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Abstract

In this paper we study a class of stationary states for reaction—diffusion systems
of k > 3 densities having disjoint supports. For a class of segregation states governed
by a variational principle we prove existence and provide conditions for uniqueness.
Some qualitative properties and the local regularity both of the densities and of their
free boundaries are established in the more general context of a functional class char-
acterized by differential inequalities.

1 Introduction

The occurrence of nontrivial steady states (pattern formation) for reaction—diffusion sys-
tems has been widely studied in the literature. Of particular interest is the existence of
spatially inhomogeneous solutions for competition models of Lotka—Volterra type. This
study has been carried out mainly in the case of two competing species, see e.g. [4, 10, 18,
19, 21, 22, 25, 26, 27]; in recent years also the case of three competing densities, which is
far more complex, has become object of an extensive investigation [13, 14, 23, 24]. In most
cases, the pattern formation is driven by the presence of different diffusion rates when the
coeflicients of intra—specific and inter—specific competitions are suitable related. A remark-
able limit case of pattern formation yields to the segregation of competing species, that is,
configurations where different densities have disjoint habitats; see [11, 12, 15, 16, 17, 28].
Object of the present paper is to study a class of possible segregation states, involving an
arbitrary number of competing densities, which are governed by a minimization principle
rather than competition—diffusion. Roughly speaking, we are going to deal with stationary
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configurations of k > 2 densities that interact only through the boundaries of their nodal
sets; the minimization involves the sum of the internal energies, with the constraint of
being segregated states. In other words, the supports of the densities have to satisfy a
suitable optimal partition problem in RY. Precisely, let Q be a bounded open subset of
RY (N > 2) and let us call segregated state a k—uple U = (uy, ..., u;) € (HY(Q))* where

ui(x) - uj(x) =0 i#j, ae. x €.

We define the internal energy of U as

1) = ¥ [ (3420 Vo) - Fioulo) ) do}

i=1,k

where the F’s satisfy suitable assumptions (see (A1), (A2) below). Our first goal is to
minimize J among a class of segregated states subject to some boundary and positivity
conditions; next we shall develop a regularity and a free boundary theory for minimizers.
In performing the second goal the main tools will come from recent results that Caffarelli,
Jerison and Koenig [6] (see also [2, 3, 5, 7] and references therein) have obtained in the
study of free boundaries in other contexts.

Our first result establishes existence for this problem; then we discuss the uniqueness of
the solution. Surprisingly enough, the minimizer can be proven to be unique for a large
class of Lagrangians. A remarkable fact is that solutions to this variational problem satisfy
extremality conditions in the form of differential inequalities of special type. Precisely they
belong to the functional class

u; >0, u;-u; =0if ¢ #£ 5
S={(uy,--,up) € (H'(Q)*: J

~

where @; = u; — 35 up and f(2, ;) = 30, fi (@, @)X fu;>0}-

A further reason of interest in the class S is that it contains also the asymptotic limits
of the solutions of a large class of competition—diffusion systems when the inter—specific
competition terms tend to infinity. This will be the object of a forthcoming paper; a link

between some variational problems and competing species systems has been traced by the
authors in [8, 9].

An important part of the paper is devoted to study the qualitative properties exhibited
by the segregated states belonging to the class §. In particular we shall establish the
local lipschitz continuity both of U and its nodal set; to this aim we will take advantage
of some monotonicity formulae as in [2, 6]. Then, for the dimension N = 2, we develop
further our investigation. Our main result is that, near a zero point, U and its null set
exhibit the same qualitative behavior of harmonic functions and their nodal sets ([1, 20]).
In particular we prove that the set of double points (i.e. points where two densities meet)
is the union of a finite number of regular arcs meeting at a finite number of multiple points
(i.e. points where more than two densities meet). We emphasize that, at a multiple point
the densities share the angle in equal parts and moreover an asymptotic expansion for U
is available.



The plan of the paper is the following: in Section 2 we introduce the basic assumptions
and formulate the variational problem; the existence of a minimizer is proven in Section
3; Section 4 deals with the uniqueness of the solution; finally in Section 5 the extremality
conditions are established. In Sections 6 and 7 we introduce S and a wider functional
class §*; next in Section 8 we prove the local lipschitz continuity in §* and the global
regularity in S. In Section 9 we establish some qualitative properties of the elements of S
in dimension N = 2.

2 Assumptions and notation

Let N > 2; let Q € RY be a connected, open bounded domain with regular boundary 95).
Let k > 2 be a fixed integer. Throughout all the paper we will make the following set of
assumptions (for every i = 1,...,k):

o ¢ € H'2(0Q), ¢; > 0, ¢; - ¢; = 0 for i # j, almost everywhere on d€; sometimes
such a boundary datum will by called admissible

e d; e W3*(Q),d; >0o0on Q
o fi(x,s): Qx RT — R such that:

(A1) fi(x,s) is Lipschitz continuous in s, uniformly in = and f;(z,0) =0
(A2) there exists b; € L>°(€2) such that both

|fi(z,s)] < bi(z)s Ve, s>5>>1
and

/Q (@) V@) ~ i)’ (@) de >0 Yw € HY(Q).

Every ¢; will be the boundary trace of a non negative density u; € H'(2). Moreover,
associated to each density, we consider its diffusion coefficient d; and its internal potential
Fi(z,s) = [§ fi(z,u)du.

We are concerned with the following variational problem.

Problem 2.1 Let
U= {(u1,~--,uk) € (Hl(Q))k tuiloq = @i u; > 0Vi=1,---k; uj-u; =0,i# j a.e. on Q}

Find the minimum of the functional

10 = ¥ A [ (5@ 1Vu@P - R, ul) ) de} 1)

=1,k

where U € U.



Remark 2.1 We notice that the case with variable diffusions can be reduced, by a suitable
change of the variables u;’s, to the case when d; = 1 for every i. Indeed, let u; = v;/d;
(this can be done because the d;’s are strictly positive). After integrating by parts we
obtain

_ Lo o, 1Ad o [ v 1 5, Od; }
0= zlzk{/ﬂ <2Wvl| "3 d; " E(:c, di))dx 2/ag¢idzauds
1 —~ .
= . {/ <|Vvi|2—Fz'(96,vi)> dx—C} =J(V)-C.
=1,k VTS 2

Exploiting this identity, the reader can easily check that the validity of the assumptions
for the f;’s and for the ¢’s implies the same for the new data f;’s and ¢;’s. Hence, in what
follows, we will choose d; = 1 for every i, unless otherwise specified (namely in the results
of Section 4).

Remark 2.2 By our definition, the functions f;’s are defined only for non negative values
of s (recall that our densities u;’s are assumed non negative); thus we can arbitrarily define
such functions on the negative semiaxis. For the sake of convenience, when s < 0 we will
let fi(z,s) := —fi(x,—s). This extension preserves the continuity, thanks to assumption
(A1). In the same way, each F; is extended as an even function.

Notation In the following, when not needed, we shall omit the dependence on the variable x.
We use the standard notation gt (z) = max,cq(g(x),0) and ¢~ (z) = max,eq(—g(z),0). Given a

k—uple (u1,...,ux) we introduce the “hat” operation as
Uy = u; — Z uj.
J#i

Furthermore, with some abuse of notation, we shall use a capital letter to identify both a k—uple
and the sum of its k components (e.g. U = (uy,...,u;) and U = Zle u; ). With the notation
(u;,) we shall denote the i—th component of a sequence of k—uples (U,). The symbol x4 will
denote the characteristic function of the set A.

3 Existence of the minimum and continuous dependence

Our first goal is to prove the existence of at least one minimizer of Problem 2.1. To this
aim, we start observing that our assumptions on f; imply

Fi(a,s)| < 5

s>+ Cls| Ve, VsecR (2)

for every i. On the other hand, by standard eigenvalues theory, assumptions (A2) implies
that the quadratic form there is an equivalent norm on H}(£2), that is, there exists ¢ > 0
such that

/(\va —by(z)w?)dz > 5/ V|de,
Q Q

for every w € Hi () and for every i. As a consequence we have the following result:



Theorem 3.1 Under the assumptions of Section 2 Problem 2.1 has at least one solution.

