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NEW EXISTENCE AND SYMMETRY RESULTS FOR LEAST ENERGY
POSITIVE SOLUTIONS OF SCHRODINGER SYSTEMS WITH MIXED
COMPETITION AND COOPERATION TERMS

NICOLA SOAVE AND HUGO TAVARES

ABSTRACT. In this paper we focus on existence and symmetry properties of solutions to the
cubic Schrodinger system
d
—Aul—l—)\,ul:ZBmu?ul inQCRN, i=1,...d
j=1
where d > 2, \;, B3 > 0, Bij = Bj; € R for j # 4, N = 2,3. The underlying domain (2 is either
bounded or the whole space, and u; € H}(Q) or u; € HL (RY) respectively. We establish

rad
new existence and symmetry results for least energy positive solutions in the case of mixed

cooperation and competition coefficients, as well as in the purely cooperative case.

1. INTRODUCTION

The existence and the qualitative description of least energy solutions to the nonlinear elliptic
system

—Au+ Mu = pu? + Buv?
(1.1) —Av 4 \ov = ppv® + Buv with Q c RY or Q =RY, and N = 2, 3,
u,v € HY(Q),

have attracted considerable attention in the last ten years, starting from the seminal paper [15] by
T.-C. Lin and J. Wei. Collecting all the results contained in several contributions, it is possible
to obtain an exhaustive picture of the problem, see the forthcoming Subsection 1.1. In striking
contrast, a complete understanding in the case of an arbitrary d > 3 components system

—Au; + Nu; = Z?Zl ﬂiju?ui in Q
ui € Hg(Q),

is not available, mainly due to the possible coexistence of cooperation and competition, that is, the
existence of two pairs (i1, j1) and (i2, j2) such that §;,;, > 0 and §;,;, < 0. We recall that the sign
of the coupling parameter 3;; determines the nature of the interaction between the components u;
and w;: if B;; > 0, then they cooperate, while if 8;; < 0, then they compete. Very recently, the
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systematic study of existence of least energy solutions in problems with simultaneous cooperation
and competition has been started by the first author in [27] and by Y. Sato and Z.-Q. Wang in [22].
Nevertheless, there are still some gaps to fill towards a complete understatement of the problem.
In the present paper we give a contribution to fill some of these gaps, and, in the mean time, we
analyse the symmetry properties of least energy solutions to (1.2), proving results which are new
also in a purely cooperative context (3;; > 0 for every ¢ # j), and recover what is known in the
purely competitive one (d = 2 and f12 = 8 < 0).

In order to motivate our research, in the following we review the results already available in the
literature, but before it is worth to observe that thanks to the assumption j3;; = §j;, system (1.2)
has variational structure, as its solutions are critical points of the functional J : H} (€, RY) — R
defined by

d d

J(u) ::/ %Z (IVu|* 4+ Au?) —/ i Z ﬁijufu?,
Q%= Q= 5=1
where we used the vector notation u = (uq,...,uq). Observe that (1.2) admits semi-trivial solu-
tions, i.e., solutions u # 0 with some zero components. However, we will be only interested in the
existence of positive solutions: u solving (1.2) such that w; > 0 for every . In particular, we will
be interested in the existence of least energy positive solutions, that is solutions achieving the least
energy positive level;

inf {J(u) : uis a solution of (1.2) such that u; > 0 for all i} .

Observe that, due to the shape of the functional and to the strong maximum principle, in the
definition of the previous energy level, one can replace u; > 0 by u; # 0. Observe moreover that,
depending on the ranges of 3;;, this might not coincide with the least energy level (ground state):

inf{J(u) : u0is a solution of (1.2)},

(see for instance [2] or [25]), which is an additional difficulty when one looks for least energy positive
solutions.

1.1. Known results. Let us first describe the existing results in either the purely cooperative case
Bij > 0 for every ¢ # j, or in the purely competitive case B;; < 0 for every i # j. Some results
deal with € bounded, while others with the case Q2 = R". An important observation is that, in
all the cited contributions dealing with the case RY, one is naturally led to work in H!  (RY),
and with least energy positive radial solutions, that is positive radial solutions having minimal
energy among all the positive radial solutions. In fact, in the purely cooperative case, each positive
solution of (1.2) is radially decreasing, as comes out from [9]; hence a least energy positive level
coincides with the radial one. On the other hand, in the purely competitive case, it is proved
in [15, Theorem 1] that the least energy positive level is not achieved, so one is naturally led to
deal with the radial one. Since working in a radial setting makes possible to take advantage of
the compactness of the Sobolev embedding H)  (RY) < L*(RY), the research of least energy
positive radial solutions in R¥ is substantially equivalent to the research of least energy solutions
in bounded domains. For the sake of clarity, in what follows we always refers to a result as it was
stated in its original contribution, but the reader has always to keep in mind that, whenever we
cite a result for “least energy radial positive solution in R™”, this also yields an existence of “least
energy positive solution in a bounded domain”, and vice-versa.

Having this in mind, we focus at first on the 2 components system (1.1) in RY (N = 2,3), with
A1, A2, pi1, 2 > 0. By collecting the main theorems in [2,14,15,20,25], one deduces that there exist



0<pB< B (depending on \; and ;) such that if either —oo < 8 < B, or 3> B, then (1.1) has a
least energy radial positive solution (whose level coincides with the least energy positive level for
> 0). For the expression of the optimal values for 3 and 3, we refer to [11,21,25].

The results for the 2 components system have been partially extended for systems with an
arbitrary number of components. Sufficient conditions for the existence of a least energy radial
positive solutions of (1.2) in RY are the following.

e Strong cooperation: A\ = --- = Ay =X > 0, 8 > 0, and B;; = 3 for every ¢ # j is
larger than a positive constant depending on ;; and A (see Corollary 2.3 and Theorem 2.1
in [19]; see also Theorem 1.6 and Remark 3 in [27]).

o Weak cooperation: A\; >0, B;; > 0, 0 < 3;; smaller than a positive constant depending on
Ai and B;;, and the matrix (f5;;) is positive definite (see Theorem 2 in [14]);

o Competition: if \; > 0, B;; > 0, and B8;; < 0 for every 7 # j, then there exists a least energy
radial positive solution (see Theorem 1.1. plus Remark 1.5 in [16] for the case Q bounded;
we refer also to Theorem 3.1 in [19], and to Corollary 1.4 plus Proposition 1.5 in [27]).

Other sufficient conditions in a purely cooperative setting have been given in [25, Section 4], [19,
Theorem 2.1] and [10]. It is natural to assume that ;; is either large, or small, with respect to S;;
and §;;. Indeed if for instance f8;; < B;; < B;; and A; > \;, then a positive solution of (1.2) does
not exists, see Theorem 1-(i7) in [25] or Theorem 0.2 in [5].

As far as the possible occurrence of simultaneous cooperation and competition is concerned,
in [22, Theorem 0.1] Y. Sato and Z.-Q. Wang considered a 3 components system in a bounded
domain, showing that a least energy positive solution of (1.2) does exist if 513, 823 < 0 are fixed,
and 12 > 1 is very large (depending on (13 and fa3); we refer to this cases as competition vs.
arbitrarily large cooperation. In [27, Theorems 1.6, 1.7, 1.9] the author considered an arbitrary
d components system, proving the existence of least energy positive solutions whenever the d
components are divided into m groups, with m < d, and

e the relation between components of the same group is purely cooperative, with coupling
parameters greater than an explicit positive constant,

e the relation between components of different groups is competitive, and the competition
is very strong.

When restricted to a 3 components system, this leads for instance to existence of a least energy
solution if B12 > B > 0, and B3, B23 < —1 (depending on f12). We refer to this cases as to strong
cooperation vs. arbitrarily large competition. In the previous two results we would like to stress
that the “large” parameters depend on all the other interaction terms. Ahead we will give a result
which allows to fix a prior: all the ranges for the parameters, which consists of a novelty when
dealing with mixed cooperative and competitive interaction.

