'(&;) and T'(w2) respectively.

We are ready to define the partition of €2 that will provide the desired contradiction.

We can define a map U*(Aq, ..., A\x)(x) setting U*(A1, ..., A\g)(z) := |®(z) (A1, ..., A)| when
x € T(S) and U* (A1, ..., \p) () := > ANiui(z) otherwise. Now consider all the connected
components of supp(U*): with each of them we want to associate an index i. Such
association must be continuous with respect to the parameters \;.

This procedure will define the supports of the components of U*. Every connected compo-
nent of supp(U™*) that is not completely contained in 7'(S) naturally inherits an index by
the original partition. Also every connected component of supp(®~) completely contained
in 7'(S) inherits an index by the original partition using (16) and recalling that W and U
differ only in the sign. Finally, we have to prescribe an index to the connected component
of supp(®™) completely contained in T'(S). To this aim we consider the maximal function

d(z) ;= sup P(A1,..., ) ().
[A;—1]|<6
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It is clear that every connected component of supp(®™) is contained in a connected com-
ponent of supp(®*), and therefore it will be sufficient to prescribe the index law for
them. Those not completely contained in 7°(S) naturally inherit an index by the original
partition. We put the other ones in supp(uj). It is easy to see that U* is continuous.

Now we compute J(U*) and, with arguments similar to those in the proof of Lemma 3.1,
we obtain a contradiction with Theorem 2.1.

Final Step. Now fix t,, > 0 and R > r,, > r in such a way that, if we set y, = v, () then
it holds faB(yn,rn) Wy, > 0. (This is certainly possible since 0B (yn, rr) C wn,1 Uwy 2 except
for a small arc of total length less then 2R(ay, 2 — Br,1) — 0 as n — oo.) This immediately
leads to a contradiction thanks to Claim 4. Indeed W, (y,) = —ug") (yn) < 0 and since W,
is superharmonic,

Wn<yn) > Crn/ W, >0,
aB(yny'f'n)

a contradiction. [ ]

7 Local properties of the free boundary in dimension N = 2

We start this section by proving an asymptotic formula describing the behavior of > u; in
the neighborhood of an isolated multiple point. Next we show that all the multiple points
are indeed isolated.

Lemma 7.1 Let N = 2 and let U be as in Theorem 2.1. Let o € Z(U) with m(zg) =
h > 3, and assume that xzq is isolated in Z3(U). Then there exist h < p < 2h — 2 and
0o € (—m, ] such that

P
2

Ulr,0) = r5| cos(g(G +00))| + o(r3)

as r — 0, where (r,0) denotes polar coordinates around x.

Proof: since by assumption xzq is isolated in Z3(U), there is B = B(xg,p) such that
Z3(U) N B = {xo} and supp(u;) N 0B = Ujer,b;, where b; are consecutive arcs on 0B
and [; is finite for all . Choosing a slightly smaller radius we can suppose that the
intersection of B with Z is transversal. Let M = ", |[;| and assume that M is even:
then define a function v(r,) such that |v(r,0)| = |u(r,0)| and sign(v(r,0)) = (—1)7 if
(p,0) € bj, j = 1,..,M. Note that the resulting function is alternately positive and
negative on the consecutive (with respect to #) local components of U. If on the contrary
M is odd, we define |v(r,0)| = |u(r?,260)| and we prescribe an alternating sign to the
local components of u(p?,26). It is worthwhile noticing that the resulting function v is
of class C' in B = B (p%, o), provided p is small enough. Indeed we can assume that
none of the supports is completely contained in B and, therefore, supp(u;) N B is simply
connected for every i. In this way each connected component of B\ u~(0) corresponds
to two components of B\ v~1(0) to which we give opposite sign. In both the even and
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the odd cases v is of class C! and it solves an equation of type —Av = a(x)v in B\ {zo}
(resp. B\ {zo}), where a € L™ is given by f(v)/v and r2f(v)/v respectively. Moreover,
by Lemma 6.2, we know that Vuv(xg) = 0: this implies that v is in fact solution of the
equation on the whole of B (resp. B) and thus it is of class C%®. Now, following the same
argument of the proof of Lemma 4.3, we consider a positive and regular function ¢ such
that —Ag = ayp on B, if r is small enough. The result is that

—div (ﬁv (;)) — 0.

