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ABSTRACT. The paper deals with the existence of normalized solutions to the

system
—Au — Mu = prud + fuv? in R3
—Av — Aov = p2v® + Buv in R3
Jpzu?=a? and [p30? =a?

for any p1, p2,a1,a2 > 0 and 8 < 0 prescribed. We present a new approach
that is based on the introduction of a natural constraint associated to the
problem. We also show that, as 8 — —oo, phase separation occurs for the
solutions that we find.

Our method can be adapted to scalar nonlinear Schrédinger equations with
normalization constraint, and leads to alternative and simplified proofs to some
results already available in the literature.

1. INTRODUCTION

Various physical phenomena, such as the occurrence of phase-separation in Bose-
Einstein condensates with multiple states, or the propagation of mutually incoher-
ent wave packets in nonlinear optics, are modeled by the system of coupled nonlinear
Schrodinger equations

—10;®1 = APy + 11| P12 Py + B| P2 2Py

) ) t,x e Rx RN,
—10; P9 = APy + M2|(I)2| Py + ﬁ|(1)1| (o2

(1.1)

see e.g. [1,17,19,30,52]. In the models, ®; is the wave function of the i-th com-
ponent, the dimension of the ambient space is N < 3, and the real parameters
1; and B represent the intra-spaces and inter-species scattering length, describing
respectively the interaction between particles of the same component or of different
components. In particular, the positive sign of u; (and of ) stays for attractive
interaction, while the negative sign stays for repulsive interaction.

A fundamental step in the comprehension of the dynamics of the system consists
in studying the possible existence and properties of solitary waves, solutions to (1.1)
of type ®;(t,x) = e~ ity,(z), with \; € R and u; : RV — R. This ansatz leads to
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the following elliptic system for the densities u; and wa:

n RY.

(1.2) T~ = gt + fugn
—Auy — Agup = pous + Buius

This paper concerns the existence of normalized solutions to (1.2a) in dimension
N =3, i.e. the existence of real numbers (A1, A2) € R? and of functions (uy,us) €
H(R3 R?) satisfying (1.2a) together with the normalization condition

(1.2b) / u? =a? and / u3 = a3,
R3 R3

for a-priori given a1, as > 0, u1, p2, 8 € R. In what follows we refer to a solution
of (1.2a)-(1.2b) simply as to a solution to (1.2). We emphasize that, prescribing
the masses a; from the beginning, the frequencies \; are included in the unknown.
A somehow dual approach consists in fixing the frequencies A; from the beginning,
and leave the masses free.

Normalized solutions are particularly interesting from a physical point of view,
since the mass ||®;(t,-)||L2 = |lui||z2 has often a clear physical meaning. In the
aforementioned contexts, it represents the number of particles of each component in
Bose-Einstein condensates, or the power supply in the nonlinear optics framework.
But despite this physical relevance, most of the papers deal with the problem with
fixed frequencies, see e.g. [2,10,15,25,28,29,31,38,40,41,42,51,53] and the references
therein, while problem (1.2) is far from being well understood.

In order to clarify the difficulties that one has to face when searching for nor-
malized solutions, in what follows we introduce some notation and review the few
known results regarding (1.2).

Let pu; =: By, B =: P12 = P21, and for any a > 0 let us consider

(1.3) Sw:%eﬂ%wyéyﬁzf}

Solutions to (1.2) are critical points of the energy functional

2 2
1 2 1 2,2
(1.4) ﬂmm_@igww_12&M%

i,j=1
on the constraint S,, x S,, with (A1, \2) Lagrange multipliers. We are interested
in positive normalized solutions, i.e. normalized solutions with wu;,us > 0 in RV,
Concerning the terminology, we often identify a solution (A1, Az, u1,us2) of (1.2)
with its last components (u1,uz), with some abuse of notation. This is justified by
the fact that we obtain (u1,ug) as critical points of the above constrained functional
and (A1, A2) are determined as Lagrange multipliers.