Proof: applying (2) we easily obtain that the H!'-continuous functional (1) is coercive;
indeed, for every u; € H(Q), we have

1 1
/ <|Vui|2 - Fz(ul)> dr > / = (|Vui|2 - bm?) dx — / Cuidx
Q\2 Q2 Q

> 2 [ Vil - ()
2 Jo

for some constant ¢(£2). Let us take a minimizing sequence (u;,) in U of disjoint sup-
port functions. This sequence being H'-bounded by the above inequality, there exists a
subsequence weakly convergent to u; in H' and, by compact injection, in the L?>-strong
topology; taking possibly a new subsequence, we infer almost everywhere convergence in
Q of every u;, to u; and the limit functions have obviously disjoint supports. The weak
lower semicontinuity ensures that the weak limit is in fact a minimizer. [

Theorem 3.2 Let Uy, = (uin, -, urn) be a sequence of solutions to Problem 2.1, respec-
tively with admissible data (P1p, - -, Prn), such that
Gin — ¢i  in HY/2(00Q)

and potentials
Fin(x,s) — Fi(z, s) in CH(Q x R)

for everyi=1,---,k. Then,
Ui — Ui n Hl(Q)

foreveryi=1,---,k and U = (uy,---,ug) solves Problem 2.1 with data (¢1,---,¢r) and
potentials (Fy,-- -, Fy).

Proof: first, we observe that (¢1,---,¢y) is an admissible datum, i.e. the ¢;’s are
nonnegative and have disjoint supports by the strong convergence of (¢1,,: -+, ¢ry) in
HY2(6Q).

We denote by U* = (u},---,uj) a solution to Problem 2.1 with data (¢1,---,¢), and
(F1,---, Fy). Consider the minimum levels

cn=J(U,) and c" =JU").

Observe that the convergence of the boundary traces ¢;,’s and of the F;,’s, ensures a
bound on the sequence ¢,. The coercivity of J then yields to a bound on the sequence
|inll 1 (q2); therefore we can assume, up to a subsequence, that

cn —

Uin — u; weakly in HY(Q). (3)



Furthermore, as a consequence of the compact injection H' — L?, we have u; - uj = 0,
whenever ¢ # j. Moreover, by the weak continuity of the trace operator, we obtain

uiloq = ¢i-
The lower weak semicontinuity of the norm implies

Z /\Vuz| <hm1nf* Z /\Vum|

zl,, zlk

and we also have

Y [ Aeuw@) =l 3 [ F @),

i=1,-,k =1,k

= (Lt o)

is not necessary a minimum level but satisfies, by the discussion above, the inequalities

We observe that the level
i=1---k

co>c>ch.

We wish to prove that ¢y = ¢*. Suppose, by contradiction, that ¢* < ¢y. Consider the
harmonic extensions (still denoted with the same symbols) on Q of the ¢;,’s and of the
¢;’s and introduce 1; ,, = ¢; , — ¢;. Then, by construction

Yin — 0 in HY(Q) (4)
Yinlsg — 0 in HY/2(0Q).

We define
Win = (u;k + wi,n>+
Uin = (wi,n — Z wj,n)Jr
J#i

We observe that w; ,|aq = ¢in; moreover, since u; > 0 and by (4),
Win — ufin HI(Q)

Vip — ulfin HY(Q). (5)

Moreover, since w; ;, > 0, it is immediate to see that v; , -v;, = 0if ¢ # j. Hence it follows
from the definition of ¢, that

{ /|vvzn|2 /FHL Uzn }>Cna
=1,k

on the other hand (5) implies

Z {1/ ’V’l)im‘Q—/ Fi,n(vi,n)} —>C*
S (20 Q

that implies that ¢* > ¢g.

Finally, from the equality of the minima ¢y = ¢ = ¢*, we also deduce the strong convergence
of the u;,,’s in H(Q) and the thesis follows. |



4 Uniqueness

In general we can not expect the minimizer of Problem 2.1 to be unique. A simple
counterexample can be constructed in the following way:

Example 4.1 Let k = 2, ¢1 = ¢o = 0, fi(z,s) = folx,s) = min(rs,s"/3), where
A > A(Q), the first eigenvalue of the Laplace operator with Dirichlet boundary condi-
tion. The reader can easily check that the assumptions of Theorem 3.1 are fulfilled and
that the infimum is smaller than zero. Moreover the infimum of the associated functional
is achieved by a function of the form (u,0), or (0,u), where uw # 0; indeed, any minimizer
(u1,uz) can be replaced by, say, (u1+usg,0) keeping the same level of the functional. Hence
the associated variational problem does not have uniqueness of solutions.

A major obstruction to uniqueness is the lack of convexity that may occur both in the
Lagrangian (as the above example illustrates) and in the constraint; nevertheless, the
following result shows that the full convexity of the Lagrangian is sufficient to prove
uniqueness of the minimizer, provided the diffusions do not depend on 3.

Theorem 4.1 Under the assumptions of Section 2, assume moreover that
d; =dj; ,Vi,j (6)
Fi(z, s) is concave in the variable s, for all x € Q (7)

Then Problem 2.1 has an unique minimizer.

Proof: let ¢ =inf{J(U): U € U}. Arguing by contradiction, we consider two minimizers
U= (up,-,u;) and V = (v1,---,v) achieving ¢, with u; # v; for some i. For every i
and A € [0, 1], we define

ﬁi = ui—Zuh (8)

hti
771' = U; — Z (%3 (9)
hti
w™ = A+ (1= Mot

Our goal is to show that J(wzo‘)) < AJ(ui) + (1 — AN)J(v;), for every A € (0,1). It is
worthwhile noticing that this property can be seen as a convexity type property combined

with a special type of projection on the constraint U.
(A)s

To begin with, we have to show that the w,”’’s satisfy the constraint. We first notice that

wl()‘) > 0 and w;|gn = ¢;. Furthermore we have

N

wg)‘)wj =0 a.e. on Q, for j # 1.

Indeed, assume wlo‘)(x) > 0; this means that

Mui(z) + (1 — Nv;(z) > Z)\uh(x) + (1 = Nvp(z) > Auj(x) + (1 — N)v;(z) V5 # .
hti



Therefore we have, when j # i,

Auj(z) + (1 = Nvj(x) < Aui(x) + (1 — N)vi(x) < Z Aup () + (1 = Xop(x)

hi
and hence wj(-)‘) (x) <0.
Let us denote the supports
™ = {w(/\) >0} ;
recalling that F;(x,0) = 0 we note that
Sy L oo, (2 ™
I ul) = Z/<> (Ve = Fi(wM))da.

In view of (6), using the convexity of the quadratic part of the functional, and the defini-
tions (8),(9) and keeping in mind that both the (u;)’s and (v;)'s have disjoint supports,
we obtain that, for every A € (0,1),

k
Yo S G2VelNPydr < SR [y AGRIVEL?) + (1 - A (2d? VT de
i=1 ’ ¢

< S o AGE| V) + (1= N (3| V) da

Now we turn to the potential integral. By assumption (7) and the evenness of the potentials
F;’s, the inequality

—Fi(x, \u;(z) + (1 = N)vi(x)) < =AFj(z,ui(x)) — (1 — N) Fi(x,0;(x))

holds whenever z € {u; > 0} N {v; > 0}. Hence, assume that x € {u; > 0} N {v; > 0}, for
some j # 4; let us fix X and let « such that Au;(z) — (1 — A)v;(x) > 0 (the symmetric case
is obtained by parity), and we study the term —Fj(z, Au;(x) — (1 — A)v;j(x)). Introducing
the auxiliary function W(\) = —F;(x, Au; — (1 — AN)v;) + AFi(z,u;) + (1 — X)Fj(v;), let
A € (0,1) such that du; — (1 — A)vj; = 0. It is easy to see that ¥(1) = 0, and ¥”(\) > 0.
Moreover, ¥()\) < 0, since Fj(x,0) = 0 and,by (7), F; < 0. Hence, by convexity, we infer
that U(\) < 0, for every A € (), 1) and therefore

—Fi(l‘, (Aﬂl + (1 - )\)ﬁj)Jr) S —)\FZ’(.CU, Uz) - (1 - )\)FJ(CC, 1)]')

holds when z € {u; > 0} N {v; > 0}.