Then, we can apply to v/¢ the asymptotic formula of Hartman and Winter as recalled in
[12]. To complete the proof, let us define p in the following way: let d denote the local
multiplicity of zg as critical point of v; define p = 2d in the even case and p = d in the
odd case. In this way p represents the number of connected components of Usupp(u;) in
a ball centered in xg. By elementary geometrical considerations, taking into account that
the supp(u;)’s are connected, one can easily obtain the desired bound on p. [

As we mentioned before, the relevance of Lemma 7.1 lays on the fact that, as we are going
to prove, all the multiple points are isolated.

Theorem 7.1 Z3 consists of isolated points.

The last part of this section is devoted to the proof of Theorem 7.1 through a sequence of
intermediate results.

To start with, we investigate the structure of both the sets of the double and that of the
multiple intersection points Z3. We denote by 22 = Z\ Z3 the set of the points having
multiplicity two. As an easy consequence of Lemma 6.1 we can state the following result:

Lemma 7.2 Let Q) be open, compactly included in Q. Assume that ' N Z3 = (. Then
Z2N QY is a finite disjoint union of C'—arcs.

Let w; denote the supports supp(u;); we take an index pair (4, j) such that Ow;, dw; do
intersect and we consider

FL]' = Jw; N &.uj N z?

wi; = w; Uw; U Fi,j .
Proposition 7.1 Each w; j is open and mi(w; ;) is finitely generated.

Proof: at first we prove that w; ; is open. Indeed, let xo be a point of multiplicity two:
then, thanks to Lemma 6.1, I'; ; is locally a regular arc. Hence x is in the interior of wj ;.
Since both w; and w; are open, we obtain the first claim. Now we consider a loop 7 in
wij. Let (2, denote the bounded region delimited by . Assuming that (2 contains some
multiple intersection points, we deduce, from the connectedness of the supports, that at
least one third support, say wy, lies in QQY Since the total number of the supports is k we
easily complete the proof, taking into account that the boundary of €2 is assumed to be
regular. [
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Proposition 7.2 FEach I'; ; consists in a finite union of C'-arcs.

Proof: as we showed in the previous proposition, w; ; has a finite number of “holes” (closed
sets that we will name H,, o € A). We consider also the connected components of 92
as holes. Take a connected component I c I'; ; as a parameterized curve. There are only
two possibilities: either the curve connects two different holes, or it is doubly asymptotic
to the same hole H,. In the last case we easily deduce that ru H,, disconnects the plane.
Being w; and w; connected, one easily sees that actually I = I'; ;. Otherwise, we observe,
reasoning in a similar way, that only two connected components of I'; ; can connect the
same pair of holes. In every case we obtain a finite number of connected components. =

An straightforward consequence of the above discussion is the following:
Lemma 7.3 The set Z3 has a finite number of connected components.
Now we will need the following definition of adjacent supports:
Definition 7.1 We say that w; and w; are adjacent if

Ly # 0.
Let us list some basic properties:

1 Every w; is adjacent to some other w;. This follows from the Boundary Point Lemma.

2 Let us pick k points x; € w;, @ = 1,..., k. If w; and w; are adjacent, i < j, then
there exists a smooth arc ~;; with 7;;(0) = x4, 7;5(1) = z; lying in w; Uw; U {ys;},
for some y;; € Z5.

3 We can choose the arcs +;; in a manner that they are mutually disjoint, except for
the extreme points.

Construction of an auziliary function v

We call G the graph induced by the arcs v;; and their endpoints. There are many possi-
bilities:

- If G has no loops we can prescribe a sign to each vertex in such a way that to adjacent
supports there correspond opposite signs. Therefore, defining v(x) = tu(z), taking the
correct sign rule we obtain a C'-function.

- Otherwise, let us define an order relation between loops, according whether one is con-
tained in the interior region of the other. Let us select a minimal loop « (no other loops
are contained in its interior region). If the number of vertex of v is even we can manage
to assign a sign law to all the subset of G contained in the interior of v so that adjacent
supports have opposite sign. Finally define v(x) = tu(z), according to this law.