Remark 1.1. It is worth to point out the difference between strong cooperation and arbitrarily
large cooperation: in the former case, we mean that some f3;;’s are greater than a positive constant
which can be large but is fixed and determined as function of 3;; and \;, more or less explicitly;
in the latter one we mean that some [3;; have to be thought as very large parameters which are
tending to 400, depending in a non explicit way on the other parameters. The same discussion
holds for the distinction between competition and arbitrarily large competition.

For further existence results for system (1.2) with mixed cooperative and competitive couplings,
which regard solutions not necessarily of least energy, we refer the reader to [15, Theorem 4], [18,
Theorem 2.1], [27, Corollary 1.4], [23] and [12].



Concerning the symmetry properties of least energy positive solutions in bounded domains, the
main results are contained in [28,30]. We postpone a precise description of them after having
introduced some notation. In the next subsections, we describe the main results of this paper.

1.2. Main results: existence. We are concerned with the existence of least energy solutions of
system (1.2):

@
|
—

{_Aui + Aiu; = Z;-izl ﬁuulu? in Q p

u; =0 on 012,
where either
Q is a bounded domain of RY with N = 2,3,
(1.3) A > —p1(Q) and B;; > 0 for every i = 1,...,d,
Bij = Bji € R for every i # j,

and p1(Q) is the first eigenvalue of the Laplace operator with homogeneous Dirichlet boundary
conditions on €2, or

Q=RY, with N = 2,3,
(1.4) A; >0 and B > 0 for every i = 1,...,d,
Bij = Bji € R for every 4 £ 7.
In this last case, the boundary condition u; = 0 on 02 has to be replaced by u; — 0 as |z| — oo, and
in the following instead of H(2) we have to write H! (RY), the space of H' radially symmetric

functions in RY.
In the following we recall some notations already introduced in [27].

e B :=(8ij)ij=1,..d, and we refer to it as to the coupling matriz of system (1.2).
e We endow the Sobolev space HJ () - or H! ;(RY) - with scalar products and norms

(u,v); ::/ (Vu - Vo + \uv) and ||u||§l = HuHZ2 = (u,u);,
Q

for every i = 1,...,d; in light of the assumptions on \;, these norms are equivalent to the
standard one.
e For an arbitrary 1 < m < d, we say that a vector a = (ag,...,am) € N1 is a m-

decomposition of d if

0:a0<a1<-~-<am,1<am:d;

given a m-decomposition a of d, we set, for h=1,...,m,
In={ie{l,...;d} :ap—1 <i<ap},
(1.5) Ky :={(i,j) € I for some h =1,...,m, with i # j},

Ko := {(l,j) el x I Wlthh#k/’}

This way, we have partitioned the set {1,...,d} into m groups I, ..., I, and have consequently
splitted the components into m groups: {u; : i € Ip,}.

We point out that the limit cases m = 1 or m = d are also included in our terminology. This
means that we will be able to recover (and sometimes improve) the known results for the purely
cooperative case (taking m = 1) and for the purely competitive or weakly cooperative one (taking
m = d).

Let us continue to introduce more notations.



Given a m-decomposition a of d, we introduce the Nehari-type set induced by a as

Sier, lluilli #0 and 3,0, 8;J (w)u; =0 } |

forevery h=1,...,m

(1.6) N = {u € H)(;RY)

Only to fix our minds, we assume from now on that €2 is a bounded domain, and then we suppose
that (1.3) is in force. Unless otherwise specified, the results can be extended for systems in RY
replacing “least energy positive solution” with “least energy radial positive solution”.

For a given d > 2, let a be a m decomposition of d. We set

= inf
S

the infimum of J on the Nehari-type set N.

Theorem 1.2. There exists K > 0, depending only on By, A (1 =1,...,d), such that, whenever
B satisfies

Bij =0 V(i,j) € Ky, —o00 < fBij < K V(i,j) € Ka,

then c is achieved by a nonnegative Ui, € N. Furthermore, any minimizer is a nonnegative
solution of (1.2).

This is an improvement of Theorem 1.3 in [27], where K depends also on 8;; with (4, j) € K4,
and the minimization is considered in an open subset of N (notice that in such case a minimizer
with all positive components needs not to be a least energy solution).

Theorem 1.2 gives existence of nonnegative solutions for systems of d equations where the
populations are associated in groups, in such a way that inside each group there is cooperation,
while between different groups we have either competition or weak cooperation.

Observe that if we can show that uy,;, has all positive components, we can immediately conclude
that it is a least energy positive solution of the system. We are able to obtain this conclusion in
several situations. First, applying Theorem 1.2 in the particular case m = d, which leads to the
decomposition a = (0, 1,...,d), we have existence of least energy positive solutions of (1.2) also in
regimes of competition and/or weak cooperation.

Corollary 1.3. There exists K > 0, depending only on B, \i (i=1,...,d), such that if
—00 < B < K for every i # j,
then c is achieved by a least energy positive solution of (1.2).

Recall from the previous subsection that, up to now, this result was only know in the pure
competitive or in the pure cooperative cases. Focusing on this last situation, note in particular
that, unlike in [14, Theorem 2| (where the case §;; > 0 for every i # j is considered), Corollary
1.3 does not require the positive definiteness of the matrix B. Moreover, in the particular case of
pure cooperation, we will show that

min;—1,4{S?}
2

(1.7) K := ,  where S; := in4f [lul|?,
=1

m 57
QZJ':lW‘]j fQ“

which generalizes [30], where only the case d = 2 is considered.

If we consider a general m decomposition with m < d, to find new least energy positive solutions
we have to find conditions on the coupling parameters ensuring that the minimizer u,;, in Theorem
1.2 has all non-trivial components. In what follows we shall use this argument to prove new



existence results with respect to those in [22,27]. As in the quoted papers, the idea is to find
conditions on the coupling parameters /3;; which ensure that

ijr\l/fJ<inf{J(u):u€Nand u; = 0 for some 7} .

Theorem 1.4. Let d > 2, let a be a m-decomposition of d for some 1 < m < d. Let K be the
constant defined in Theorem 1.2. If
(i) Bij = Bn > max{B;; : i € I} for every (i,7) € I} withi #j, h=1,...,m;
(1) Bij =b < K for every (i,7) € Ko;
(4i1) i = A, > —p1(Q) for everyi € I, h=1,...,m;
then any minimizer of J in N is positive, and hence system (1.2) has a least energy positive
solution.

This statement together with Corollary 2.3 in [19] and our Corollary 1.3 provides the natural
extension of what is known for the 2 components system for systems with an arbitrary number of
equations. To be more precise, let us give an example in the case of 3 components system with the
additional assumptions \; = Ao = X\ and (813 = f23. In this case, from our result and the quoted
ones we deduce the existence of 0 < 8 < § such that (1.2) admits a least energy positive solution
when one of the following conditions is verified:

Bro = P13 =Paz > B; Az =A
(1.8) B2 > B and — oo < i3 = faz < 3;
— 00 < P2, P13 = P23 < B.

The downsize of the previous theorem is that the restriction 3;; = b for every (4, 7) € K5 is quite
strong. For this reason we present also an alternative result, which permits to avoid this assumption
but requires that |3;;| is not too large for (i, j) € Ks.

Theorem 1.5. Let d > 2, let a be a m-decomposition of d for some 0 < m < d. Let K be the
constant defined in Theorem 1.2, and fix o > 1. If

(i) Bij = Bn for every (i,j) € I} withi# j, h=1,...,m, and
« .
ﬁh > Emax{ﬁii 1€ Ih};
(i7) for every (i,j) € Ko there holds
K
1Biz] < Pk

(4i7) Ai = A > —p1(Q) for everyi € I, h=1,...,m;
then any minimizer of J in N is positive, and hence system (1.2) has a least energy positive
solution.