Finally, gathering together all these inequalities, for every fixed A we obtain

a contradiction. [ ]



The requirement of Theorem 4.1 that the Lagrangians are convex in all variables may seem
very restrictive.The following result makes a different assumption, still sufficient for the
uniqueness, that may be more useful in the applications, for it is always satisfied (given
the d;’s and F;’s) provided the domain €2 is small enough.

Corollary 4.1 Let d; € W?™> be given. Assume that F; are of class C* in the variable s
and let us denote

O*F;
bi(x) = — (=, 10
() SUp 5 (,5) (10)
Assume that there exists a positive function d such that, for every i =1,...,k,
Ad; b; .
_Ad+<di —2dl2>d20 in Q. (11)

Then, Problem 2.1 has a unique minimizer.

Proof: the following identities hold:

/de(x) o (dlgi)‘z e (c(l;) - (di;?>

diu; \ |2 d;\\ d;u? d;
2 7 Wy . 2 i et . 2 “ .
/Qd(:n)v< g ) +d1V<dV<d>)d andzqu<d> v

Therefore, up to a constant (recall that our boundary data are prescribed), by the change
of variables v; = d;u;/d we can transform the initial Lagrangians into ones of the following
form:

| @V
Q

d d;
d?(2)| V| ? + Tdiv <d2V (d)> v? — Fy(z, dv; /d;).

Recalling the definition of the b;’s of (10), one easily checks that these Lagrangians are
convex in the variable v; provided the following inequality holds for every index 4

d . [ o (di 2

that is easily seen to be equivalent to (11). |

5 Extremality conditions

The goal of this section is to prove that the minimizers of the variational problem Problem
2.1 satisfy a suitable set of differential inequalities. To start with, let (ug,...,ux) be a

~

minimizer of problem 2.1; we define f(x,u;)

7 i(wi if i >0
Floytis) = 3 fi(@, )X qu;0p = it 1 ¢ € = 0F o (12)
i —fi(z,uy) if z € {u; >0}, j # .



Note that this definition is consistent with that of (8), for the functions f; are extended
by oddness. Our main result is the following:

Theorem 5.1 Let U be a solution to Problem 2.1. Then, for every i, we have, in distri-
butional sense,

(i) —Aui S fl(m,ul)

Proof:

(i) We argue by contradiction. Then, there exists at least one index j such that the
claim does not hold; that is, there is 0 < ¢ € C2°(£2) such that

/ijws ~ fi(@ug)é > 0.
For 0 <t < 1 we define a new test function V' = (vy,...,v;) as follows:

(u; — tp)t  ifi=j.

V; =

We claim that V lowers the value of (1); indeed we have

1) =) = [ (190~ t0) P = [Vul) ~ [ Fyla a; - 10)) = Fy )
5 (Va5 =102 = [Vus?) +¢ [ fi(avus)o + oft)

< t/Q(—vujth fi(@,u;)é) + oft).

IN

Choosing t sufficiently small, we obtain
J(V)—=J({U) <0,
a contradiction.
(ii) Let j and 0 < ¢ € C2°(Q2) such that
/Qvajw) — flz,@j)¢dx < 0.
Again, we show that the value of the functional can be lessen by replacing U with an

appropriate new test function V. To this aim we consider the positive and negative
parts of 4; + t¢ and we notice that, obviously,

{(@; +to)” >0} C{(u;)” >0} = Uiz {u; >0} .

10



Let us define V' = (v, ...,vg) in the following way:
(@ +te) ", if i = j
(aj + t¢)_ X{u;>0}» if 4 7& J-

V; =

We compute, using the definition (12),

o
V) =9 = 3 [ 5 (19uf = 19u?) = (Fitew) = Rle.w)
= [ 5 (V8 + 6P = V@) - (Fy(an (@ + t0)") - Fiauy))
- ; (B (= (@ +0)” Xqu>0y) — Fila,w))

S AN AR EED W ERLE

= t/QVajV¢—/QJ?j($,aj)¢+0(t)'

For t small enough we find J(V) < J(U), a contradiction.

6 The class S and its basic properties

Let U be the set of admissible k—uples as defined in Problem 2.1 and let f; be given
satisfying (A1), (A2); we introduce the following functional class:

Definition 6.1

S:{ (ug, - ur) €U : —Au; < fi(w,u) , —Au; > f(x,ai),Vi: 1,....k }

By virtue of Theorem 5.1 the class S is the natural framework where to develop our theory
of regularity and free boundary of minimizers to Problem 2.1. As already noticed in the
introduction, the class § is of independent interest, for it contains the asymptotic limits
of highly competing diffusion systems.

Let us start with the following definitions:

Definition 6.2 The multiplicity of a point z € Q) is
m(z) = §{i : meas ({u; >0} N B(z,r)) >0Vr >0} .

We shall denote by
Zh(U) ={z € Q:m(x) > h}

the set of points of multiplicity greater or equal than h € N.

11



The following properties are straightforward consequences of the definition of S joint to the
locally Lipschitz continuity of the f;’s that implies the validity of the Maximum Principle
for elliptic equations.

Proposition 6.1 Let x € Q:

(a) If m(xz) =0, then there is r > 0 such that u; =0 on B(x,r), for everyi.

(b) If m(z) = 1, then there are i and r > 0 such that u; > 0 and —Au; = fi(x,u;) on
B(z,r).

(c) If m(x) =2, then are i,j and r > 0 such that up, =0 for k # 1,5 and —A(u; —uj) =
fij(x,u; —uj) on B(x,r), where fi ;(x,s) = fi(z,sT) — fi(x,s7).

Proof: part (a) follows directly by the definition of multiplicity; assume m(z) = 1 and let
r > 0 be such that meas({u; > 0} N B(z,r)) = 0 for every j except i. Then, by definition
of S, u; satisfies the equation —Aw; = f;(z,u;) on B(x,r). We can write

- filzyug)

—Au; = a;(x)u; = (o)

where a; € L™ by the Lipschitz continuity of the f;. Then, since u; > 0, we infer from
the strong maximum principle that uw; > 0 on B(x,r). The second statement follows
immediately from the definition. |

Remark 6.1
- We can not exclude, at this stage, the occurrence of points of multiplicity zero, although
this possibility will be ruled out at the end of Section 9.2, at least in two dimensions,
under a weak non degeneracy assumption. Note that 0{z € Q : m(x) =0} C Z3 U 9.
- The second point of Proposition 6.1 says in particular that, if m(z) = 2
lim  Vui(y) =— lim  Vu;(y) .
ye{u; >0} ye{uj>0}
If, by the way, the above limit is not zero, it follows that the set {x : m(z) = 2} is locally
a C! manifold of dimension N — 1. Of course the above equality has to be changed, in
presence of variable diffusions, into
lim  di(z)Vui(y) = = lim  d;(@)Vu;(y) -

ye{u; >0} y€{u;>0}

A major goal in the subsequent analysis will concern the geometrical properties of the
supports of the densities u; and their common boundaries. As a first consequence of the
Maximum Principle we can give a criterium for the connectedness of the supports:

Proposition 6.2 Assume, for some i, that u; is continuous and {u; > 0} N IQ is con-
nected. If

59 @ (13)

where A1 denotes the first eigenvalue of the Dirichlet operator with zero boundary condition,
then {u; > 0} is connected.

12



Proof: assume not, then there is a connected component A of {u; > 0} that does not
touch the boundary; on the other hand, u; > 0 satisfies the equation

—Au; = <fl(u2)> U;

%

on A with vanishing boundary trace. When testing the equation with u;, by (13) we obtain
a contradiction with the Poincaré inequality. [

It is worthwhile noticing that the condition (13) is always satisfied on small domains. This
can be useful in the local analysis of the solutions. Another useful property of S is that
its elements are uniformly bounded in the interior of €2 thanks to the next proposition.