If the number of vertex of 7 is odd, we wish to “double” the loop, by considering its square
root (in complex sense). To this aim, we can assume that it contains, in its interior, at
least an element of Z3 (if not, we can perform a conformal inversion exchanging the inner
with the outer points).
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Take this point as the origin and define new w;’s by taking the complex square roots of
the old ones. In this way the new loop ~ will have an even number of edges. A little
problem may be caused by those supports which are not simply connected; to overcome
this, we may operate suitable cuts (having care of not disconnecting the supports). In this
way we can assume that all the w; involved in this procedure are simply connected; with
some abuse, we shall call {2 also the cut domain. The new subgraph can now carry a sign
law which is compatible with the adjacency relation. Defining, according to this sign law,
v(r,0) = +u(r?,26), we obtain again a function of class C*, excepted possibly at the cuts.

Lemma 7.4 The points of Z3 lying in the interior of a minimal loop v are isolated.

Proof: by construction, —Av = a(x)v, where either a = f(v)/v, or a = r2f(v)/v, in
'\ Z3. Moreover, by its construction, v is of class C' in Q. We are going to prove that v
is actually a solution of —Av = a(z)v, in a distributional sense, over the whole of 2. This
will complete the proof of the lemma; indeed, reasoning as in the proof of Lemma 7.1, we
would deduce that the origin, which was arbitrarily chosen among the points of Z3 in the
interior region of -y, is an isolated critical point of v; moreover one can easily see that the
multiple point of the interior part of v is unique.

To carry over this program, we need some more results:

Lemma 7.5 It holds
Z3 C 022,

Proof: assume not, then there would be an element yy of Z3 having a positive distance
d from the set Z \ Z3 of double intersection points. Let r < d/2: then the ball B(yo, )
intersects at least three supports; therefore there exist, say, z € w; and zy € Z3 such that
p=d(z,z0) = d(z,2Z3) < d(z, Z\ Z3). Now, since v solves a linear elliptic PDE and does
not change sign in w;, the ball B(zx, p) being tangent from the interior of w; to Z3 in zp,
we infer from the Boundary Point Lemma that Vv(zp) # 0, in contrast with Lemma 6.2.m

Lemma 7.6 Let Z5 = Z? N B.(23). For every e > 0 there exists § > 0 such that

/ Vo < 6.
2

Proof: by testing the equation with the test function ¢ = 1 and integrating over the set
u; > o we obtain the bound, independent of o and i,

/ Vol < ©
O{u;>a}

and therefore, passing to the limit as o — 0,

/ V| < C.
8{u1 >0}

The assertion then follows from Lemma 7.5, together with Lemma 7.3. [
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Proposition 7.3 v solves —Av = a(x)v in the whole of ).

Proof: in our settings, one easily sees that Z3 is connected and that it is the limit set of
the I'; ;'s, for the pairs of indices involved in the loop 7. Thanks to Lemma 7.5, for any
e we can take a neighborhood V. C B.(Z3) of Z3, in such a way that the boundary 0V.
is the union of a finite number of arcs of Z2 and supplementary union of pieces of total
length smaller than Ce. Let ¢ be a test function. We write

Jo(VoVe —a(x)ve) =
= Jow. (VoVe —a(z)ve) + [, (VoVe — a(z)vp) <
< C fop, Vol +C [, (IVo] + [v]).

Let 6 > 0: we can find € > 0 such that Lemma 7.6 holds. Moreover, from Lemma 6.2, we
can assume that ¢ is taken so small that supy, (|Vv| + |v|) < 6. Hence the above integral
is bounded by C§. Since § was arbitrarily chosen we obtain that v solves the equation in
a distributional sense. Usual regularity arguments allow us to complete the proof. [

End of the Proof of Lemma 7.4: now the proof of the Lemma follows from Proposition
7.3 using the same arguments of Lemmas 6.1 and 7.1, namely reducing to a function in
the kernel of a divergence—type operator and applying the results of [1] and [12] about the
number of critical points and the regularity of the level sets of solutions to second order
differential equations. [