We observe that the previous two results seem to be the first dealing simultaneously with strong
and weak cooperation.

With these results in hands, together with those in [19,22,27], we can give quite a complete
picture for the problem of the existence of a least energy solution for system (1.2) when d > 1. We
have already recalled in Subsection 1.1 that the existence of a least energy positive solution has been
proved in regimes of strong cooperation, competition, weak cooperation, arbitrarily large cooperation
vs. competition, strong cooperation vs. arbitrarily large competition. Thanks to Corollary 1.3,
Theorems 1.4 and 1.5, we have existence results in regimes of competition or weak cooperation and
weak cooperation or competition vs. strong competition. Recalling the non-existence of positive



solution when B;; < fi; < B;; proved in [5,25], at least from a qualitative point of view the
existence of a least energy positive solutions is proved in all the admissible cases.

We would like to stress that in all the previous theorems, unlike in [22,27], the bounds only
depend on A; and §;;, fori =1,...,d.

1.3. Main results: non existence of least energy positive solution in RY. As it was
observed in Subsection 1.1, in the purely competitive case (5;; < 0 for every i # j), a least energy
positive solution in RY (note that here the adjective “radial” is omitted) is not achieved, cf.
Theorem 1 in [15]. We have already recalled that in regimes of pure and strong cooperation, least
energy solutions in RY does exists, and are naturally radially symmetric and radially decreasing
with respect to some point. A case of mixed cooperation and competition is treated in [14, Theorem
3], but only when exactly one state repels all the other, and the remaining ones have small attractive
coefficients. The general case is left open in [14,15].

As we pointed out, our Theorem 1.2 in case Q = R works only in a radial setting, and allows
much more combinations of cooperation with competition coefficients. It seems natural to ask
whether this restriction, in general, is completely justified or not. We can prove that it is in several
situations.

Theorem 1.6. Under (1.4), let d > 2, and let a be a m-decomposition of d, with 1 < m < d. If

o (3;; <0 V(i,j) € Ko, and there exist hy # ho such that B;; < 0 for every (i,7) € In, X Ip,;

then

1. l:=inf
(1.9) inf J
is not achieved, where

M = {u c Hl(]RN,Rd) Zielh Hu’LH’L 7& 0 and Z'LGI;L a’b‘](u)ul =0 } )

for everyh=1,....m

For the reader’s convenience, we recall that I, K1 and Ko have been defined in (1.5). Notice
also that M is the Nehari set associated to the m-decomposition a without the radial constraint.

1.4. Main results: partial symmetry. We now pass to the statements regarding partial sym-
metry. First, we recall the following.

Definition 1.7. Let @ C RY be radial with respect to 0. A function v : @ — R is called
foliated symmetric Schwarz with respect to the direction p € S¥~1 if u depends only on (r,6) :=
(||, arccos(x - p/|z|)), and is non-increasing in 6.

We write that the vector valued function (uq,...,ux) is foliated Schwarz symmetric with respect
to p if each u; is foliated Schwarz symmetric with respect to p.

We write that (uq,...,up) and (upy1,...,ur) are foliated Schwarz symmetric with respect to
antipodal directions if there exists p € SN ! such that uy,...,uy are foliated Schwarz symmetric
with respect to p, while up41,...,u, are foliated Schwarz symmetric with respect to —p.

We analyse the symmetry properties of uy,i, when € is a bounded radial domain (since in RY we
deal with radial solutions, an analogue statement would be trivial in that setting). The following
result is stated in the greatest possible generality.



Theorem 1.8. Let Q C RY be a bounded radially symmetric domain, with N = 2,3. Let d > 2,

let a = (ag, ..., am) be a m-decomposition of d for some 1 < m < d, assume that (1.3) holds, and
take K as in Theorem 1.2. Assume that B satisfies

and for some | := aj, with h € {1,...,m},
Bij >0 for every (i,7) € {1,..., 1}*U{l+1,...,m}?

(1.10) Bij <0 for every (i,5) € {1,..., 1} x {I+1,...,m}.

Then any nonnegative u achieving ¢ = infy J is such that (uy,...,u;) and (uy1,...,uq) are
foliated Schwartz symmetric with respect to antipodal directions.

The interpretation of the theorem is the following. A m-decomposition of d induces a separation
of the d components into m different groups: {u; : @ € I}, h = 1,...,m (with I;, defined in
(1.5)). We join the m groups into two macro groups, the first one collecting the first h groups
{u;: i € I U...UI;}, the second one the remaining components. If we assume that the relation
between components in the same macro-group is purely cooperative, while the relation between
components in different macro-groups is purely competitive (see assumption (1.10)), then pairs of
components of different macro-groups are foliated Schwartz symmetric with respect to antipodal
directions.

Up to our knowledge, in the literature all the symmetry results so far were for systems in the
pure cooperative or pure competitive cases. We point out also that Theorem 1.8 in the particular
case d = 2 and | = 1 (competition between two components) permits to recover Theorem 1.3
in [28] in the present setting. Moreover, when m = 1 and [ = d (purely cooperative setting), we
recover and significantly extend the results in [30] for N = 2,3. Further remarks and comments
are postponed to Section 3, but we would like to remark here that, in general, least energy positive
solutions of (1.2) when € is radial are not radially symmetric, see Remark 5.4 in [28], the results
of Section 3 in [30], and Corollary 0.5 in [22]. This break of symmetry can be caused either due to
the presence of competition terms, or by the non convexity of the underlying domain.

Clearly one can now combine Theorem 1.8 with the existence of least energy positive solutions
of Subsection 1.2. As particular relevant cases, we would like to highlight that we have existence
and symmetry of least energy positive solutions whenever B satisfies the following:

e For a system with d > 2 equations, if 0 < §;; < K (where K is given by (1.7)), then (1.1)
admits a least energy positive solution, whose components are foliated Schwartz symmetric
with respect to the same point.

e In the special case d = 3, and assuming moreover that \;y = Ay = A, we have symmetry
for least energy solutions (uy,u2,us) in all the possible situations described in (1.8):

— if either Bia = fBog = PB1g > B and A3 = A, or 1o > S and 0 < B3 = faz < 3, then
(u1,usg,us) are foliated Schwartz symmetric with respect to the same point.

— if B1o > B and P13 = Pz < 0, then (uy,us) and ug are foliated Schwartz symmetric
with respect to antipodal points.

1.5. Structure of the paper. In Section 2 we prove Theorem 1.2. Although in the introduction
we presented the partial symmetry results at last, we point out that Theorem 1.8 regards not
only least energy positive solutions, but constrained minimizers found under the assumptions of
Theorem 1.2. For this reason, the proof of Theorem 1.8 is the object of Section 3. Section 4 is
devoted to the proof of the new results on least energy positive solutions: Theorems 1.4 and 1.5.
Finally, in the last section we prove Theorem 1.6.