Proposition 6.3 Let (u;) be an element of S. Then the following hold
(i) There are functions (®;) € VVLSO(Q) such that
CI)Z‘ = Uy on 02 (14)

(ii) There are functions (V;) € VVI})’S’O(Q) such that

~

—A\I/Z' = f(l‘, ﬁz) mn Q)
U, = u on O (15)

(in particular, VI < G = ;).

Proof: to prove the first assertion we apply the method of upper-lower solutions: we
need an ordered pair of functions a; < §; where «; is subsolution and (3; supersolution of
problem (14). We simply let «a; = u; as lower solution; on the other hand we obtain a
suitable 3; by solving

,BZ' = M+¢Z on 9N

for large constants M. Notice that assumption (A2) implies the existence of arbitrarily
large positive functions [; satisfying the above problem. Furthermore, since b(x)3; >
fi(x, B;), then the (; are supersolutions to equation (14). Finally we get 8; > «; by the
maximum principle.

The proof of the second assertion is trivial, since the boundedness of u; and the assumption
(A1) imply the existence of a solution for problem (15); the relation ¥; < #; then follows
by the maximum principle.

To conclude we observe that the regularity of the ®;’s and W¥,’s follows by the standard
regularity theory for elliptic equations and our assumptions on the boundary data and the
nonlinearities. ]

13



Remark 6.2 As a consequence of the above proposition, the components of each element
U € S are uniformly bounded on compact subsets of . Then, recalling (Al),(A2), if
w CC Q there exists M > 0 (depending only on w) such that

UeS = -Auy; <M, —-Au;>-M on w (16)

Furthermore, the regularity can be improved up to the boundary of €2 in the sense that
to bounded boundary data there correspond bounded barriers ®; and ¥;. Moreover the
barriers will be Lipschitz continuous up to the boundary when both the data and the
boundary 02 enjoy the same regularity.

7 The class S*

Let M > 0 and h be a fixed integer. We introduce
Definition 7.1

uiZO,ui-uj:Oifi#j

Sirn(w) = (w1, up) € (H' (@) :
—Aui S M, —Aﬂl Z -M

It follows from Remark 6.2, that S C S}, ;. It will be more convenient to work in this
larger class rather that in the class S, for it is closed with respect to the limits of sequences
of scaled functions. This property will be extremely useful in performing the blow—up
analysis in Section 8. We first present a technical result concerning with the elements of
Sirn(B(0,1)) when 0 is a point of multiplicity at least two.

Proposition 7.1 There exists M* such that, for all 0 < M < M* the following holds
(a) Let Uy € Sy, (B(0,1)) such that m(Uy)(0) > 2 and Uy, — U with U # 0. Then
fi=1,...,h : u; Z0} > 2.

(b) For every v > 0 there exists C(y) > 0 such that, if U € Sy, (B(0,1)) with
m(U)(0) = 2 and [|U| L2(B(0,1)) = 7, then

| oavuk=com [
B(0,1) B(0

where C' > 0 only depends on M* and ~.

U2
y

)

(c) LetU, € SX/[’h(B(O, 1)) such that m(U,)(0) > 2; ifHVUTLHLQ(B(O,l)) =1 and HVUnHLQ(aB(O,l))
is bounded, then there exists U # 0 such that U, — U.

14



Proof: Part (a). Arguing by contradiction we can assume the existence of M, — 0 and
Un € Sjy, 4(B(0,1)) such that m(U,)(0) > 2, U, — U with U # 0 and N = §{i =
1,...,h : u; # 0} < 1. Note that, since U # 0, then N must be equal to 1. Thus we
can assume that U is of the form U = (uq,0,...,0) where u; # 0. Now consider ¢ > 0
solution of the problem —A¢ =1 on B(0, 1) with boundary conditions ¢ = 0. It holds

_A(al,n + Mn¢) 2 0

and by the mean value property for superharmonic functions we have

0=1u1,(0) > /

B(0,1)

T (@)de + M, ( /B oy O~ ¢(0)> . (17)

By the compact embedding of H' in L' and since %; = uy, it holds

/ U p(z)de — / up(x)dr = o > 0.
B(0,1) B(0,1)

On the other hand, the last term of (17) becomes less than /2 when M,, — 0: this finally
provides the contradiction 0 > a/2.

Part (b). Let v > 0 be fixed. Assume by contradiction the existence of M,, — 0 and
Un € Sy, 1(B(0,1)) such that m(U,)(0) > 2, |Unllp2(B(0,1)) = v and

fB(O,l) IVUn|2 R
fB(O,l) |Un|2

Let us define V,, := U, - HU"”Z;(B(OJ)): note that V,, € Sy, /., (B(0,1)), m(Va)(0) > 2;
furthermore ||Vy.[[12(p(0,1)) = 1 and ||[VVillr2(0,1)) — 0 by construction. Then there ex-
ists V such that V;, — V; moreover V # 0, since by the compact embedding of H! in L?
it holds [|V|[z2(p(0,1)) = 1. Now note that, since the gradients vanish in the L? norm, then
V =(c1,...,cp) where ¢; € R. Furthermore, since the supports of the components of V,
are mutually disjoint, passing to the limit a.e. in B(0,1), we get ¢; - ¢; = 0 if 4 # j: this
means that only one of the components of V' is not identically 0. This is in contradiction
with Part (a) when applied to the sequence V,.

Part (c). By assumption [[VUy| 12(p(0,1)) is bounded: then, if M is small enough we can
apply Part (b) and thus the whole H'-norm ||U]| H1(B(0,1)) is bounded. This provides U
such that U, — U. Now test the variational inequality —Aw;,, < M with u;:

0
/ ’vui,n‘z <M Ujn TL/ Ujn 7~ Win-.
B(0,1) B(0,1) 8B(0,1) ov

Assume by contradiction that U = 0: by the compact embedding of H' in LP and since
[VUnll2(0B(0,1)) 18 bounded, we deduce that the r.h.s vanishes. This implies || VU, ||r2(B(0,1)) —
0, in contradiction with the assumption ||VUn||r2(p(0,1y) = 1. |

Remark 7.1 The argument used in the proof of part (a) allows to establish a mean value
property for functions which are superharmonic up to a small term. Precisely, if (v,) C H*
is such that —Av, > =M, with (0 <)M, — 0 and [ ) vn = o > 0, then v,(0) > a/2 if
n is large enough.
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8 Lipschitz Regularity

A key tool in studying the regularity of both the function U and the free boundary is a
suitable version of the celebrated monotonicity theorem, see [2, 5]. In this paper we shall
take advantage of the following formula which is proven in [6].

Lemma 8.1 Let wi,ws € H' N L>® such that —Aw; < 1, w1 -wy = 0 a.e. and xg €
O({w; > 0}), i = 1,2. Then there exists C > 0, independent of xo, such that

|Vw, (z)|?
4 2 dr < C. 1
Hr2/270, |z — 20|V gdr < C (18)

In the proof of our regularity results we shall also need the following technical lemma.

Lemma 8.2 Let U € H'(Q) and let us define

1
o(z,r) = —% VU (y)Pdy. (19)
r B(z,r)NQ

If (zp, ) is a sequence in  x RY such that
¢(2n,mn) — 00
then r, — 0 and

) ere exists a sequence n C sSuc a Tn,T — 00, an
th t R* such that " d

N
/ G vOP;
OB (xn,r},)NQ T'n JB(zn,rl,)NQ

(ii) if A C Q and
dist(xzy, A)

Tn

<C

then there exists a sequence (x,,,77) such that ¢(z),,rl) — oo and x}, € A for every
n.

Proof: since U € H'(Q) and ¢(z,,r,) — +00, obviously 7, — 0. We begin proving (i).
Let g be defined on the whole RY as

IVU(z))? z€Q

o= 0 re RN\ Q.