Proof of Theorem 7.1: recalling Lemma 7.3, we argue by induction over the number h
of connected components of the set Z3. If h = 1 then, by Lemma 7.4 there is at most one
minimal loop of the adjacency relation. If there is one, then Lemma 7.4 gives the desired
assertion. If there are none, as we already mentioned, the auxiliary function v solves the
equation globally and, by the above mentioned regularity result, we obtain the thesis.
Now, let the Theorem be true for A and assume that Z3 has h 4+ 1 connected components.
Again, if the adjacency relation has no loops we are done. Otherwise, we apply Lemma
7.4 to treat those connected components contained in the interior of the minimal loop and
the inductive hypothesis to treat all those contained in the outer region. [

8 Appendix: Systems with large interactions

8.1 Assumptions and main results

In this section we shall analyze the connection between the optimal partition problem and
the limit case of competitive systems with large interaction. We assume that the functions
f and H satisfy the following set of assumptions. For easier understanding, the reader may
think to the model case f(s) = sP~1, H(s1,...,s;) = it s?s?, with 2 < 2¢ < p < 2*.

(f1) f € CYR), f(—s) = —f(s), and there exist positive constants C, p such that for
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all s e R
Ifs) <+ s 2 <p<2t,

where 2* = 400 when N =2 and 2* = 2N/(N — 2) when N > 3
(f2) there exists v > 0 (2 + v < p) such that, for all s # 0,
F'(5)s* = (1+7)f(s)s >0

(h1) H is a function of class C*(R¥), C*(R* \ U¥_,{s; = 0}) and even with respect to
each of its variables; there exists a constant 8, 0 < 8 < v such that

[H(s1,-. 1) SO+ |sil)*
(h2) there exists 0 < a < 3 such that the Hessian matrix

0?H(s1,...,51) aH(sl,...,sk)S'
68168]' 881 ! ij

§iS; — (1 + Oé)(;ij

is negative semidefinite for s; # 0 (in particular, it has non—positive diagonal terms).
Here 0; ; denotes the standard Kronecker symbol

(h3) 5
H(Sl,...,Sk) ZO) Msi 20
8,91'
H(si,...,s,) =0 if at least k — 1 variables are 0
O0H(s1,. ..
OH(s1,--08) _ if 5; =0 or s; = 0Vj #i
83,-

Let Q be a bounded open set in RV, N > 2 and consider the class of problems with
parameter € > 0

(o) = f(u(a)) = g H (@), o uela)) i 0
ui(z) >0 in (17)
u; =0 on 0f)
with associated action functionals
LU) = / (zk:[l\wi(x)\? — Fui())] + 1H(U(x))> dz. (18)
o \i5 2 <

We will prove

Theorem 8.1 Let f satisfy (f1),(f2) and H satisfy (hi)—(hs). Then for all € > 0 there
exists a solution U® = (u5, ...,u) € (HE(Q))* to problem (17) such that

€ L .
I.(U%) =cc := inf sup  Io(A\ug, ..., \gug).
uiGHé(Q),ui>O ;>0
Vi=1,....k Vi=1,...,k
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Moreover there exists U = (uq, ...,ux) € (H(Q))¥ such that ué — u; in H(Q) as e — 0,
i=1,....,k. Fach positive function u;solves

—Au;(r) = f(ui(r)) r € supp(u;)
and
= = inf A A = inf .
co J(U) uieHélgl),ui>O §:1>% J( 1815 -y kUk) Ulél/\/oJ(U)

uju; =0 ViFj Vi=1,..., k

where co and J are defined in (3) and (2), respectively.

The proof of Theorem 8.1 will be divided into two propositions. We will first consider the
problem (17) with e = 1, and we will give a general existence result. Next, we will deduce
the existence result for every € > 0 and we will study the asymptotic behavior.

8.2 A class of elliptic systems

Aim of this section is to prove the existence of a k—uple (u1,...,uz) € (HL(Q))* where
each w; is positive and solve (17) when & = 1. For easier notation we will write

U = (ul,...,uk), U; € H&(Q)
A = (Al,...,/\k), X eR
AU = (Mug,..., \puk)

and so on.