Some papers concern the existence of positive normalized solution when RY is
replaced by a bounded domain €2, or when a trapping potential is included in the
equation; we refer to [36], where essentially no assumption is imposed on 1, pa,
B, but where the masses a; and as are supposed to be small, and to [33,50], which
regard the defocusing-repulsing case 1, pa, 5 < 0 with equal masses a1 = ag = 1.
Notice that, if p1, u2, 8 < 0 and € is bounded, the existence of a single normalized
solution can be proved quite easily by minimization arguments, and indeed in [33,50]
the authors are mainly interested in multiplicity results and occurrence of phase-
separation.
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Let us consider now the focusing case i1, 12 > 0 in the whole space RY. When
(1.2) is considered in dimension N = 1, the constrained functional is bounded
from below, and for arbitrary a;, u;, 3 > 0 a positive normalized solution can be
found minimizing J |5a1 xS,, and using concentration-compactness arguments. This
approach, used in [32] (see also [13, Section 5]), fails if N = 2,3, since J|s,, xs,,
is unbounded both from above and from below. Thus, in higher dimensions one is
induced to apply minimax methods, as successfully done in [9]. In the paper [9] we
considered the attractive case B > 0 in R?® (the 2-dimensional case is particularly
delicate, see the forthcoming Remark 1.9). We proved that, for arbitrary masses
a; and parameters j;, there exist 2 > 31 > 0 (depending on the data) such that
for both 0 < 8 < 31 and 3 > B system (1.2) has a positive radial solution; in
case § > By this solution is of mountain pass type, while for 0 < § < f; the
solution is obtained with a 2-dimensional linking. This is somehow reminiscent to
what happens for the unconstrained problem with fixed frequencies [2,40]. But
despite the similarity between the results in [9] and those in [2,40], the proofs differ
substantially: the approach in [2,40] is indeed based on the research of critical
points for the action functional

2

i
Alug,ug) := J(ug,uz) — Z 5/ u?

i=1 R3

constrained on Nehari-type sets associated to the problem, while apparently no Ne-
hari manifold is available in the framework of normalized solutions because A; and
A2 are part of the unknown, and (u,uz2) cannot be used as variation for J| Say X Say
in (u1,uz). Further difficulties in dealing with the normalization constraint are
that the existence of bounded Palais-Smale sequences requires new arguments (the
classical method used to prove the boundedness of any Palais-Smale sequence for
unconstrained Sobolev-subcritical problem does not work), that Lagrange multipli-
ers have to be controlled, and that weak limits of Palais-Smale sequences do not
necessarily lie on S,, X Sg,. For all these reasons, the proofs in [9] are quite del-
icate and cannot be directly extended to cover the case § < 0. The existence of
normalized solutions for the focusing-repulsive case p; > 0, 8 < 0 was then, up to
now, completely open. This is the object of our first main result.

Theorem 1.1. Let N = 3, and let p1, p2,a1,a2 > 0 and 8 < 0 be fixed. Then
(1.2) has a solution (A1, \a, U1, u2) with \; < 0, and u; is positive in R3 and radially
symmetric.

For a1, as, p1 and po fixed, we find then a family {(A1 g, A2 g, U1, U2,8) : B < 0}.
Our next result shows that phase-separation occurs as 8 — —oo.

Theorem 1.2. Let N = 3, and let 1, p2,a1,a2 > 0 be fized. Then, as f — —o0,
we have (up to a subsequence):

(’L) ()\11[3,)\21[3) — (/\1,)\2), with /\1,)\2 < 0,’
(i1) (1,5, T2,5) — (11, Tz) in C.Y(RN) and in HL (RN);
(i4t) w1 and @2 are nonnegative Lipschitz continuous functions having disjoint
positivity sets, in the sense that Gt = 0 in RY;
(iv) the difference u1 — uz is a sign-changing radial solution of

—Aw — Mw’ + Xow™ = py(wi)? — pa(wy)? in RY.



In order to prove Theorem 1.1, we devise a new approach, substantially different
with respect to the one in [9], based upon the introduction of a further constraint.
Let

2
3
1.5 G(ur,us) = Vu;|? — =
(15) () =32 [ 190 =

and let

(1.6) P :={(u1,uz) € Sa, X Sa, | G(ug,uz) =0}.

As proved in [9, Lemma 4.6], any solution of (1.2) stays in P, the equation G(u1,us) =
0 being the Pohozaev identity for (1.2). The solution that was obtained in [9, Theo-
rem 1.2] for 8 > 0 large by a mountain pass argument on S, X S,, was characterized

as minimizer of J on P. In the present paper we show that one can actually apply
min-max methods to J constrained to P in order to obtain solutions of (1.2).