Clearly [p(, 1m0 |VU|? = I8 95 JoBarne |VU|? = JoB(z,r) 9- We observe that

0¢ 1 N
a \InsTn) = 77 dy — — d .
or (33 " ) 7“1]1\7 </6B(xn,rn) g(y) Y Tn ~/B(:L‘n,rn) g(y) y)

16



As a consequence, our problem is reduced to find 7], such that ¢,(zp,7,) < 0 and
¢(xpn,1l) — 4o00. Let ], := inf{r > r, : ér(zn,7) < 0}. We have that r/, < +oo
for every n (recall that ¢(z,,7) — 0 < ¢(xp,rn) as 1 — 00), and ¢(zp, 1) < P(an, 7)),
and (i) is proved. In order to prove (ii) let ), € A such that dist(z,, ;L) < 2C'ry, (this is
possible by assumptlon) and let 7}, := (2C' + 1)ry,. By construction B(z),, 7)) D B(n, ),

that implies ¢(z,,7/,) > (2C + 1) "N¢(x,, r,), and also (ii) follows. |

8.1 Local Lipschitz continuity in S&*

The class §* seems to be the natural framework for proving the interior Lipschitz regularity.
Indeed we have:

Theorem 8.1 Let M >0 and k be a fized integer. Let U € Sy (Q2): then U is Lipschitz
continuous in the interior of €.

Proof: we consider the set Q' CC Q compactly enclosed in © and the function ¢(z, )
defined as in (19), restricted to the set D := {z € Q',r € R" : 2r < dist(0Q),00Q)}. We
have to prove that ¢ is bounded on D. We argue by contradiction, assuming that

sup ¢(x,r) = 400
D

i.e. there exists a sequence (zy,ry,), such that

1
lim — / VU (y)[2dy = +oo. (20)
B(CE,L,T‘,L

n—00 TN

By Lemma 8.2,(i), there exists a sequence (denoted again by r,,) satisfying (20) and more-

over N
/ |VU? < 7/ VU2 (21)
aB(Z‘n,’r‘n) Tn B($n77’n)

Now we distinguish three cases, according to the nature of x, and r,, up to suitable
subsequences:

CASE I: m(x,) = 0 for all n (up to a subsequence) and M > 1.

We immediately obtain a contradiction with (20), since in ihis case u; = 0 on B(xp, ),
for all i. As a consequence, using Lemma 8.2,(ii), without loss of generality, we can assume
that m(zy) > 1 for every n (besides (20) and (21)).

CASE IL: m(z,) = 1 for all n and %1222 > 1,
In this case we can assume that only u; # 0 on B(zy,r,) and we define

vn(x) = (u1(z) — ua(zn)) " wn () = (w1 () —ur(zn))”

Then v, and w, are in L>°(2') by Remark 6.1, they have disjoint supports, —Av, < M,
—Aw, < M and v,(z,) = wy(x) = 0. Thus we can apply the monotonicity formula of

Lemma 8.1
1 Voa@)? 1 Ve ()

ol <c
T% B(xn,rn) |$ _xn‘N_Q Tr% B(zn,rn) ’Jf — T |N 2
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uniformly. Since |x — x| < 7, we deduce

1
N
7ﬂ’I’L

1 2
J— V <
7’7{)[ /B(mn,rn) ’ wn(l')’ =C

where C' is independent of n. Comparing with (20) we have that only one of the two term
is unbounded and forces the second one to vanish, e.g.

1 1
— Vo> — oo —/ Yw,|? — 0 22
T;]LV /3(337177"71) ‘ n‘ rrjzy B($n77’n) | n‘ ( )

as n — o0o. Let

Vo (z)|?
B(zn,rn)

L?: 1

n-— "N
TTL

|V, |?
B(xn,rn)

and let us perform the blow up analysis around z,, with parameter L, by defining V,, =
(V1,n, V2,n) @S
1 1

Un (2, + ) va () = T
It is easy to verify that V,, € S3; o(B(0,1)), where M,, = r,M/L,, — 0. By construction
we have that [ ) |VV,,|? is bounded; using (21), this implies that JoB(01) |VV,|? is
bounded too: thus V;, satisfies the assumptions of Proposition 7.1. This provides the
existence of a weak limit V' = (vy,v2) (by Part (c)) such that v; # 0, ¢ = 1,2 (by Part
(a)). But this is in contradiction with (22) that forces v = 0 (by Part (b)). Again, this
contradiction and Lemma 8.2,(ii) allow us to assume m(z,) > 2.

CASE IIT: m(zy,) > 2 for all n.

In this case the proof follows closely the line of the previous one. Let us give some details:

since m(x,) > 2, we can apply the monotonicity formula to each pair w; := wu;, wg = ug:
1 V(@) 1 Vur@P _

% B(xn,rn) |z — xn‘N72 . % B(xn,rn) |z — xn|N72 o

vin(z) = Wy Ty, + T0T) x € B(0,1).

Lypry,

uniformly. By (20) we deduce the existence of one index ¢ such that, up to a subsequence,
it holds

7“7]1V/B(xmrn) |Vu;|* — oo %V/B(xn,rn) |Vu;|* — 0 Vi #£i (23)

as n — o0o. Let 1

L? = —/ Vu;|?
" r7]7,v B(xnﬂ'n)‘ ’L|

and perform the blow up analysis around xz,, with parameter L,, by defining V,, = (vj)
as

Vjn(T) = wj(xn, + ) z € B(0,1).

Lyry
It is easy to verify that V,, € Sy, (B(0,1)), where, again, M, = r,M/L, — 0. By
construction we have that [ ;) |VV,|? is bounded and, again by (21), Joso.1) |V V.. |2
is bounded too: thus V,, satisfies the assumptions of Proposition 7.1. This provides the
existence of a weak limit V' (by Part (c)) such that at least two of its components are
strictly positive (by Part (a)). But this is in contradiction with (23) that forces (by Part
(b)) v; =0 for all j # 1. |
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8.2 Lipschitz continuity up to the boundary in §

In this Section we are concerned with the regularity of the elements of S up to the bound-
ary, in the case of regular boundary and Lipschitz boundary data. Our main goal is the
following result.

Theorem 8.2 Let 0N be of class C', U € S with u;|pq = ¢ and ¢; € WH(9Q) for
every i. Then U € W1>=(Q).

The proof relies upon the local analysis as developed in the previous section, joint with
the suitable use of the pinching property stated in Proposition 6.3. We begin with some
preliminary remarks.

Remark 8.1 Under the assumptions of Theorem 8.2 we have

(1) u; € C(Q) for every i (and, in particular, it makes sense to consider pointwise values

of ui);

(i) %1;’ loq € L*>°(002) for every i.

Proof: since U € S, through Proposition 6.3 we obtain the existence of k—uples of func-
tions (®;), (¥;), with the properties introduced in that proposition. Moreover, since
¢i € WH>(0Q) for every i, by standard regularity theory for elliptic equations we infer
®; € Whe(Q), ¥; € WH(Q) for every i. By Theorem 8.1 (which holds in this case
through Remark 6.2) u; € C(Q); since ¥ < u; < ®;, and U7 = ®; on 91, (i) easily fol-
lows. Moreover, using the same inequality and the very definition of directional derivative,
we obtain, in distributional sense,

> >
ov — v — Ov’

and also (ii) follows. n

Now we are ready to prove Theorem 8.2.

Proof of Theorem 8.2: let U satisfy the assumptions of the theorem. By the first part
of the previous remark u; € L>°(Q) for every i, and hence there exists a constant M such
that

—Au; < f(x,u;) < M.

Moreover, by Proposition 6.3, there exist k—uples (¥;), (®;) such that ¥} (z) < u;(z) <
®;(z) on Q, U (z) = u;(x) = ®;(x) on IQ and, as we just observed, ¥;, ®; € W1>(Q)
for every i.

As usually we define ¢(x,r) as in (19) and we assume by contradiction the existence
of a sequence (x,,r,) such that ¢(zy,,r,) — +oo. Assume that (up to a subsequence)
M > 1. This means that B(zp,r,) N 02 = 0 for every n. In this situation, one

can r%peat exactly the same proof of Theorem 8.1 (roughly speaking, in such a situation
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the blow—up procedure does not “see” the boundary), obtaining the same contradictions.
Hence we can assume that %:,89) < 1 and, by Lemma 8.2,(ii), without loss of generality
we can choose x,, € J€); moreover, we take 7, such that the inequality in Lemma 8.2,(i)

holds. Let ¢(xy,7,) =: L2 — 400 and define, for every i,

Ui () == — (ui(zn + 1) — ui(n)),
Vin(x) = rnl n (T (20 + rnz) — T (20)),
D; n(z) == (Pi(zpn + mnz) — Pi(xn)).