2. EXISTENCE OF NONNEGATIVE MINIMIZERS

This section is devoted to the proof of Theorem 1.2. In the literature, minimization on Nehari
type sets as N is usually addressed by firstly studying properties of minimizing sequences, and
then showing that any limit of such a sequence can be projected on A. The second part of this
argument is extremely delicate from a technical point of view when the number of components is
arbitrary (see e.g. Lemmas 2.6-2.8 in [27]). In what follows we use a different approach based on
the Ekeland’s variational principle for the constrained functional J|xr. As we shall see, this permits
both to avoid several technicalities, and to obtain an explicit constant K depending only on S;;
and \;. Fix Q be a bounded domain, d > 2, and take a = (ag, a1, ..., an) be a m-decomposition
of d for some 1 < m < d. We always assume that (1.3) is in force, and we use both the notation
introduced in Subsection 1.2, and the following:

e we let

2
S = inf ||U|2|l :
i=1,..ducH} (Q\{0} |ul2,

By Sobolev embedding, S > 0.
o let uc H(Q,RY). We set, for h=1,...,m,
- 1 Ah—Gh—1
uy = (uah71+1, . ,uah) € (Hy(2)) )
The space (H}(€2))* =% -1 is naturally endowed with scalar product and norm
(v i= S laf) and (vl = (v v
iclp

e It will be useful to consider the following set, which contains some weak Hg limits of
elements of N:

(2.1) N = {ueHg(Q;Rd)

HuhHh 7£ 0 and Zielh aiJ(u)'UJi <0
for every h=1,...,m '

Finally, we introduce
(2.2) &:={ue Hy( R?%): Mp(u) is strictly diagonally dominant} ,

where the m x m matrix Mp(u) is defined by

MB(u)hk = Z ﬂwu?ui
(ivj)EIhXIk @ h,k:l,...,m
Recall that a m x m matrix A = (a,j); ; is strictly diagonally dominant if for every i = 1,...,m

there holds a;; > Zj# |a;;|. Recall that, if a square matrix A is strictly diagonally dominant and
has positive diagonal terms, then it is positive definite. Thus, in particular, for each u € £, Mpg(u)
is positive definite. This will be a key property of the matrices Mp(u). Since we deal with m x m
matrices, with m arbitrary, it does not seem easy to check directly that for some u the matrix
Mp(u) is positive definite, and will be always proved by checking that it is strictly diagonally
dominant (a condition which involves only the verifications of some inequalities).

Firstly, we recall some basic facts about the geometric structure of AN &, for which we refer to
Proposition 1.1 and Remark 9 in [27]. The set £ is an open set in HZ (2, R9). The set A is defined



by a systems of inequalities (|jup|lp > 0 for h = 1,...,m) and a system of equations Gp(u) = 0,
where

23) Gulw) =i =Y 3 [ syl
k=1 (ij)elnx I *

It is not difficult to check that N’ N E # (), and that if u € NN E, then N is a smooth manifold
of codimension m in a neighbourhood of u. Furthermore, one can show that A’ N € is a natural
constraint, that is, critical points of J restricted on N N & are critical points of .J in the whole
space H} (9, R?).

Finally, we recall that with the notation previously introduced the functional J can be written
as

1 m
= 53 I} — M)t
h=1

where 1 = (1,...,1), and - denotes the Euclidean scalar product, and that the constrained func-
tional J|z reads as

(24) 4Z||uz||2 Ly | B,

7,7=1

so that J|z is coercive and bounded from below. Thus, it makes sense to search for a constrained
minimizer for

c=inf J >0,
N

where we recall that A" has been defined in (1.6). The following is a refinement of [27, Lemma 2.1],
and it is the first step to obtain the constant K > 0 in Theorem 1.2.

Lemma 2.1. It holds

with
- 1 (14 N)? )
(25) ¢= Z h:nll,ax,m ?Enflhl{ ﬁii } QDQl, Qo openZ S Qh
;NN '—(D (i#7)
S(9) being the best Sobolev constant for the embedding H'(Q) — L*(£2).

Proof. For each h, denote i) the index achieving min;ey, {(1;—)‘)2} Take @, ...,u;,, # 0 such

that @, - 4;, = 0 whenever h # k, and define t;, = ||an|[n/(\/Bini, |[in|24). Define @ such that
Uy, = tptyp for h=1,...,m, and u; = 0 for @ # i1,...,4y,. It is clear that G # 0 for every h,
and that @ € N. Thus, by definition,
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The following is a key result, both for the existence result of this section, as well as for the
symmetry one in the following.



Lemma 2.2. For K = 5%/(16C) > 0 (which depends only on X\;, Bii, i = 1,...,d) we have that,
whenever
—oo<ﬁij <K V(’i,j)GICQ,

d
N {u: ZH“ZH? < 86’} cé
i=1

where we recall that N and & have been defined in (2.1) and (2.2) respectively.

the following inclusion holds:

Proof. Let us prove that Mp(u) is strictly diagonally dominant, that is, for each h = 1....,m,
26) > foenis| ¥ [
z])€I2 Z;ﬁl (i,9)EIp %I},

Some of the terms inside the absolute value might be positive, while others might be negative.
Suppose, without loss of generality, that there exists m € {0,...,m} such that

m

> ¥ [omnd =3 S [aamie Y [
k=1 J)EIR X I}, k=1 (i,j)€I) x I} k=m+1 (i,j)€lp X I},
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On the other hand, since u € /\N/', foreach h=1,...,m,
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Thus (2.6) is true if we show that
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i€lp k=m+1 (i,j)€I, X I},
k#h

which holds if, for (i,j) € Ka, B < K = S?/(16C). Indeed, recalling that by assumption
> lluil|7 < 8C, we have
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thanks to the choice of K.
An immediate consequence is the following.

Lemma 2.3. If

—oo<ﬂij < K V(i,j)GICQ,
then N is a manifold at each u € N with J(u) < 2C. Moreover, constrained critical points of J|n
such that J(u) < 2C are in fact free critical points of J.



Proof. If u € N and J(u) < 2C, then u € N and > luil|? < 8C. Thanks to the previous
lemma, we deduce that u € N'NE, thus A is a manifold at u (see [27, Remark 9]), while the other
conclusion comes from [27, Proposition 1.2]. O

Now we can prove that minimizing sequences for ¢ are also conveniently bounded from below.
Lemma 2.4. Take § := S/(2d) > 0. If
ﬂij >0 V(i,j)E’Cl and foo<ﬂij < K V(Z,j) GICQ,
then for every u € N such that J(u) < 2C there holds
2
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1€lp

Proof. Following the proof of Lemma 2.2 in [27], since u € N:

S lulhs < S lulf = 3 [ Sl ud) + K S huliabu
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Having established the basic properties of minimizing sequences, we can proceed with the core
of the argument.

Lemma 2.5. The constrained functional J| s satisfies the Palais-Smale condition at level ¢, when-
ever B is such that

ﬂij >0 V(i,j)E’Cl and foo<ﬂij <K V(Z,j) € KCs.
Proof. Take {u,} C N such that

h
(2.7) J(w,) =, J(u) =3 MG (un) +o(1),
h=1

where we recall that G}, has been defined in (2.3). We can take n large enough so that J(u,,) < 2C.
By (2.4), up to a subsequence

Ui —> Uj weakly in Hg(Q), strongly in L?(€2) N L*(Q),

whence

(i) ue N and ¥, ||ug||? < 8C;

(ii) Mp(u,) — Mp(u) component—wise.
From (i), by Lemma 2.2 we deduce that u € &, so that Mp(u) is positive definite. Testing the
second equation in (2.7) with 4" € H}(Q,R?) defined by

“h Wj,p ifie I
ay. =
0 ifid I,

in "



we obtain with (i7) that
Mo An
o(1) = Mp(un) : = (Mp(u) +o(1)) : ;
A Am,n
multiplying by (A n, ..., Am.n), and using the fact that Mp(u) is positive definite, we finally infer
o(1)|(Mmns -« s dmn)| = Cl A1y -+ s M) |2+ (1) (Mns -+ s Amn) 2

yielding X; , — 0. Moreover, {G} (u,)} is a uniformly bounded family of operators, thanks to
the boundedness of {u,}, and hence J'(u,) — 0. This means that u, is a standard Palais-Smale
sequence, and the result follows easily from now on. O

We are now ready to prove the main result of this section.