2
2,2
E / ﬁijuiuj7
]R3

i,7=1

Theorem 1.3. The set P is a Ct-manifold of codimension 1 in S,, X S, and
moreover:

(i) If there exists a Palais-Smale sequence {(li1 n,U2,n)} for J restricted to P
at level ¢ € R, then there exists a possibly different Palais-Smale sequence
{(u1 n,u2.)} C CE(R3) for J restricted to S,, X Sa, at the same level
teR.

(1) If (u1,us2) is a critical point of J restricted on P, then (ui,us) is a critical
point of J restricted on Sq, X Sa,, and hence a solution to (1.2).

One often refers to property (i¢) saying that P is a natural constraint. As far
as we know this is the first example of a natural constraint when dealing with
normalized solutions; see the Remark 1.7 below for a more extended discussion.

With the previous result in hands, we prove Theorem 1.1 finding a critical point
of mountain pass type for the constrained functional J|p.

We point out that this natural constraint approach is very flexible and, suit-
ably modified, permits also to recover the known existence and multiplicity results
regarding normalized solutions for the nonlinear Schrédinger equation

~Au—Xu= f(u) inRY

(1.7) u>0,u € H(RY)

f]RN u? = a2,

under appropriate assumptions on f. Solutions to (1.7) are critical points of the
functional

(1.8) I(w) = /RN Vul? = F(u), Fls)i= /Osf(o)da,

on the sphere S,. The case of the pure power nonlinearity f(s) = |s|P~2s can be
treated using the results available for the problem with fixed A < 0, properly scaling
the equation; such an approach fails when f is inhomogeneous. For inhomogeneous
f two different pictures are possible, depending on whether or not I can be globally
minimized on S,. For the power nonlinearity, the former case, called L2-subcritical,
takes place if 2 < p < 2+ 4/N, and was firstly considered in [45,46]. Afterwards
it was also addressed with the aid of the concentration-compactness principle [26,
27. If 2+ 4/N < p < 2N/(N — 2), then I|g, cannot be minimized, and the
problem is considerably more involved. The so called L2-critical case p =2+ 4/N
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is particularly delicate, and will be discussed in Remark 1.9. The L2-supercritical
and Sobolev subcritical case 2 + 4/N < p < 2N/(N — 2) was considered only in
the two papers [7,22]. In [22] it is proved the existence of a mountain pass positive
normalized solution. In [7], putting in evidence the “fountain” type structure of
I|s,, the authors proved the existence of infinitely many normalized solutions. The
precise assumptions considered in [7,22] on the nonlinearity f are the following:

(f1) f:R — R is continuous and odd;
(f2) N > 2, and there exists «, 5 € R,

4 if N=1,2
2+N<04§B<2*:_{+2?VO ' 7
N-2
such that
0 < aF(s) < f(s)s < BF(s) Vs € R\ {0};

In this paper we give an alternative simple proof of the existence and multiplicity
results in [7,22]. We emphasize that here we use the additional assumption (f3)
below, which is not needed in [7,22].

Theorem 1.4. Let N > 2, a > 0, and let f satisfy (f1), (f2), and
(f3) the map F(s) := f(s)s — 2F(s) is of class C*, and
F'(s)s > (2 + %) F(s).

Then (1.7) has infinitely many radial solutions {uy : k > 1} with increasing energy,
and wy is positive in RV,

Our proof of Theorem 1.4 is based upon the search for critical points of I con-
strained on

(1.9) M:={ueS,:Gu) =0},

Gwy:= [ wur = [ (Frwu-vrw)
_ /sz Vul? — % /RN Fu).

It turns out that M is a natural constraint, as expressed by the following statement.

where

(1.10)

Theorem 1.5. Under (f1)-(f3), the set M is a C' manifold, and moreover:

(i) If there exists a Palais-Smale sequence {@y} for I restricted to M at level
¢ € R, then there exists a possibly different Palais-Smale sequence {uy} C
C(R3) for I restricted to S, at the same level £ € R.

(13) If u is a critical point of I restricted on M, then w is a critical point of I
restricted on S,, and hence a solution to (1.7).