TnLn

We have that U, ,(x) < u;n(x) < B, () on Q,, where Q,, := {z € B(0,1) : z,,+r,z € Q}
(this inequality holds because the non-scaled functions coincide in z,, € 9€2). We observe
that, taking into account that r,, — 0 and L,, — oo, we have

r T
—Aujp(z) = == Aui(zy + rx) < M <1
for every ¢, when n is sufficiently large. Testing the above inequality on u;, we obtain

Ou; n

ov

L2(99)

ou;
/Qn ‘VUi,nP < /Qn Ui + /BQn Us p * 8;” < Hui,nHL"o(Qn) + Hui,nHL2(8Qn)

Our aim is to prove that the righthand side of the previous inequality tends to 0 for every
i. This will provide a contradiction with the fact that, by construction, 3 o Vuin?> =1
for every n.

Clearly ¥; ,(0) = ®;,,(0) = 0. Moreover,

V@i

1
| @n) = T IV®ill = @nB@n,rn) = 0,
n

and the same holds for ¥;,. This implies H‘I)i,nHWl,oo(ﬁn) — 0, H\I’i,nle,oo(ﬁn) — 0 and
therefore
”ui,nHLOO(Qn) —0 Vi

Since 9Q is of class C!, we obtain that 0, has bounded (N — 1)-dimensional measure,
and thus also
luinllr2(80,) — 0 Vi

Ouin

Therefore the only thing that remains to prove is that || =" 72(90,) is bounded. To this
aim, let 9Q, =TI'1,, UT2,, where I'1,, := 0B(0,1) N Q,, and 'y, := 9Oy, \ T'1 . Then the
estimate on I'y,, descends from Lemma 8.2,(i), recalling that it implies
2 1
<

N
< Vul < o [ Vuil? = N.
/FLn r,zlvflL% /é)B(xn,rn)ﬂQ ! rNL2 JB(2nrm)n0 ’

On the other hand, the estimate on I'y,, is an easy consequence of the bounded measure
of I'y , and of Remark 8.1,(ii). |

6u¢7n

ov
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9 Further regularity in dimension N=2

9.1 Vanishing of the gradient at multiple points

Let N =2 and U € §. The main goal of this section is to prove that the gradient of U
vanishes continuously at points of multiplicity at least three. This result will be established
through the application of a monotonicity formula with three or more phases. To start
with, we need the following technical result, that allows us to reduce the u;’s to solutions
to suitable divergence—type equations.

Lemma 9.1 Let a € L™ and let v be an H' solution of —Av < a(z)v in B(zo,r).
Then, if v is small enough, there exists ¢ € C' such that ¢ is radial with respect to xq,

inf g, ¢ >0 and

—div(goQ(V%)) <0 in B(zo,r).

Proof: let us consider the eigenvalue problem
—Au(z) = a(x)u(x) =z € B(zo,T)
u(z) >0 x € B(xo,T)

If r is small enough, the above problem can be solved in the class of radial functions with
respect to xg. Let ¢ be such a solution: now by elementary computations

—chAB — 2<pVBV<p <0
2 ¥
giving the required inequality. [

This local reduction will be widely exploited throughout the present and the next section.
As a first application it allows to prove a variant of the original monotonicity formula by
Alt—Caffarelli-Friedman [2].

Lemma 9.2 Let U € S and w; = 3 ¢y, uj, where It U... U T, C{1,...,k}. Assume that
zo € O({w; > 0}). Then for all h > 2 there exists C, independent of xo such that

h
1
I1- / Vawi(2)[2dz < C. (24)
i=1 " /B(=or)

Proof: (sketch). Let xg € 0{u; > 0} and recall that, since U € S, it holds —Au; < f;(u;)
M‘ and note that a € L* by the assumption on f;.

u; (T
By Lemma 9.1, there exists r > 0 and a regular radial function ¢ which is strictly positive

on B(zg,r) such that, for all ¢

for all i. Let a(z) := max;—1,_

U

—div(©*(V
(p°( -

) <0 in B(x,r).
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Now consider w; = ;¢ uj, where I U ... U Iy C {1,....k} and let w; := w;/p: then
—div(p?(Vi;)) < 0. Let N =2 and set

H S PN @)

Following the proof of Lemma 5.1 in [2] we can compute

o) > h 2 (s ginfzh: VA
-7 h P — ‘
where P = {(I';)l_,,Ul’; = 9B(0,1), meas(I'; NT;) = 0} and

O 2
A= gnf Jml9l 91;'.
veH} () Jr, vl

2
Since A; > <|F |) we immediately obtain that ®'(r) > 0 in [0, 7'].
By this formula and since there exist positive a < b such that a < ¢(z) < b for all
x € B(zg,r’'), it follows in particular that (24) holds. |

Now we are ready to prove the main result of this section.
Theorem 9.1 If zg € Z3 then |VU(x)| — 0 as x — xo.

Proof: assume by contradiction the existence of z,, — xg and r,, — 0 such that

lim 1/ VUP = a (25)
B(zn,rn)

n—-+o00 7’2

€ (0, 0.

We first claim that equation (25) holds for z, € Z3. The proof of this fact can be done
as follows: let p,7 > 0 be fixed and let A,, = {x € B(p,x9) : d(z,23(U)) > r}. By
Proposition 6.1, in A, , we can give alternate positive and negative sign to the u;’s in such
a way that the resulting function v locally solves an equation of the form —Av = f(x,v)
where f(z,v(z)) = fi(z,v(x)) if v(x) = tu;(z). For x € A,, we define

o) = [ VU@Pdy = [ VU@ )Py
= JB(z,r) = JB(0,r)

By elementary computations —A(|Vuv(z)|?) = —2|Vu(2)|?—2f.(z,v)|Vo(z)|—2fs(x,v)))| Vou(z)|?:
recalling that v is bounded by Remark 6.2 and since |VU| = |Vu/, this gives —A® < ad
on A, ,, for some positive constant a (depending on ). Then, by an extension of the max-
imum principle, there exists C' > 0 (independent of r) such that max4, , ® < C'maxgpy, ®.
This implies that for n large enough, (25) holds with & = /2 and for a choice of z], such
that d(x,, Z3(U)) < ry; then taking z, € Z3(U) such that |z, — z,| = d(z},, Z3(U)) we
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obtain that (25) holds for balls centered at z, and radius ry, + d(z,, Z25(U)) < ry,.
Furthermore, by exploiting the Lipschitz regularity of U, we have

3
/ VU2 < —/ VU2 (26)
OB(xn,pn) Pn J B(xn,pn)

where p, = (2L/C)r, and L is the Lipschitz constant in Q' = {x € Q : d(x,09) >
d(zo,00)/2} D {x,}.

Hence, in the following let us assume that (25) holds for a choice of x,, € Z3 and of radii
pn, satisfying (26) (we denote p, again by r,).

Let r > 0: by the monotonicity formula with three phases, there exists C' > 0 (independent
of r) such that

H 3/ Vews(2)2dz < C
T JB(zn,r)

for all wy = w;, wo := uj and w3 = Y p4y; jy un, such that x, € 0{u; > 0} N o{u; >
0} Nd{w; > 0} for some | & {i,5}. Then, due to assumption (25), we deduce that there
exist at most two components, say u; and ug, such that

1 1
lim 7/ Vui()[de > 0, i = 1,2 s Vui(z)[?de — 0 Vi> 3.
n—oo Tn B(mnyTn Tn B(zn,rn)
(27)
Let us set 1
L} =— VU (z)|*dx
Tn B(xnﬂ‘n)
and consider the sequence of functions
1
Un(x) = U(zp, + rpz) (28)

Lyry

defined in € B(0,1). Note that, since U € S}, by (16), then U, € S}, , where
M, = =M. Then [pq; |VU,|?> = 1 and, by (26), Jono.1) |VU,|? is bounded too. By
Proposition 7.1 Part (c), there exists U € H'(B(0,1)) such that, up to subsequences,
U, — U and U # 0. Furthermore, by Part (a), we know that at least two components of
Uy, does not vanish to the limit: comparing with (27) we have

U = (ﬂl,ﬂg,o,...,O)

with w; # 0 for ¢ = 1,2. Moreover, since M,, — 0, it holds U € &; . This in particular
implies that u; — Wy is harmonic. ’

Now, if 1 (0) > 0, (resp. @2(0) > 0) then @; > 0 (resp. Tp > 0) in B(0,7) for some 7 > 0.
This implies |’ B(0,7) ﬁl,n(x) > a for some a > 0, since it converges to the L'-norm of
in B(0,7). We can thus apply Remark 7.1 to the sequence (%1,) obtaining %y ,(0) > /2.
But this is in contradiction with the fact that, by definition, uy ,(0) = 0.