We seek solutions of (17) as critical points of the following functional

LS|
1U) = /Q (Z[QIVW(:B)I2 — F(ui(z))] +H(U(w))> dz.

i=1

In particular we are interested in the search of minimal solutions of (17), that is, critical
points of I achieving the lower value of I when restricted to the critical set N (I):

N(I) := {UET: oru) cu; = 0V1 Sigk‘},
Oui
where
T:={Uec (HQ)*: u; Z20V1 <i <k}
Setting
c:= inf I(U)
UeN(I)

we are going to prove

Proposition 8.1 Under assumptions (f1)—(hs) there exists a critical point for I, say
Uc¢ e N(I), such that I(U¢) = c¢. Moreover, u$ > 0 for every i.
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The proof of the proposition will be divided into three steps; the first consists in studying
the behavior of I when restricted to the hyperplane generated by a fixed k—uple U with
nontrivial components:

Lemma 8.1 Let U € T and consider

oU) = EE%I(AU).

Then there exists a unique k—uple of positive numbers A(U) such that
(1) ®(U) = I(AU)U);
(11) AU)U € N(I);

(iii) there exist v,v1 > 0 such that if U € N(I) then ||u;|Le > v and ||u;]| > v for every
i

(iv) ®(-) is l.s.c. with respect to the weak convergence in T ;

(v) the map U — A(U) is continuous from T to (RT)*.

Proof: fix U € 7 and define ¥;(A) := I(AU). As a function of k real variables, ¥y is
of class C? on R¥ but the coordinate hyperplanes (and C' everywhere), and even with
respect to each of its variables. We are interested in studying the set of critical points of
Uy, and we will argue by induction on k (this is the reason for the explicit dependence
on k of the notation). To do that, a crucial remark is the following: let A a critical point
of ¥ having exactly h nonzero components; then, with some abuse of notations, we can
see A\ as a critical point of ¥, with all nonzero components. To this aim, we observe that
H(sy,...,Sk—1,0) satisfies the same assumptions of H in the case of k — 1 components.

It is standard to prove that all the critical points are isolated, and hence it make sense
to consider local degrees of V¥, for the value 0. Although H is not C?, exploiting the
positivity properties of H (assumption (h3)) and an homotopy argument, one can prove

i(VUg, A, 0) = i(VUy, A, 0),

where i denotes the topological index (topological local degree), and A is a critical point
of Uy, with h nonzero components (this descend from the fact that a critical point on a
coordinate hyperplane is a minimum along directions orthogonal to the hyperplane). By
means of topological degree computations, we will show that there are exactly 2F positive
local maxima for Wy, one in each octant. Since ¥y is negative out of a large ball, this will
finally prove the uniqueness of A(U) and assertion (7).

Let A be a critical point of ¥y; then

1 _ —
fHui (AU))\zuz> =0 Vi : )\i 7'5 0. (19)

_ 1
2
A /Q <|Vui| % FOuus) hus + v

Claim 1. If A (critical point of ) has exactly h nonzero components, then

i(V¥, A, 0) = (=1)M.
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Moreover, if h =k, then A is a local mazimum.

By the previous arguments, we have to compute the local degree of A seen as a critical point
of ¥}, having all nonzero components. Therefore we can consider \; # 0,4 =1,...,h, and
we observe that W, is of class C? near A. Clearly, if we show that the Hessian quadratic
form associated to ¥y, in A is negative semidefinite, the claim will follow.

We estimate the second derivatives (Up,)y,; by exploiting first (f2) and then the identities
(19)

(Wi (D) = Jo (IVuil® = 2./ (Miua) Afu? + 32 Huu, (/_\U)/_\?u?>

IA

Jo {1Vl = 52 fF(Nui) Niwi + 3 Hugus (AU)S\?U22>
= —a o Vil + 35 o (Huw (Au)APuf — (1+ @) Hy, (AU)Asus)

Now we compute the mixed derivatives

1

(U)ain, (A) = we

Huiu]- (/_\U);\Zuzj\]uj .

Thus we can bound the Hessian form from above with

0%, s, , )
... < — - i S
(aAiaA) (a1, an) < a; <az /Q Vi ) + Qu(AU)(ay, ... ap)

i7j

where the quadratic form Qg is negative definite by assumption (hz). Thus the claim
follows.

Claim 2. There are exactly 28 critical points with nonzero components (and thus mazima,),
one in each of the octants.

We argue by induction on k. First, for k = 1, by a direct analysis, exploiting the superlinear
behavior of f as in (f2) it is easy to show that Wy has a local minimum at the origin and
two maxima, one for A positive and one for A negative.