We will see that the constrained functional I restricted to M is bounded from
below, coercive, and satisfies the Palais-Smale condition. Therefore, Theorem 1.4
will be a simple consequence of the equivariant Lusternik-Schirelman theory.
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Remark 1.6. Assumption (f3) is not needed in [7,22] for proving the existence of
solutions of (1.7) (actually it is required in [22] in order to treat the case N = 1).
It is an interesting question whether (f3) can be omitted in Theorem 1.4 also with
our approach. Then M will not be a manifold anymore but it still contains all
solutions of (1.7). This suggests that Theorem 1.4 could be approached using the
critical point theory on metric spaces from [16]. In any case, we observe that for a
wide class of nonlinearities, such as those of type

f(s) = Zui|8|pi_28 with p; > 0,
i=1

this assumption is already included in (f2). Notice also that, even if F e C, the
function f need not be differentiable in the origin.

Remark 1.7. Roughly speaking, the manifolds P, M play, for problems (1.2),
(1.7), respectively, the role that the Nehari manifold plays for equations or systems
with fixed frequencies (see e.g. [3], and the references therein). Recall that the
Nehari manifold is defined by the equation dA(u)u = 0 (A denotes the action
functional) which is not available when looking for normalized solutions. For scalar
equations without normalization constraint the Pohozaev manifold has been used
in [39] in order to find a ground state solution of a nonlinear Klein-Gordon equation.
More recently the Pohozaev manifold has been used in [4,23,24] for investigating
nonlinear (scalar) Schrédinger equations (without normalization constraint). In
[4, 23,24, 39] the nonlinearity was such that the equation dA(u)u = 0 did not
necessarily define a manifold whence the authors worked with the Pohozaev identity
instead. The authors of [4,23,39] were interested in least-energy solutions. They
showed that the mountain pass solution corresponds to a minimizer of the associated
functional on the Pohozaev manifold. In [24] the authors set up a min-max scheme
for the functional constrained to P, obtaining a Palais-Smale (or Cerami) sequence
for the constrained functional. (It is unclear how to obtain a Cerami sequence in the
full space as claimed in [24]. Probably a result like Theorem 1.3 or Theorem 1.5 is
needed.) Observe that in [24] the authors use the derivative dA(u)u in an essential
way; this is not available in the normalized setting. It seems that our paper is
the first to set up critical point theory on the Pohozaev manifold under the L?
constraint.

We conclude the introduction mentioning further problems which we believe
could be treated with our natural constraint approach, and discussing why we do
not consider (1.2) in R?.

Remark 1.8. Even though we focused on system (1.2a), we can treat more general
power type problems such as

—Auy — Mug = pa|ur [P 2ur + Blua | ug| 2wy in RY

(111) —Aug — Aaug = /LglU2|p2_2UQ + B|U1|T1|UQ|T2_2’U,2 in RN
Jon i =af  fynud = a3,

or even systems with right hand sides 01 F (u1, u2), 02F (u1,us), under appropri-

ate assumptions on F. Systems with an arbitrary number of components can be

considered as well, i.e. also in these contexts it is possible to introduce the set P,

and to prove that it is a natural constraint, in the sense specified by Theorem 1.3.



7

Notice that (1.2) is a particular case of (1.11), and we mention that existence re-
sults under different assumptions on the data of the problem have been obtained
in [8,9,21]. We believe that some of the results therein could be re-proved using P
and adapting the method used here.

More generally, we believe that our approach can be adapted in many situations
when we search for normalized solutions and a Pohozaev-type identity is available.
In any case, several complications could arise.

With regard to this, we mention that the three problems (1.2), (1.7) and (1.11)
considered in this paper have been studied also in bounded domains instead than
in the whole space, see [18,35,36] and the references therein. In such situations it
is not clear how to define P or M, since the Pohozaev identity involves boundary
terms which are not necessarily well defined for u € H(Q).

Also the case when a non-autonomous potential is added in the equation (as done,
for instance, in [12], where a strongly indefinite problem is considered) deserves some
special care. Indeed, our technique relies on the possibility of scaling/dilating the
equation, and the presence of a potential would require extra efforts to be treated.

Remark 1.9. The existence of normalized solutions in the L2-critical case is a very
delicate problem. Let us consider the stationary NLS equation

(1.12) — Au—u=|uP 2y in RV, / u? = a’.
RN

If either 2 < p < 2+4/Nor2+4+4/N < p < 2N/(N —2), for any a > 0 the problem
has a unique positive radial solution, which can be obtained by scaling the unique
positive radial solution of

—Aw+w = [wP 2w in RY.