Proof of Theorem 1.2. The proof is a simple consequence of what was established before. In fact,
¢ > 0, hence we can take a minimizing sequence u,,, which we can choose, by Ekeland’s variational
principle, to be a Palais-Smale sequence for J| at level ¢. Note that the Ekeland’s principle is
applicable, since by Lemma 2.4 the set N’ N {J < 2C} endowed with the H{ () topology is a
complete metric space. Thus, by the previous lemma, up to a subsequence u,, — u strongly in
H}(Q), and by Lemma 2.4 this implies that u € A/. By convergence, we infer that

J(u) = nh—>rrolo J(u,) =c,
which completes the proof since N'N {J < 2C} is a natural constraint (cf. Lemma 2.3).

Remark 2.6. For future reference, we observe that the constant K is equal to S2/(16C), where

2
S := inf ||u|2|l ’
i=1,....,d ue HL (Q)\{0} |u[7 4

and

o (14 N)? . 2
¢= I s o { Bii ' szjle,..l{lsflm openz S%(Qn)
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(recall Lemma 2.2 and (2.5)).

Remark 2.7. In the particular case of full cooperative systems, we can have a better (and more

explicit) constant K > 0. Thinking for instance at the d-decomposition a = (0, 1,...,m), one can
take:
min;— S?
(2.8) K = L’is{zz}, where S; 1= i inf [lu]|2.
mo25 ut=1
2 Zj:l 5].]]. £

This constant is similar to the one appearing in assumption (H2) of [30] (for d = 2), being ours
slightly worse in the framework of Z.-Q. Wang and M. Willem’s paper. This is a price to pay from
passing from d = 2 to more equations, since we had to prove that Mp(u) is positive definite by
proving that actually it is strictly diagonally dominant (while in 2 x 2 matrices one can perform
an explicit computation). The proof of (2.8) is not completely immediate, but since we consider
this to be a lateral statement, here we just provide some hints. By taking w; to be functions
achieving S;, we can take w; = \/S;/B:iw;, which satisfies the equation —Aw; + \jw; = ﬁmu?,
with ||w;||? = S?/B:i. Moreover, since we are in a full cooperative case, it is straightforward to check

that w € N. By using (2.8), w € £ and there exist 0 < t; < 1 such that (tywi,...,tqwg) € N.

Thus ¢ < 2?21 S5%/(4B;;), and working through the proof of Lemma 2.2 the rest follows.



3. PARTIAL SYMMETRY OF NONNEGATIVE MINIMIZERS

We now turn to the problem of the symmetry of least energy positive solutions when € is a
radially symmetric bounded domain of RY (which we always assume along this section). Observe
that when € is a ball, the classical result by Troy [29] (see also [24]) yields that, in the cooperative
case, each positive solution is radially symmetric. However, thanks to [28, Theorem 1.4] (which
deal with the competitive case), [22, Corollary 0.5] (mixed cooperation and competition case),
and [30, Section 3] (cooperative case, 2 an annulus), it is known that in general a least energy
positive solution is not radial. On the other hand, it is natural to expect that least energy solutions
inherit part of the symmetric structure of the problem. Theorem 1.8 establishes that this is the
case when the competition takes place between two groups of cooperative components, or in a
purely cooperative setting.

3.1. Comments on Theorem 1.8. Due to its general formulation, Theorem 1.8 might not be
easy to read and to understand. In this subsection we present several remarks which should help
the reader towards this purpose.

Remark 3.1. The reader could object that only the division in macro-groups is necessary, and
that one could drop the original division into m groups considering only a 2 decomposition of d in
2 different groups. This is a a particular case of our result, but it is not equivalent, because in our
statement we allow to minimize in different Nehari type sets (related to the division in m groups),
and so in this way we can deal with a larger class of constrained minimizers.

As an illustrative example, we consider a 3 components system, separating (u1, us, us) into 2
macro-groups (u1, us) and ug. This can be the result of two different decompositions:

e let us consider the natural 2-decomposition (0, 2, 3). By Theorem 1.7 in [27], it is know that
if 812 > C'max{f11, B22} for a positive constant C' > 0 depending on \;, and f13, f23 < —1,
then the minimum of .J on N 3y is achieved by a positive solution of (1.2) (here N2 3)
is the Nehari set determined by the 2-decomposition of 3). The same result holds true
if 813,023 < 0 and B12 > 1, as proved in Theorem 0.1 in [22]. In both cases, Theorem
1.8 applies proving that (u1,us) and us are foliated Schwartz symmetric with respect to
antipodal points.

e Let us now consider the 3-decomposition (0, 1,2, 3), denoting by N(g 1,2,3) the corresponding
Nehari set. By Corollary 1.3, there exists K > 0 such that if 3;; < K for every ¢ # j, then
the minimum of J on N1 23) is achieved by a positive solution of (1.2). If we assume
further that 0 < 12 < K and Bi3, 323 < 0, then by Theorem 1.8 we obtain that (ug,uz)
and ug are foliated Schwartz symmetric with respect to antipodal points.

The second result would not have been obtained if we had considered only the 2-decomposition
(0,2,3) in our symmetry result.

Let us now make some comments regarding Theorem 1.8 in the purely cooperative case, which
correspond to | = d in the assumptions.

Remark 3.2. In [30], Z.-Q. Wang and M. Willem proved partial symmetry results in two situ-
ations. For a system with d components, they showed that if the infimum of J on the natural
Nehari manifold

{u cH

is achieved (which is suitable only for large cooperation rates), then any positive minimizer is
such that all the components (u,...,uq) are foliated Schwartz symmetric with respect to the

d
u # 0 and Z&-J(u)ui = 0}

i=1



same point. Moreover, for systems of d = 2 components, they showed that if 0 < B2 <
C(B11, P22, A1, A2), then the infimum of J on the Nehari set

weH| W 7%0 and 9;J(u)u; =0
fori=1,2
is achieved by a positive solution of (1.2), and any minimizer is such that wuj,us are foliated

Schwartz symmetric with respect to the same point. The restriction d = 2 is relevant in their
proof.

Our result recovers both the ones in [30], extend the second one to systems with an arbitrary
number of components, and provide partial symmetry also when m-decompositions of d with
m # 1, d are considered. For this reason, we think that Theorem 1.8 in the purely cooperative case
deserves a statement on its own.

Corollary 3.3. Let d > 2, and let a be a m-decomposition of d. Take K > 0 be as in Theorem
1.2. If

ﬂij >0 V(z’,j)elCl, 0<ﬂij < K V(i,j)E’CQ,
then any nonnegative minimizer U of J constrained on N is such that all the components i, . . ., g
are foliated Schwartz symmetric with respect to the same point.

Remark 3.4. Concerning the proof of Theorem 1.8, in the literature the partial symmetry of
solutions of elliptic equations is often obtained through an inf sup characterization. Dealing with
systems, it turns out to be very complicated to obtain such a variational characterization; for
instance, this is why the proof of Theorem 1.2 in [30] works only for systems with 2 components.
Thus, we think that it is worth to point out that we will not use any inf sup characterization,
basing our argument directly on the constrained minimality.

3.2. Proof of Theorem 1.8. In what follows, without loss of generality, we suppose that € is
radial with respect to 0. We will use polarization techniques, and hence at first we recall some
definitions which are by now classic.

Assume H is a closed half-space in RY. We denote by o5 : RV — RY the reflection with respect
to the boundary OH of H. For a measurable function w : RN — R we define the polarization wg
of w relative to H by

wH(.’L') _ { Ina,X{’UJ(SC),’LU(O'H(;L'))}, T e H,
min{w(z),w(ocg(z))}, =RV \H.

We consider the set Hg of all closed half-spaces H in R such that 0 € 9H. Given an unitary
vector p € SV~1 we denote by Ho(p) the set of all closed half-spaces H € Hg such that p € int(H).