Now set v = %; and assume that v(0) = 0. Standard results on harmonic function (see
[20]) imply that v(r,8) ~ 7P cos p(6 + 0) for some p > 1. Thus, by the strong convergence
in H' and a diagonal process, we can assume that, for n large enough and i = 1,2, there
exists m; > 0 such that u,; > m; on a circular sector A, ; = {(p,0) :r < p < R, i <0 <
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Bni} C {un,i > 0}. Here we can assume, for instance, a1 = o < fp1 < ap2 < Bn2 =
with a and (3 fixed; note that ay, 2 — 3,1 — 0 as n — o0o. Now, since 0 is a zero of U,, with
multiplicity m(0) > 3, there exists a third component, say u, 3, and a continuous path
Yo ¢ [0,1] — B(0, R) such that 7,(0) = 0, v,(1) € dB(0, R), yn(t) € {Bn1 < O < an2},
un 3(m(t)) > 0 for all ¢ € (0,1]. Therefore, if we set S = {(p,0) :r <p < R,aa <0 < [}
and denote by wy; (i = 1,2) the connected component of {u,; > 0} that contains A, ;,
then dist(S Nwp,1,S Nwp2) > 0.

Now consider

To(z) = rpx + zp

and for z € T,,(S) define

u;(x), x € Tp(wn,i) i=1,2
wp () =
—u;(x), x € {u; > 0} \ (Th(wn,1) ULy (wn2)) i=1,..,k
We claim that
—Aw, > f(wy) in T,,(S) (29)

where f(z,s) := fi(z,s) for x € {u; > 0}.
In order to prove this assertion, let us drop the dependence on n. Then fix any ¢ > 0,
¢ € CY(T(S)): we have to prove

/ (VwVe — f(w)e)de > 0.

7(S)

For easier notation, set A1 = T(wy), A2 = T(w2) and B = T(S) \ (A1 U A2). Now take
a partition of the unity in such a way that ¢(x) = ¢1(x) + ¢a(x) where ¢; > 0 and

{¢i >0} C A; UB. For x € T(S) define the function

ui(x), x € Ay U(BN{u; > 0})
—u;(x), z € {u; >0} i=2,..,k

wy(z) =

(Analogous definition for ws.) Since U € S (namely —Au; > f(uy)), it holds
/ (Vwi1Ver — f(wi)er)dx >0
T(S)
and

/ (Vws Vs — f(wa)do) dz > 0.
7(S)

Summing up the two inequalities we obtain

/T(S) (VwVe — f(w)g)de > -2 > /B (VuiVei — f(ui)di) d.

i=1,2
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As we are going to prove, each term of the above sum is negative, and this finally proves
assertion (29). To this aim let ¢ = 1, and introduce a cut—off function 7 such that n =1
on BN{u; >0} and n =0 on T(S) \ B. Let v = n¢; € C(T(S)); then

/(VU1V¢1—f(u1)¢1)d:c:/ (Vur Vb — f(ur)h) da.
B 7(S)

Then the righthand side is negative since U € § (namely —Au; < f(uy)).

Final step. Now fix t,, > 0 and R > r,, > r in such a way that, if we set y, = 7, (t,) then
it holds faB(yn ) Wn = for some positive a. (This is due to the fact that OB (yn, ) C
wn,1 Uw, 2 except for a small piece of total length less then 2R (a2 —fp1) — 0 asn — 00.)

This allows to apply Remark 7.1 to the sequence of rescaled functions (;*7-) (as in (28)),

since they satisfy A e > —M, — 0. This gives w,(y,) > 0, in contradiction with the
fact that, by construction, wy(y,) = —un,3(yn) < 0. [

9.2 Local properties of the free boundary

Let again N = 2; the purpose of this section is to deepen the investigation of the behavior
of the elements U of the class S around multiple points, that is, € Q with m(z) > 2.
Our main goal is to prove that, near a multiple point, U and its null set exhibit the same
qualitative behavior of harmonic functions and their nodal sets. We refer the readers to
the fundamental papers of Alessandrini [1] and Hartman Winter [20] for the main results
about the zero set of harmonic functions and, more in general, of functions in the kernel
of a divergence type operator. We shall obtained the desired description for those U € &
with the property that each component has connected support, i.e.

U € S such that {u; > 0} is connected Vi. (30)

In order to simplify the topological arguments involved in the proof of our results, in what
follows we shall make the additional (but not necessary) assumptions that € is simply
connected and that all the boundary data are not identically zero, namely ¢; Z 0 on 0f).
In this situation the assumption (30) (and Remark 6.1) implies that {u; > 0} is simply
connected.

Let us start our description by analyzing points of multiplicity two, that will be denoted
by
Z2={zecQ:m(z) =2}

We already noticed in Remark 6.1 that this set is locally a regular C' arc around those
points where VU does not vanish. Our first result states that in fact this is always true:

Lemma 9.3 Let 29 € Q such that m(zg) = 2. Then VU (xg) # 0 and Z? is locally a
C' —curve through x.

Proof: since zg € d{uy > 0} N O{ug > 0}, then for all r small enough B(zo,r) N {u; >
0} =0 for all i > 2. Assume by contradiction Vui(zg) = 0 = Vug(zg); then u = uy — us
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is O and satisfies the equation —Au = a(x)u (with a(x) = fl(uéf@;:qﬁ(&gm)) in B(x,T).

By Lemma 9.1 there exists a positive, regular function ¢ which is radial with respect to

o such that
_div (ﬁv <“)) =0
¥

on B(xzg,r). Then u/p satisfies all the assumptions necessary to apply the main theorem
in [1], which says that the null level set of u/¢ (indeed 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 {u; > 0} is connected in Q: 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 (z¢) # 0, a contradiction. |

Lemma 9.4 Let xy € Z3. Then there ezists {x,} C Q such that m(x,) = 2 and z, — x

Proof: assume not, then there would be an element gy of Z3 having a positive distance d
from Z2. Let r < d/2: then the ball B(yg,r) intersects at least three supports; therefore
there exist, say, * € {u; > 0} and zy € 23 such that p = d(x, z0) = d(z, Z3) < d(x, Z?).
Then the ball B(z, p) is tangent from the interior of {u; > 0} to Z3 in zp; furthermore u;
solves an elliptic PDE and it is positive on its support: we thus infer from the Boundary
Point Lemma that Vu,(zp) # 0, in contrast with Theorem 9.1. |

Let us now prove an asymptotic formula describing the behavior of > u; in the neighbor-
hood of a multiple point which is isolated in Zj.