If on the other hand p = 2 4+ 4/N, which is for instance the case of the cubic
NLS equation (i.e. p = 4) in R?, then there exists a uniquely determined @ > 0
(depending only on the dimension) such that (1.12) with a = @ has infinitely many
positive radial solutions (corresponding to different \), while for a # @ (1.12) has
no positive solution at all. This makes the L2-critical problem extremely peculiar
to treat, and as far as we know there is no result concerning inhomogeneous f
in this case. In the same spirit, even though we could introduce the set P, we
cannot treat system (1.2a) in R? with our technique, which is tailor-made for the
L2-supercritical and Sobolev-subcritical context.

Organization of the paper. Theorem 1.3 is the object of Section 2. The result
is then used in the proof of existence of solutions to (1.2), Theorem 1.1, which is
the content of Section 3. Theorem 1.2, is treated in Subsection 3.4. Sections 4 and
5 are devoted to the proofs of Theorems 1.5 and 1.4 respectively.

Notation. For the sake of brevity, we often write u instead of (uj,us) for vector
valued functions in H'(R3, R?). We recall that 83;; := u; and Bia = Bo1 := 8. f N
is a C'-manifold, we denote by TpN the tangent space to N in the point P € N.
Throughout the paper C' will always denote a positive constant, whose value is
allowed to change also from line to line.



2. A NATURAL CONSTRAINT FOR ELLIPTIC SYSTEMS

In this section we aim at proving that the set P, introduced in (1.6), is a nat-
ural constraint in the sense specified by Theorem 1.3. Actually, we will prove the
following slightly stronger statement.

Theorem 2.1. The set P C S, x Sa, C HY(R3,R?) is a C'-submanifold, and

moreover:

(i) If {(u1,n,u2.n)} C C(R3) NP is a Palais-Smale sequence for J restricted
to P at a certain level £ € R, then {(u1n,u2n)} is a Palais-Smale sequence
for J restricted to Sq, X Sa,.

(13) If there exists a Palais-Smale sequence {(G1,n,U2,n)} for J restricted to P
at level ¢ € R, then there exists a possibly different Palais-Smale sequence
{(u1 nyuan)} C CX(R3) for J restricted to P at the same level [ € R.
Moreover ||u;n — Uin|lgr — 0 asn — oo fori=1,2.

(7it) If there exists a Palais-Smale sequence {(U1 n,U2n)} for J restricted to P
at level £ € R, then there exists a possibly different Palais-Smale sequence
{(u1 nyuan)} C CX(R3) for J restricted to Sa, X Sa, at the same level
¢ e R. Moreover ||uin — Uinllgr — 0 as n — oo fori=1,2.

(iv) Let (u1,us2) be a critical point of J restricted on P. Then (u1,u2) s a
critical point of J restricted on Sy, X Sg,, and hence a solution to (1.2).

The first step consists in showing that P is a manifold.

Lemma 2.2. The set P is a Ct-submanifold of codimension 1 in Sq, X Sa,, hence
a Ct-submanifold of codimension 3 in H(R3 R?).

Proof. As subset of H'(R3 R?), the constraint P is defined by G(uy,uz) = 0,
G1(u1) =0, Ga(uz) = 0, where

Gi(u;) == a? —/ u?
R3

for i = 1,2, and G is defined in (1.5). Since the functions G' and G; are of class C?,
we have only to check that

(2.1) d(G1,Ga,G) - HY(R3 R?) — R* s surjective.

If this is not true, dG(ui,u2) has to be linearly dependent from dGi(u1) and
dGs(uz), i.e. there exist vy, 5 € R such that

2
2 \% i'v i ij % 4 —2 % ¥
) 3 A A
for every (¢1,p2) € HY(R3,R?). This means that (uj,us) is a solution to

. s — 3572 oy 2

—Au; —viu; = 3 > iy Bwuluj R3
2_ 2 nR
fRSui_ai

for i = 1,2. But then, applylng [9, Lemma 4.6], we conclude that

/ DY / Biudu

1]1



Recalling that G(u1,us) = 0, this implies that

2
Z/ |Vu;|> =0, and hence (u1,u2) = (0,0),
i—1 /R®

in contradiction with the fact that (ui,u2) € Sq, X Sa,.
We define for s € R and w € H*(R?) the function
(2.2) (s % w)(z) = >/ 2w(e’x).

One can easily check that [|s x w||z2rs) = ||w|[z2(rs) for every s € R. As a conse-
quence, given (u1,us) € Sy, X Sa,, it results that

s*u=sx*(up,uz) = (sxuy,s*uz) € Sq; X Sa,
for every s € R. We consider the real valued function
Uy(s) := J(sxu).