Then we suppose that the claim is true for every h < k. By the growth assumptions on F
and H, Ui(A) - —o0 as |A| — oo, implying that ¥j must have at least a local maximum
in each of the octants (remember that Wy is symmetric). Moreover, since ¥y, turns out to
be concave outside a suitably large ball B, we have

deg(vqjkv BRa 0) = (_l)k

On the other hand, let us count all the possible critical points of Wy, ordered by number
of nonzero components: by the superquadraticity property of F' we know that ;. has one
local minimum at the origin, providing a local degree +1; for h = 1, by the inductive
assumption there are exactly two critical points of index -1 for any of the £ components,
and hence 2k critical points of index -1 on the axes; in general, for h < k, we have 2" (Z)

critical points with A nonzero components, each with local degree (—1)". Finally the other
possible critical points are local maxima by Claim 1, and thus the local degree at each

26



of them is (—1)*. Let n be the number of such maxima; by the excision property of the
degree it must hold:

(=1)* = deg(V ¥y, Bg,0) = +22h<)

that gives n = 2, proving the claim.

Now we drop the dependence on k and we define A(U) as the unique (by the evenness
of the function) maximum of ¥ with all positive components, and we will prove that it
satisfies (i7)—(v).

Assertion (i7) follows by noting that A(U) is (the unique) positive solution of (19). Now
we take U € N(I), so that \;(U) =1 for every 4, and by (19) it holds

0 :/ (IVsl? = f(ui)ws + Ho, (U)us) z/ (IVusl? = f(ui)ws) (20)
Q Q
by the positivity of H. Now (iii) follows by using the subcritical assumption (f1) and the
Sobolev inequality.

In order to prove the weak l.s.c. property of ®, let U,, weakly converge to Uy € 7. Then
lUo]| < liminf ||U,]||; on the other side, due to the subcritical growth of F' (assumption
(f1)) and thanks to the compact embedding Hg () C L4 for all 2 < ¢ < 2%, it holds

®(Up) = I(A(Uy)Up) <
I(A(Up)Up) + o(1) < ®(U,) + o(1),
and passing to the limit

®(Up) < liminf &(Uy,)

n—oo

as required.
Finally (v) holds as a consequence of the Implicit Function Theorem applied to (19). =
It is worthwhile noticing that, defining the following value

d:= [}Ielg_q)(U) (21)

it turns out by the lemma that d = ¢. This remark will be useful in proving that the
problem of minimizing I on the Nehari manifold N'(I) has a solution:

Lemma 8.2 There exists (U¢) € N (I) such that I(U¢) = ¢

Proof: let (U,) C N(I) be a minimizing sequence and assume I(U,) < ¢+ 1. Now,
computing: (a+2)I(Uy) — VI(Uy) - U, with a > 0 as in assumption (hz), we have

(@+2)c> 2 fo X [Vul™ 2+
+ Jo S @Myl — (2 + a)Ful™)]+
+ o2+ ) H(U,) — X Hy, (Un)ul™)]
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where by assumptions (f2) and (hg) the three terms in square brackets are positive. We

have
2+ a)
«

jUa 2 < 225 (1) (22)

and thus the sequence (U,) is bounded. Hence, up to a subsequence, there exists U €
(H(Q))* weak limit of (U,,). It is easy to verify that U € 7T; indeed by Lemma 8.1 (iii),
it holds |]u§n)HLp > ~ for all n € N, and, by the LP-strong convergence of U, to U, we
also obtain ||(@)||zr > 7.

Now we can apply Lemma 8.1 to U: by the weak l.s.c. property of ® as in (iv), we have

®(U) < ¢; furthermore, by definition of d as in (21) it holds ®(U) > d = ¢. Thus

c=sup I(AU)
Ai>0

and by applying Lemma 8.1 again, we obtain the existence of a k—uple A such that (due
to (1)) ¢ = I(AU) and (due to (ii)) AU € N(I). Setting U¢ := AU we finally conclude the
proof. [

Lemma 8.3 IfU¢ € N(I) and I(U¢) = ¢, then U€ is a critical point of I.
Proof: assume by contradiction that U¢ € N (I), I(U¢) = ¢, but VI(U¢) # 0. Then there
exists p > 0 and § > 0 (we may assume 40 < 1 as in Lemma 8.1 (iii)) such that