Recall that a function f : RN — R is said to be foliated Schwarz symmetric with respect to
a unitary vector p if it is axially symmetric with respect to the axis Rp and nonincreasing in the
polar angle § = arccos(p - x/|z|) € [0,7]. We mention that, up to our knowledge, the link between
polarization and foliated Schwarz symmetry appeared firstly in [7,26]. We would like to mention
also the precursory works [1, 3, 8] that brought to light the relation between polarizations and
rearrangements in many different settings, and refer to the survey [32] for a detailed history of the
subject. The following is a useful alternative characterization of foliated Schwarz symmetry, and
we refer to [7, Lemma 4.2] (see also [32, Proposition 2.7]) for the proof.

Lemma 3.5. Let Q a radial set centered at the origin, and let u :  — R be a continuous function.
Then u is foliated Schwarz symmetric with respect to p € SN =1 if, and only if, for every H € Ho(p)
we have u(x) = u(oy(x)) whenever x € QN H.



For every H € H we denote by He Ho the closure of the complementary half-space RV \ H. In
the spirit of [6,28,30], the proof of Theorem 1.8 is based upon a general criterion (cf. for instance
Theorem 2.6 in [6] or Theorem 4.3 in [28]).

Proposition 3.6. Let u be a nonnegative solution of (1.2). If for every H € Hy the function
H ._ _ _
u’ = (uLH,...,uhﬁH,u,—LHﬁ,...,umﬁ) = (Ulva---aul,Hvquﬁv---vudﬁ)

is still a solution of (1.2), then (u1,...,u;) and (uit1,...,uq) are foliated Schwartz symmetric with
respect to antipodal points.

Proof. Since u € N, there exists an index ¢ € I; such that u; # 0 in . Without loss of generality,
we assume ¢ = 1. Let r > 0 be such that 9B,.(0) C €, and let p € SV ~! be such that maxgp, (o) U1 =
w1 (rp). By assumption, for any H € Ho(p),

l d
§ : 2 § : 2 :
—AUI,H + )\1U17H = ﬁljU17Huj7H + Bljul,Huj i in Q.
Jj=1 j=Il+1

Thus, if we let w := w1, g — w1, we obtain

l
2 2
—Aw + \jw = E ﬁl] w1 Hu] H— U1U E 61] (U1 Hu i uluj)

j=1 Jj=l+1
—251JU1H Z 51JU1H< )-i-Zﬁlg (w1, — ur),
Jj=Il+1

in QN H, that is

d
(31)  —Aw+ |\ *Zﬂlju? W*ZﬂljulH Z Prjur,m (u ( ) :

Jj=1 Jj=l+1

=:q(x)eL (QNH)

loc
By definition u; gz > u; in @ N H for every j = 1,...,l, while u oSy in QN H for every
j=1+1,...,d. Therefore, recalling that 3,; > 0for j =1,...,[, while Bi; <O0forj=1+1,....,4d,
we deduce that —Aw 4 g(x)w > 0 and w > 0 in QN H. The strong maximum principle 1eads to
the alternative w > 0in QN H, or w =01in QN H. As w(rp) = 0, the latter condition holds true,
and coming back to equation (3.1) we deduce that

l

d
0=—-Aw+q(z)w = ZﬂljulyH (u?H — u?) + Z Bijury (ujﬁ — u?) >0,

j=1 j=l+1

which in turn implies (since uq £ 0= u; > 0 in Q) that uj g =u; in QN H for every j=1,...,1
and u, S = Uy in QN H forevery j =1+ 1,...,k. Since H € Ho(p) has been arbitrarily chosen,
the thes1s follows from Lemma 3.5.

In the following we will prove that, under the assumptions of Theorem 1.8, it is possible to
apply Proposition 3.6. First we need some preliminary results.

Lemma 3.7. For every u,v € Hy(Q2) and H € Ho(p), then also ug,vy € HS(Q), and moreover:

) / Jul? do = / P, for every p > 1
Q Q



@) [ (Funf = [ 1va*

(iil) /u202 S/u%v% and/u2v2 Z/U%U%.
Q Q Q Q

Proof. For the first two items, check for instance [32, Lemma 3.1]). As for (iii), the first inequality
follows by Proposition 31.7 in [33], while the second one is a particular case of Lemma 4.5 in [28]. [

Assume that B is as in the assumption of Theorem 1.8, let ¢ = infxrJ, and let u be a
nonnegative minimizer of J on A/. In view of Proposition 3.6, we aim at proving that u? :=
(w1, U m, Upyy e udﬁ) also achieves ¢ for every H € Hy. In this perspective, the main
difficulty consists in showing that u”’ € N (in the literature, this is usually the part of the proof
which requires an inf sup characterization, see Remark 3.4). To this aim, we study the function of
real variables:

U (t,..otm) ERT > J (\/EulyH,...,\/tEuEﬁH, \/t,;HuEHﬁ,...,\/tmumﬁ) € R,

and claim that, under the considered assumption, it has a unique maximum point t = (t1y.eoytm)
such that ¢, > 0 for every h=1,...,m.

By the properties of polarization stated in Lemma 3.7, and the assumptions made on B, we
have that

m d
w e N, DR = flullf = 4e < 4C
h=1 =1

where C' is as in (2.5). Hence, thanks to Lemma 2.2, the matrix M (ufl) is positive definite, and
observing that

1 1
h=1

this implies that there exists x > 0 such that
1 ~ 2 )
U(ty, ... tm) < 5Zthnuh 7= K> _th = —o0 as [t| — oco.
h=1 h=1

Therefore, ¥ admits a global maximum t in @ Note also that it is a strictly concave function.
Since ¥ is of class C! up to the boundary of R, the maximality of t entails 9, ¥ (t) < 0if {, = 0,
and 9,¥(t) = 0 if £, > 0. In particular, we observe that

(3.2) w17 = Mp(u)utf|  whenever &, > 0.
h=1

Remark 3.8. Let us consider the function

D:(ty,... tm) ERY = J (Viiur, ..., Vimuy) .
Under our assumption, by Lemma 2.2 any minimizer for ¢ stays in . Therefore, as in the previous
discussion, we can check that @ is strictly concave and has a maximum point in R"". Moreover,
since u € N, the point 1 = (1,...,1) is a critical point for ®. Hence, by strict concavity, 1 is the
unique critical point of ®, and is a global maximum.

Lemma 3.9. We have .
> tnllufl|7 < 4C.
h=1



Proof. We claim that

m
luf|[5En = ZMB(UH)hkfhfk Vh=1,...,m.
k=1

Indeed, if £, = 0 this relation is trivially satisfied. If £, > 0, then it follows by (3.2). Therefore

J(Viaf . Vi) = Zuuh 2
On the other hand, combining Lemma 3.7 with the assumptions on B, we have also

7 (Vi V) <0 (Vi Vi) € s T (Vi)

L1yt =0
=J(uy,...,uy)=c<C.
Notice that we have used the fact that ® has the unique maximizer (1,...1), see the previous
remark. O
Lemma 3.10. There holds
t~1,...,t~h > 0.

Proof. Assume, in view of a contradiction, that t; = 0. We will check that
J (\/Hu{{,...,\/fmug) > J (0, \/gug,...,\/fmuffl)

for t; > 0 sufficiently close to 0, which contradicts the maximality of (0,%s,...,%,,). The left hand
side of the inequality can be rewritten as

1

St i |7 - ZMB )intitn — ZMB )uit] + Zthlluh I —= Z Mp(u™)pptnty.
h k=2

Observe that, for 8;; < K in K2 (and K as in Remark 2.6), it results

pORATCNTAES I DI NI i SR I I
h=2

h=2 (i,j)el x I, * h=2(i,j)€l, X I,

1
IIU1 I3 Zthlluh I < S2 || ur' [t < a1,

where we used the estimate of the previous lemma. Thus

1 1
—t1|\u1 I - ZMB Jintiln — 7 Mp(u Mt

- 1 1 3
<||U- 17— ZMB )inth — §MB(U- )11151) 5 (ZHU{{H? —t1M(U-H)11> >0

for sufficiently small small ¢; > 0, which yields the desired contradiction.