By changing variables in the integrals, we obtain

625 2 5 635 2 9 9
23) )= [Vl [, 3 i

Let us introduce

2
(24) g = (ul,u2) € Sal X Sa2 : Z Bij /R3 ufu? >0

i,j=1

By the Holder inequality, it follows straightforwardly that £ = S,; x S,, in case

—/pipz < B < 400, while for 8 < —,/uipe it results that £ C S, X S,, with
strict inclusion. Notice also that, thanks to the continuity of the Sobolev embedding

H(R3) — L*(R?), the set &£ is an open subset of S,, x S,, in the H' topology.
The role of £ is clarified by the following statement.

Lemma 2.3. For any u = (u1,us) € Sqy X Sa,, a value s € R is a critical point of
Wy, if and only if sxu € P. It results that:

(i) If u € &, then there exists a unique critical point sy € R for W, which is
a strict mazimum point, and is defined by

4fR3 > |Vu;|?
3fR3 E” ﬂiju?“?

In particular, if u € P, then sy = 0.
(1) If u= (u1,uz) € €, then Uy has no critical points in R.

(2.5) exp(su) =

The proof is a simple consequence of (2.3) and the definition of P and &.

In the following statement we describe the structure of Ty, (S,, X Sa,) in points
of P.

Lemma 2.4. For any u € P NCX(R3,R?), we have

d
Tu(Sar % Saz) = TuSer X TuSey = TP ®R —| (s % ).
s=0
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Proof. First observe that for w € S, NC°(R3, ]R) the path v : R — S, s — sxw, is
of class C'! With derivative given by 7' (s)(z) = 23/ 2w(e’z) +e3/2Vw(esx) - (e*z).
Consequently - ’ (sxu) € Ty is well defined for u € PNCX(R3,R?). By Lemma
2.2, we know that 73 has codimension 1 with respect to S,, X S,,, and hence it is

sufficient to show that
d

T (sxu) & T,P,

s=0

that is

d

dG (uy, us) {E (s*u)} £0,

with G defined in (1.5). For any w € C2°(R?), we can compute

d 2
Eso(s*u]—22/ [ |Vu;|* + Vu; - V(Vu; - )

__Z/ ﬁu —32/]Rgﬁijuiu?Vui.x
i,j

s=0

o |

Observing that

V(Vu; - ) = (Vu;)[z] + Vu;
and using the divergence theorem, the first integral on the right hand side in (2.6)
can be developed as

3
/ [§|Vui|2 + Vu, - V(Vu; -x)]
R3
3 2 1 2 2 2
= SVl + 5 V(Vuil") o+ [Vuil™) = | Vuil”.
R3 R3

Concerning the second and the third integral, again by the divergence theorem it
results that

9 2 2 / 2
hd uul 4+ 3 w2V -
2%:/H§Sﬁjuzuj+ Z Rsﬁjuu] Ui+ T
9
:—Z/ ﬂ“uu+42/ BV x—Z;ASﬂiju?u?

Coming back to (2.6), and using the definition of P, we finally conclude

)
—22/ |Vuz|2——z/ B Z/ Vusf? £0,

which completes the proof.

dG (uy, usz) [%(s* (u1,u2))

Remark 2.5. In general the variation

d

% - (S*u)
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is not in H*(R3,R?); this is why we require u € C°(R3,R?) in the lemma. Actually
it would have been enough to suppose that u € H2(R3, R?) decays sufficiently fast
so that the previous variation stays in H!(R3 R?).

In Lemma 2.4, we showed that the tangent space to S, X S, in a point u €
PNC(R3,R?) splits as direct sum of the tangent space to P plus a 1-dimensional
subspace of type R(vy,v2) for a suitable variation (vi,v2). The crucial fact for
Theorem 2.1 is that any point of P is critical for J, by definition, with respect to
variations in R(vy,v2). This is why criticality on P implies criticality on Sy, X S,
which is rigorously proved in the following lemma.

Lemma 2.6. If (u1,us) € C°(R3,R?) NP, then

d

dJ(’U,l,’U,Q) |:d_8

(s (ug, UQ)) =0.
s=0 .

Proof. If u = (u1,u2) € C°(R3,R?) NP, then by Lemma 2.3 we have s, = 0, and

0= (0) = % J(swu) = {dj(s*u) :dis(s*u)”s_o.

s=0
The thesis follows.