U e Bs(U®) = [[VIU)]| = p

By the quantitative deformation lemma (see, for instance, [17]) we derive the existence of
a continuous map 7 : (H}(Q))* — (H}(2))* and of a constant v > 0 such that:

(1) n(U) =U for all U such that ||U — U¢|| > 40 or |I(U) — ¢| > 2v;
(i) I(n(U)) < I(U) for all U € (H5(Q))";
(i1i) U € Bos(UYNI(U) <c+v = I(nU)) <c—vr.

Let us consider the deformation under this map of the hypersurface I'(T) := TRU€, where
T = (t1,...,t;) and R is a number fixed in such a way that (R — 1)y; > 4. By the
monotonicity properties of 7 and Lemma 8.1, we have that sup, .on(I'(T")) < c¢. Now
we claim that 7 o I intersects the manifold A(I) and thus, by definition of ¢ it holds
supn(I'(T")) > ¢, a contradiction. To prove the claim, let us consider the map:
H: [0,1]F — (RH)*
T = An@T(T)) -1

which is continuous by Lemma 8.1 (v). By construction it holds (see Lemma 3.1 in [7] for
details):

e if t; = 0, then H; = +o0.
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e if t; =1, then H; < 0.

Thus we are in condition to apply Miranda Theorem [15], and we find T such that H(T') =
(0,0); this implies n(I'(T)) € N(I) and ends the proof. u

Now combining Lemma 8.2 and Lemma 8.3 we have the existence of a k—uple U¢ critical
point of I such that I(U¢) = ¢. What is left to show, in order to obtain by this result
the full of Proposition 8.1, is that any u§ is strictly positive. To this aim we note that
U] = (Juf],...,|uf]) € N(I) and I(U°) = ¢ = I(|U°|) by definition of F' and H. Then
by Lemma 8.3 we know that |U€| is a critical point of I and so its components must
be smooth by the standard regularity theory for elliptic PDEs. In this way we obtain
the equalities u{ = |u$| > 0 for every i; now the strict inequalities come by the strong
maximum principle. With this final remark the proof of Proposition 8.1 is complete.

8.3 Systems with large interaction

Let us fix a function H : R¥ — R satisfying (h1)—(h3). For all fixed € > 0, let us define I.,
the energy functional associated to system (17) as in (18). By Proposition 8.1 we know
that there exists a k—uple of positive functions U® = (u, ..., uz) which realizes

ce:= inf sup I.(AU).
u; €HLQ) X;>0
u; Z0

In this section we are going to show the connection between the optimal partition problem
and the solutions of (17). Let us recall the definition of the number (3):

cp = inf sup J(AU)
w€HL(Q)  A\;>0
u; Z0
fu?u?:ﬂ,i;ﬁj

where

As a first remark we note that
¢ <o (23)

indeed I. coincides with J on k—uples of function having disjoint support (see Assumption
(h3)).

We are going to prove

Proposition 8.2 Assume that f and H satisfy (f1) — —(hs). Then

1. for every ¢ > 0, c. is a critical level of I, associated with a positive critical point
U® € (Hg ()"

2. there exists a positive U° € (HL(Q))* such that, up to a subsequence, U — U° in
(HE(Q))k and U° achieves cy.
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Proof of part 1. Let € > 0 be fixed. By applying Proposition 8.1 with %H instead of
H (they clearly satisfy the same assumptions), we immediately obtain the existence of a
positive solution U¢. It is easy to prove that there exists o > 0, independent of ¢, such
that ||U®|| < 2. To this end it suffices to recall inequality (22) in the proof of Lemma 8.2
that provides, for every ¢ > 0,

22+ )

loe? < (ce +1).

Since ¢, = ¢. < ¢p the required estimate follows by setting o := 2(2;”1) (co+1). Henceforth

there exists, up to a subsequence, a weak nonnegative limit U° € (H{(Q)):
Ue —~uyY e — 0. (24)

Moreover it holds u) # 0 for every i; indeed, as consequence of inequality (20) in the proof
of Lemma 8.1,(iii), we know that ||u$|r > 7, for some v > 0 independent of . By the
compact embedding H}(2) < LP we obtain [[u?||z» > 7, giving the result. |

The second part of Proposition 8.2 will be essentially provided in the following crucial
lemma:

Lemma 8.4 Let U° be the weak limit of U¢ when taking a subsequence € = &, — 0 as in
(24). Then it holds

(i) U e N(J);

(i3) ||us —ud|| — 0 for every i;
1 .