End of the proof of Theorem 1.8. Given u achieving ¢ and H € Ho, we have concluded that there
exists a maximizer ¢ for the function ¥ in R7*, and ti,...,t,, > 0. By (3.2), we infer that

(\/Eu{{, ooy, Vtmull) € N; together with Lemma 3.7, this implies that

< (Vi Vigll) < 0 (Vi Vi)
< swp I (VA Vi) = J(w) =,

1yt =0

which is then a chain of equalities. The uniqueness of the maximum for the function ® (see Remark
3.8) entails 7, = 1 for every h, and thus u” also achieves ¢, being in particular a solution of (1.2)
(cf. Lemma 2.3). We can now conclude using the criterion of Proposition 3.6. O

4. EXISTENCE OF LEAST ENERGY POSITIVE SOLUTIONS

This section is devoted to the proofs of Theorems 1.4 and 1.5. They are inspired by those of
Theorem 1.6 and 1.7 in [27].

4.1. Proof of Theorem 1.4. Under the considered assumptions, by Theorem 1.2 there exists a
nonnegative solution u of (1.2) which minimizes J in the Nehari set M. We wish to show that

inf J < J.
N

inf
NN{w;=0 for some i}
If this is true, then by minimality u; # 0 for every i. By contradiction, let us assume that for
some index [ there holds u; = 0. Let h € {1,...,m} be such that I € I;. By definition of A/, there
exists p € I such that u, # 0. By Lemma 2.2 we know that u € £, and hence N defines, in a
neighbourhood of u, a smooth manifold (actually a C?-manifold, as it is immediate to verify) of
codimension m in H}(€;R?). We claim that

(4.1) d?J(u)[v,v] >0 for every v € Tu(N),

where Ty (N) denotes the tangent space to A at the point u. To prove this, we observe that since
N is of class C?, for any v € Ty(N) there exists a C? curve v : (—¢,e) — N for some € > 0 such
that v(0) = u and +/(0) = v. Now by minimality of u, and recalling that d.J(u) = 0, we infer that

d2

0< EJ(V(TS))

T I (Y)Y (0,7 O)]],— + AT O (O], = A>T (w)[v, V],

which proves the claim (4.1). By direct computations, one can easily check that

d d
2 : 2 2 2 :
/ ﬁijuivj -2 / Bijuiujvivj.
Q Q

i,j=1 i,j=1

d
d*J(w)[v,v] = Z lvillF —

We consider the variation v defined by



Since (VG (u),v) = 0 for every h, we have that v € T, (N) (for the reader’s convenience, we recall
that G}, has been defined in (2.3)). Plugging this choice of v into (4.1), we infer that

OQMW—EZA@ﬁ%—EZAMﬁ%

el i T
(42) 2 L 2 21 ' 2 2
<ful2— 3 mefZ/wM,

i€l \{1} ¢ igl; 79

where we used assumptions (i)-(i%). On the other hand, testing the equation for u, against w,
itself, and recalling that u; = 0, we deduce that

lulp= 3 [ B+ 3 [ Buied
e\ ¢ ¢

¢ I,
(4.3)
_ / Gt 3 / B + 3 / a2,
@ il \{Lp} " igly, '

Therefore, coming back to (4.2), we obtain
og/ﬁppu§+ > /ﬁﬁufui— > /Bﬁu?uiz/(ﬁm)—ﬁﬁ)ué<0
@ il \{Lp} 7 ie\{13 7 ¢ @

whenever 5 > fpp, which is guaranteed by our assumptions.

4.2. Proof of Theorem 1.5. As in the previous subsection, let [ € I, with u; = 0. From Lemma
2.4 and since f, > max;cr, {fii}, there exists p € Iy, such that

Biluplis > 727> 5
We have
d?J(u)[v,v] >0 for every v € Tu(N),
and take the admissible variation v defined by

{o ifi 1
V; =

up, ifi=1I
Thus, as in (4.2) and (4.3), we find
0<lulz- 3 [ sti- Y [ g,
ier\{1} 79 igl; V9

and also

lwly= [ s+ S [ gudu+ S [ gt

ielp\{l,p} i1y,



Therefore, and recalling the explicit shapes K = S2/16C and § = S/2d from Lemma 2.4 and
Remark 2.6,

o< [t X [ati- S [ s+ Y [ (- s

iel\{L.p} i€ \{1} it
/ (ﬂpp ﬂh u + Z / ﬂzp ﬂzl ?
i1y,
< (Bpp — B) luplza + m|up|%4 Z [eAlH
<0 ig 1y,
Bop = B3 8 8KC
— Bh | P|L4 + d25| p|L4

S (8 1N S (B a—1\, o
Tﬂ(ﬁi,f“ra)'up'“ﬁ?(ﬁi: 5 |up|74 <0,

where we used the assumption on the coupling parameters, and the estimates of Lemmas 2.1 and
2.4.

5. NON EXISTENCE RESULTS IN H!(RY)

In this section we prove Theorem 1.6, which illustrates that when working in = R in presence
of simultaneous cooperation and competition, in order to find some kind of least energy solution it
is often necessary to work in H' ;(R") instead that in H*(RY). We choose a m-decomposition a
of d, and we assume that the basic assumption (1.4) holds true. Throughout this section we assume
that 8;; > 0 for every (i,) € I? (recall the definition (1.5) of I;,) and, for every h =1,...,m, we

consider the sub-system

{—A’UZ‘ + \v; = Zjelh ﬁijvivf in RN

(5.1 v; € HY(RN),

Viéelp.

We introduce the functional

/ Z |V’U1|2+U - Z 61] I3 ja

zGIh (173)612
and the Nehari manifold for the system (5.1), defined by
My, = {v e H'RY)™» 1 :v#£0and (VE,(v),v) =0}.

We set
h .}\I/llh h

The strategy consists in showing that [, defined in (1.9), coincides with the sum of the least
energy levels [;, of the uncoupled sub-systems (5.1). This is inspired by Theorem 1 in [15], which
is a particular case of our Theorem 1.6 (for m = d, Ky = (). We point out that our proof present
substantial differences with respect to the one in [15], referring to the forthcoming Remark 5.6 for
more details.

Before proceeding, we need the following preliminary result. Although it is essentially known
by the community, we present a short proof of it here, as we were not able to find any reference.



Lemma 5.1. Let (u;)ics, be a nonnegative solution of (5.1) with u; € HY(RN). Then for each
0 < 8 < min;{\;} there exists a > 0 such that

lui(z)| < ae ™ VIFARE v e RN, i e Iy,

Proof. By a Brezis-Kato type argument, one has that u; € L>(R"). Thus, by standard gradient
estimates for Poisson’s equation (see [13, eq. (3.15)]), we deduce also that Vu; € L (R¥). Since
we also assume that u; € L2(RY), this clearly implies that u; — 0 as |z| — oco.