We prove now a simple preliminary result which we shall use many times in the
rest of the paper.

Lemma 2.7. Let {u,} C H'(R3), {s,} C R, and let us suppose that u, — u
strongly in HY(R?) and s,, — s € R, as n — 0o. Then s, * u, — s*u strongly in
HY(R3) as n — oo.

Proof. By definition s, x4, — sxu a. e. in R3, and

||5n*un||§{1 = e2sn/ |Vun|2 +/ ui <C
R3 R3

for every n. Hence, up to a subsequence s, xu, — sxu weakly in H', and moreover
we have the convergence of the norms ||s, * un||g1 — ||$ * u||g:. This argument
works for all the possible subsequences. (Il

We are finally ready for the:

Proof of Theorem 2.1. For the proof of (i), let {u,} C C°(R3,R?)NP be a Palais-
Smale sequence for J|p. We denote by T75(S,, X Sa,) the dual space to Ty (Sq, X Sas ),
and by | - || the H}(R3,R?) norm. By Lemma 2.4

14T () |7 (5., x50y) = SuP {[d (W) (]| + ¢ € Tu(Say X Sas), lleoll < 1}

—swp{lastw, )i+ sl St IS

Since Lemma 2.6 yields dJ(uy,)[¢)] = 0, we deduce that
14T ()| (T (S Sup)y* = sUP{[dT (Wn)[¢]] : ¢ € TuP, [lo]| <1}
= lldJ (an)ll (7, (py)» — 0

as n — oo. Here we used the fact that {u,} is a Palais-Smale sequence for J
restricted to P. This proves point ().
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Concerning (i), we show first that P N C°(R3,R?) is dense in P. Let u € P.
By density in H!, there exists {u,} C C°(R3,R?) N (S,, x S,,) such that u, — u
strongly in H'(R3 R?). The problem is that u, € P in general, but this can be
easily settled in the following way: first, since u € P C £ with £ from (2.4), and
since £ is open, u,, € £ for sufficiently large n. Then we can consider the uniquely
determined s, := sy,, defined by (2.5). By strong convergence, it is immediate
that s, = 0 as n — 400, so that Lemma 2.7 implies that s, x u,, — u strongly in
H(R3). Moreover, by definition s, xu, € P for every n, and hence the proof of
the density is complete.

Let now {u,} be a Palais-Smale sequence for J on P, and let &, — 0" as
m — oo. For every n and m, by density there exists u, , € P NC(R3) such that
[[Wp,m — n|l gt < €m, and it is clear that the diagonal sequence u,, := u,, ,, satisfies
all the requirements in point ().

Points (4i7) and (iv) follow now straightforwardly.

3. EXISTENCE OF NORMALIZED SOLUTIONS FOR COMPETING SYSTEM

This section is devoted to the proof of Theorem 1.1. The proof is divided into
three main steps: in the first part we study some useful properties of the unique
radial ground state solution of the scalar Schrodinger equation. With these, we
prove the existence of a Palais-Smale sequence for J constrained on P, which, by
Theorem 2.1, provides a Palais-Smale sequence for J on S,, X S,,; in the last part

of the proof, we discuss the convergence of the Palais-Smale sequence to a solution
of (1.2).

3.1. The ground state of the cubic Schrédinger equation. In this section we
consider general a, > 0. Let us introduce
Sy = {u € S, : u is radially symmetric with respect to 0}.

We denote by w = wg,,, the unique function solving, for some v < 0, the problem

—Aw —vw = pw? in R3
(3.1) w >0 in R3
w e Sy

(we refer e.g. to [9, Proposition 2.2] for existence, uniqueness, and basic properties
of w). From the variational point of view, w is characterized as a mountain pass
critical point of the functional

(3.2) I(w) = I,(u) == /R %|Vu|2 - %u4

on S’ and is the least energy solution of the problem (i.e. the solution having
minimal energy among all the nontrivial solutions). The energy level I(w) is called
ground state level, and is denoted by ¢(a, p).

Let us introduce

(3.3) M=M,, = {u €8, / |Vul? = 3_,u/ u4}.
R3 4 Jrs

It is not difficult to modify the proof of Lemma 2.2 (alternatively, one can directly
apply the forthcoming Lemma 4.2) to check that M N S” is a C!-submanifold of
S7, so that w is a critical point of I on M.
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Lemma 3.1. The Palais-Smale condition holds for I restricted to M.
Proof. We refer the reader to the more general Lemma 5.4.