Theorem 9.2 Let zg € Q with m(xog) = h > 3 that is isolated in Z3. Then there exists
0o € (—m, ] such that

ya
2

U(r,0) = r%|cos(g(9 +6p))| + o(rz)

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

Proof: by assumption xg is isolated in Z3, then there is B = B(zg, p) such that Z35N B =
{zo}; furthermore since each {u; > 0} is simply connected, then {u; > 0} N 9B = b; is a
connected arc on 0B for the h indices involved in xg. Choosing a slightly smaller radius we
can suppose that the intersection of B with Z? is transversal (recall that, by Lemma 9.3,
Z? is locally a C'-—curve). Let us assume that h is even: then we define a function v(r, 6)
such that |v(r, 0)| = |u(r, 0)| and sign(v(r,0)) = (—1)7 if (p,0) € bj, j = 1,..., h. Note that
the resulting function is alternately positive and negative on the consecutive (with respect
to 6) local components of U. If on the contrary h is odd, we define |v(r, )| = |u(r?,20)]|
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(xq, p?): indeed, {u; > 0}NB is
simply connected for every i and thus each connected component of B\u~1(0) corresponds
to two components of B\ v~1(0) to which we give opposite sign. In both the even and
the odd cases v is of class C! and it solves an equation of type —Av = a(x)v in B\ {zo}
(resp. B\ {z0}), where a € L™ is given by f(v)/v and 72f(v)/v respectively. Moreover
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Vu(zg) = 0 by Theorem 9.1: 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, choosing 7 small enough, by
Lemma 9.1 we have a positive, regular function ¢ such that

oo o)

Then, we can apply to v/¢ the asymptotic formula of Hartman and Winter as recalled
in [20]. To complete the proof, let us observe that h represents the number of connected
components of U{u; > 0} in a ball centered in xg, providing the choice of the periodicity
of the cosine in the representation formula. [

The last part of this section is devoted to prove that Z3 consists of (a finite number of)
isolated points: thus Theorem 9.2 will provide the complete description of U near multiple
points.

We start by proving an intermediate result:
Proposition 9.1 Z5 has a finite number of connected components.

Proof: let w; := {u; > 0}; take an index pair (4, j) such that Ow;, w; do intersect and we
consider

Flﬁ]’ = Jw; N &uj N z?

wij =wi Uw; U FiJ .
Since by Lemma 9.3 I'; ; is locally a regular arc and each w; is open, it easily follows that
wj; is open. Furthermore w;; is simply connected. Indeed, let us consider a loop « in
wj ; which is not contractible in w; j. This means that €),, the internal region of the loop,
contains at least a multiple intersection point. Since each support is connected, there
exists wy, h # 4,7 such that w, C €,. But this is in contradiction with the fact that
wp N O = {¢p, > 0}.
A similar reasoning allows to prove that each I'; ; consists in a single Cl'-arc: as straight-
forward consequence of these facts the set of multiple points can have only a finite number
of connected components. [

Now we will need the following definition of adjacent supports:
Definition 9.1 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, 7 < j, then
there exists a smooth arc ~;; with 7;;(0) = 4, 7;5;(1) = z; lying in w; Uw; U {ys;},
for some y;; € Z2,
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3. We can choose the arcs 7;; in a manner that they are mutually disjoint, except for
the extreme points.

We call G the graph induced by the arcs 7;; and their endpoints.

Construction of an auxiliary function v. Aim of this paragraph is to build up by the
components of U a C' function carrying a sign law which is compatible with the adjacency
relation and solves an elliptic equation. Let us first assume that

G has no loops.

In this situation the graph is a disjoint union of a finite number of branches: we select one
of them. Now we define v as follows: if the index i is not involved in the branch, we set
v =0 1in {u; > 0}. Next we follow the selected branch of the graph and prescribe a sign
to each vertex by alternating plus and minus. We then define v(z) = +u(z) according to
this sign rule. Taking into account Remark 6.1 and Theorem 9.1, with this procedure we
obtain a C'-function on Q.

Moreover v solves an elliptic equation as follows: let us define f(x,s) := fi(z,s) if x €
{u; >0}, i=1,...,k. Then by construction

—Av = a(z)v in Q\ 23 (31)

where a = f(v)/v € L*°. In fact we are going to prove that v solves the elliptic equation
on the whole of 2. We need a technical lemma

Lemma 9.5 Let Z5 ={x € Q : m(zx) =2} N B(23). For every § > 0 there exists € > 0

such that
/ Vo < 6.
Z3

Proof: by testing the equation (31) with the test function ¢ = 1 and integrating over the
set u; > « we obtain the bound, independent of o and 1,

/ Vol < C
{u;>a}

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

/ Vol < C.
O{u;>0}

The assertion then follows from Lemma 9.4, together with Proposition 9.1. [

Lemma 9.6 v solves —Av = a(x)v in .
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Proof: let us fix a connected component of Z3, named A. Thanks to Lemma 9.4, for any
¢ we can take a neighborhood of A, say V. C B.(Z3), in such a way that the boundary
OV. 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(z)ve) =
= Jaw. (VoVe —a(@)oe) + f, (VoVe —a(z)vp) <
< C Joy. Vo[ + C (Vo] + Jv]).

Let 0 > 0: we can find € > 0 such that Lemma 9.5 holds. Moreover, by Theorem 9.1, we
can assume that ¢ is taken so small that supy, (|Vv|+ [v|) < J. Hence the above integral
is bounded by C'é. Since § was arbitrarily chosen we obtain that v solves the equation in
a distributional sense. Usual regularity arguments allow us to complete the proof. [

With this we easily deduce the final result, that is, U has only a finite number of multiple
points:

Lemma 9.7 The set Z3 consists of a finite number of points.

Proof: since by Lemma 9.6 v is a solution of —Av = a(x)v in , locally we can reduce
v to a function in the kernel of a divergence—type operator as in Lemma 9.1. Then the
results of [1] and [20] ensures that v has only a finite number of multiple points. |

Let us now go back to the case when the graph associated to U presents loops:

G has a loop.

Let us first define an order relation between loops, according whether one is contained
in the interior region of the other. Let us select a minimal loop v (no other loops are
contained in €2, its interior region). We can assume that 2, contains at least an element
xo € Z3 (if not, we can perform a conformal inversion exchanging the inner with the outer
points): fix z¢ as the origin. Note that the supports involved in a minimal loop have the
remarkable property that, for all 4, w; is adjacent to w; for only two indices different from
7. Thanks to this property, if the number of vertex of v is even, we manage to assign a
sign law to all the subset of G contained in €1, so that adjacent supports have opposite
sign: it suffices to follow the loop and prescribe alternating sign to its vertices. We define
v(x) = tu(x) according to this law.

If the number of vertex of v is odd, we wish to “double” the loop. To this aim, we 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 and we define v(r, ) = +u(r?,20) by giving alternating
sign at the vertices of the loop. In this way we define a function v in €2, which is of class
C'! thanks to Remark 6.1 and Theorem 9.1. Again, v solves the elliptic equation

—Av = a(z)v in Q,\ Z3 (32)

where a is either a = f(v)/v or a = r?f(v)/v according to the construction of v. As in the
previous case, it is possible to show that v solves the equation on the whole of €1,. The
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proof follows exactly that of Lemma 9.6, with two remarks; first note that Lemma 9.5 still
holds. Furthermore, in this situation the set Z3 N ), is connected (assume not; then in
(2, there are two points of Z3 which are connected by a regular arc of double points. By a
simple geometrical argument in the plane this implies that one of the supports is adjacent
to other three different supports: as already observed, this is in contradiction with the
minimality of the loop). Then V. will be a neighborhood of the whole Z3 N €2, with the
properties required in the proof of that lemma.

This immediately provides
Lemma 9.8 There is only one point of Z3 lying in the interior of a minimal loop .

Proof: let €1, denote the internal region of 7: since by Lemma 9.6 v is a solution of
—Av = a(x)v in Q, locally we can reduce v to a function in the kernel of a divergence—
type operator as in Lemma 9.1. Then by [1] and [20] we know that only a finite number of
points of Z3 lie in €2,. On the other hand, by the minimality of v, Z3 N (), is connected.
Thus the origin is the only one multiple point contained in €2,. [

We can finally prove that multiple points are isolated
Theorem 9.3 The set Z3 consists of isolated points.

Proof: recalling Proposition 9.1, we argue by induction over the number h of connected
components of the set Z3. If h = 1 then, by Lemma 9.8 there is at most one minimal loop
of the adjacency relation. If there is one, then Lemma 9.8 gives the desired assertion. If
there are none, the thesis directly follows by Lemma 9.7. Now, let the Theorem be true for
h 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 9.8 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. [ ]

Remark 9.1 Having proved that the multiple points are isolated, the existence of points
of multiplicity zero can be easily ruled out for connected domains.
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