Defining z(z) = aexp(—+/1 + B|z|?), a straightforward computation gives

aﬂ 2
A > -V 1+8lz|?
z+ Bz T 6|$|2e
The difference z — u; satisfies:
k
Az —w)+ Bz —uwy) = (N — Bu; — Zﬁijuﬂ,t? + b L+l

— =€
2 1+ BlaP

where k = |I}|. Fix any 0 < § < A;. Since Z?Zl Bijuiui — 0 as |z| — 0o, we can take R > 0 such

that
k

> Byuiul < (A — Bug,  for |z] > R,

j=1
which implies that —A(z — u;) + 8(z —u;) > 0 for |2| = R. On the other hand, there exists C' > 0
and a sufficiently large o > 0, such that

k
2 o —/14+BR2 o —/148|z|?
g uus <O < ————e <——e for || < R.
HBJ ! L+ AR L+ Blzf? i

To sum up, we show that it is possible to choose o > 0 in such a way that
—A(z —wi) + Bz —w) =20 in RV,
and testing the inequality with (z — u;)~, we deduce that u; < z.

For h =1,...,m, we introduce
~ 1 1
Buv) =3 3 [ Vol +Ad) = 7lvIE

i€lp

M, — . 2 2922
Mp i =<dv:v#0and |[v]; < Z /RNBU’UiU]—

(i,5)€I},

Zh = H}fjih.
My

Lemma 5.2. Both I, and I, are achieved, 1, = ih, and any minimizer for I is a minimizer for
Ip,.

Proof. Since M, C Mh and

1 ~
En(v) = Z”VH}QL:Eh(V) Vv € My,



we have l~h < lp. As far as l~h is concerned, we start by observing that, if v € Mh, then also its
Schwarz symmetrization v* € My, and by the Polya-Szego inequality ||[v*||? < ||v||7. Therefore,

l,, = inf {Eh(v) 1V E Mvh, v is radial} .

The functional Ej, is coercive in HL  (RY), so that any minimizing sequence is bounded from
above. Reasoning exactly as in Lemma 2.4, any such sequence is also bounded from below. This
permits immediately to obtain the existence of a minimizer for Iy, (in this step it is used the fact
that HL ;(RY) compactly embeds into LY(RY) for N = 2,3). To complete the proof, we show that
if ¥ is a minimizer for [j,, then v € M, and Ej, (V) = I;,. Let U(t) := E,(v/1v). By definition we
have that

t>0 and W(t)=0 <= ViveM,.

By direct computations, it is easy to check that the unique positive critical point of W is given by

IWIIi -

P#z

where the last estimate follows by the fact that v € Mj,. Thus, we have
= 1,9~ 1, _ ~
n < B (VE¥) = 11913 < 71913 = I,
which implies I, = I, and in turn forces ¢ = 1, that is v € Mj,. O

From now on, for each h = 1, ..., m, we fix a minimizer v" for I, hence a nontrivial solution of
(5.1). We have the following decay estimate.

Lemma 5.3. Let e; # ex € SV, and 01,05 > 0. Then, whenever hy # ho,
2
lim / Z (vhl(x — Re1)v; he (@ — Reg)) dx = 0.
]RN
1])€Ih1 XI}LQ

Proof. Since e; # ea, R|oie1 — oaea| — +00 as R — +oc. Recalling from Lemma 5.1 that each v’
is exponentially decaying as |x| — 400, the thesis follows easily.

In the next lemma we show that the least energy level of the complete d system (1.2), which is
denoted by [, can be controlled by the sum of the least energy levels I;, of the sub-systems (5.1).

Lemma 5.4. In the previous notation, we have | < >} Iy

Proof. First of all, we observe that

- ZEh(uh) + Z /N &JuQU2
h=1

(ij)exs 7 F
Let e; # ey # -+ # e, € SV be m different directions in RY. For R > 0, we define u’* by
means of
ulf(z) := vl'(z — Rey) fori € I, for h=1,...,m.

3
Clearly, by a change of variables we have that
En(uf)y=1, VR>0.
We aim at solving the linear system in tq,...,%,,

a m
athJ(\/_ ...,\/ﬁmui) =0 ZMB(UR)hktk = ||U§H,2L
k=1



We claim that, for every R >> 1 sufficiently large, this system has a solution (tf,...,t) with
0< t,? — 1 as R — +00. Once that this is proved, we deduce that

(5.2) <\/1573u1 @ﬁ;ﬁ) eM

To prove the claim, we observe that by Lemma 5.3 Mp(uft),, — 0 as R — +oc for every h # k.
Since on the contrary Mp (uR)hh is positive and constant in R, we deduce that MB(uR) is strictly
diagonally dominant, and hence invertible, for every R sufficiently large. As a consequence, for
any such R we can compute

tf [uf|? [viIF
Do = Mg : = Mp(u®)~! : ;
th [uft]lz, V™12,

But, as already observed, Mp(uf?) is converging to a diagonal matrix, whose diagonal entry in the
h-th row is equal to

Z / J:—Reh) (Jc—Reh Z / vv
(1,9)€l} (i,5)€l}

so that

i el
R—+o00 Z(”)Ep Jew (W0])?

where we used the fact that by assumption v € M,,.
To sum up, we have just showed that for any large R there exists t© ~ 1 such that (5.2) holds.

Therefore
1< lim J< thult ,...,,/t,fguf;i>
R—+o00
:RE}:I‘,}OOZE}L (\/ ) hm ZMB (\/tlul,...,\/tﬁluﬁ)
= Z => b
h=1 h=1

Now we have to show that the opposite inequality holds.

=1

)

Lemma 5.5. There holds 1 > >} Iy,

Proof. Let u € M. Thanks to the assumption 3;; < 0 for every (i,7) € K2, we have

0<Huh”h*ZMB Ik < Mp(u)nn,
k=1

so that uy € Mvh for every h =1,...,m. As a consequence

=

1 1 -
(53)  Zllwli > wf Zlv[i =i =0k and J(u)z};

VEMh

m
A=
h=1



Conclusion of the proof of Theorem 1.6. By contradiction, we suppose that there exists u € M
such that J(u) = [. Thanks to the fact that M is a natural constraint (cf. Lemma 2.3, which
holds also in H*(R™)), u is a solution of (1.2), which we can assume to be nonnegative. By the
strong maximum principle and the definition of M, we deduce that for every h there exists i;, such
that u;, > 0 in RY. To reach a contradiction, we observe that the first equation in (5.3), together
with the fact that ), l;, = [, imply that necessarily

1 ~
ZHuhHi =lp = lp.

Since 3;; < 0 for every (i,7) € K2, we have uy, € Mh, so that uj, minimizes I;, = l,,. Thus, by the
last statement of Lemma 5.2, also u;, € My, and in particular

Janlli; = Mp(w)nn Vh=1,...,m.

This is in contradiction with the fact that, since u was supposed to be in M, we have
m
2 2 2
[an, I, =D Mp(@n,k < Mp()n,n, + /RN Binying Wiy, Ui, < Mp(@)nin,,
k=1

(for the reader’s convenience we recall that h; and he have been introduce in the assumptions of
Theorem 1.6). O

Remark 5.6. A remarkable fact, which marks a significant difference in our proof with respect to
that of Theorem 1 in [15], is that we do not assume that each I; admits a unique minimizer, nor
that it is achieved by a unique positive solution, of the form u;(z) = a;w(o;x) (with w the unique
positive radially decreasing solution of the related single equation problem). This was used in [15].
Instead, our argument is only based upon the decay estimate provided by Lemma 5.1.

Concerning the uniqueness of ground states, although sufficient conditions that imply uniqueness
are already known in the literature, it is still an open problem to completely determine the range of
parameters for which completely cooperative systems as (5.1) have a unique solution, corresponding
to the least energy positive level. This is known in the 2 component case with \; = Ay and
B12 > max{f11, B22}, see [31]. For systems of more than 2 components, we refer to Theorem 1.1
in [17], where it is shown in particular that if \; = X and 3,5, ¢ # j are large and satisfy additional
technical assumptions, then any sub-system (5.1) has a unique least energy positive solution. The
results in [19, Section 2], in [25, Section 4], and [4, Proposition 2.1] suggest that uniqueness should
hold also in more general situations.
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