(iii) E/QH(U)—>O

(iv) ¢ — cp.

Proof: let us first note that, since U? € 7, then we can find a k-uple A" of positive
numbers such that A°U° € V(J). By summing up the following equalities

(,;Z L(U%) -u =0
%J(AOUO) A4 =0

and then passing to the limit, we obtain, for every i,

040 0
/g}(f%’uqf;)—f%))( 02 4 lim - RIACOTEL

i e—0 ¢

Since f(t)/|t| is increasing by (f2) and the limit of the integral term is non—negative, we
obtain that \) <1 for every i. Let us now make explicit the fact that A°UY € N'(J):

Ja DIV — J fw 000 = 0
£ {42 o 7P - m)}z
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By multiplying the second inequality with (2 + «), « > 0 chosen as in assumption (hz),
and then subtracting all the first equalities, we obtain

202
2+ aoo < T{ Y [ VUl + fplf QRN — 2+ PO (25)
On the other hand, we observe that the weak convergence of U¢ € N'(I.) to U° implies

Jo IV = Jo F(ud)ud +lime g™ fo Hy, (U%)u§ <0 Vi (26)
lim, g ce > 32 {5 fo [Val2 = Jo F(u)} + lime o™ f, H(U?).

As before, multiplying the last inequality by (2 + «)) and then subtracting all the firsts
(2+ahmcg>2{ /|vu0\ ++/ Ju? — (2 4+ ) F(u 0)}}+
+lime” /Q[(2+a —ZHWU )u

Now, since by construction ¢y > ¢, for all € > 0, we can compare this inequality with
(25); to shorten notation we introduce F(t) := f(¢)t — (2 + a)F(t), noting that F(t) is
increasing for t > 0 by (f2). It turns out

Z{Z/Q(( D)2 = 1)|Vu? +/ F(O0u0) (ug)]} >
> lime™ /Q[(2+a =3 H,, (U)us]

By assumptions (hg2), (hg) it turns out that the term at the r.h.s. is non—negative: now
since each \) is not greater than 1, we conclude that in fact AY = 1 for every i. This
proves assertion (i) and, in turn, implies that:

lim ! /Q 2+ ) H(U?) = 3 Hy, (U] = 0. (27)

e—0

From this the strong convergence of each v to its limit easily follows. Indeed, if we assume
for contradiction that lim [ |Vus|? > [o|Vuf|?, then all the above inequalities become
strict, leading a contradiction in (27). Thus (i) is proved.

Let us now prove assertion (i77). To this aim we deduce by (25) and Y = 1, the relation
Jo IVUQ1? = [ f(ud)ud. Back to (26) we obtain that

hms / H,,(U®)u; = 0.

Now (27) becomes
lim 5—1/ H(U®) =0
e—0 0

as desired. Furthermore, we deduce by (iii) that

lilrr(l)c6 = J(U% < ¢

where the last inequality follows by the definition of ¢y and (7). Now it is enough to recall
that lim. g c. > ¢o by (23) to show that indeed lim._o c. = ¢y, proving (iv). [
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Proof of Proposition 8.2, part 2. In order to conclude the proof of Proposition 8.2 it
suffices to show that, for i # j, u) and ug-) have disjoint support: this is consequence of
property (iii) and of the strong convergence of U® to its weak limit. Indeed this implies

/QH(UO):O:

by assumption (h3) this means u?(z) - u?(:v) =0 ae z € Q and proves supp(uy) N
supp(u?) = () for every i # j. Moreover by (iv) we also obtain J(U") = ¢, finally proving

the assertion. [ ]

As a final remark, note that, if we pass to the limit in (17) as ¢ — 0, by exploiting the
strong convergence of the solutions U to the k—uple U? and (iii), we realize that

—Au(z) = f(ul(z)) @ € supp(uf) Vi

(3
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