Proposition 3.2. The function w is the unique positive radial minimizer for I on
M. The set of minimizers for I on M is {w, —w}.

Proof. The minimality of w is proved in [14, Proposition 8.2.4] or [22, Lemma
2.10]. For the uniqueness, by Theorem 1.5 we know that any minimizer v of I
on M yields a solution (v,v) to (3.1), and hence the uniqueness of w as positive
minimizer follows by [9, Proposition 2.2]. Notice that also —w is a minimizer. In
order to prove that no-sign-changing minimizer exists, we argue by contradiction
noting that if v minimizes I on M, so does |v|. Thus, by Theorem 1.5 and the
previous lemma, |v| is a non-negative solution to (3.1) for some v € R, and its
zero-level set {|v] = 0} is not empty. The strong maximum principle implies then
that |v| = 0, which is impossible since 0 ¢ M. O

Lemma 3.3. For any u € S], there exists a unique s, € R such that s, xu € M.
It is defined by the equation

. 4[5 [Vul?
efr = =8
3 Jps pou*

The value s, is the unique (strict) mazimum point of the function s — I(s*u).

Proof. Existence and uniqueness are contained in [22, Lemma 2.9]. The explicit
expression of s, follows by direct computations, observing that

625 ‘ueb’s
I(S*'LL) = 743 |V'LL|2—T/RSU4.

We conclude this section with the simple observation that 0 is a critical point
of the functional I extended to the whole space H!(R3,R?), and the free second
differential of I in 0 is positive.

Lemma 3.4. If we consider I as a functional in H'(R® R?), we have that
U =0 and E1Ofe.0 = [ [T,
R3

for any ¢ € H'(R3 R?).

3.2. Construction of a Palais-Smale sequence for J|p. We aim at proving
that J|p satisfies the assumptions of a minimax principle, and more precisely it
has a mountain pass geometry. Our argument is somehow inspired by the proof of
Theorem 5.4 in [2], even though this result is tailor-made for the case 5 > 0. Here
several complications arise because we deal with 3 constraints (and not with 1) and
with arbitrary 5 < 0.

First, having in mind that the compactness of any Palais-Smale sequence would
be far from being trivial, we confine ourselves in a radial setting. That is, we work
in S5, x S;, instead of in S,, X S,,. Since the problem is rotation-invariant, this
is possible as a consequence of the principle of symmetric criticality [37].

For i = 1,2, consider w; := wq, ,, as defined in (3.1). We recall that w; is a
minimizer for I; := I,, in M, := M, ,, (see (3.2) and (3.3)). This suggests that
(w1,0) and (0,ws) are local minimizers for J on P (recall (1.4) and (1.6)), so that
J|p has a mountain pass geometry. Of course, such an argument is incorrect in the
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present setting, since for instance (w1, 0) and (0, wz) do not belong to P C Sq, X S,
or else the set P is not necessarily connected by arcs for 8 < —,/u1pt2. On the other
hand, in what follows we show how the previous heuristic idea can be adjusted in
our context, leading to the following statement:

Proposition 3.5. There exists a Palais-Smale sequence {(l1 n,U2,n)} at a moun-
tain pass level

¢ > max{{(a1, p1),(az, u2)}
for J restricted to P, satisfying the additional condition u;,, — 0 a.e. in R3 for
i =1,2. As a consequence, there exists a Palais-Smale sequence {(u1,n,u2,)} for
J on Say X Say, with (U1 ,n,u2,,) € P for every n, such that u;, — 0 ae in R3 for
1=1,2.
Moreover, there exists C' > 0 independent of 5 such that ¢ < C.

Recall that £(a;, ;) denotes the ground state energy level I;(w;). Without loss
of generality, we can suppose that

(3.4) Uar, ) = az, p2).

We have already mentioned that (wi,0), (0,ws2) & S5, x S;,. On the other hand
they both belong to the closure, with respect to the D*? topology, of Sq, X Sgys
where as usual

DY = {ue LS(R?) :/ |Vul? < —i—oo}, llul|%:,2 ::/ |Vul?.
R3 ]R3

Actually, we can easily check that any family of type {(wi,s *v) : s € R}, with
v € S,,, strongly converges in D2, as s — —o0, to (w1,0). It is sufficient to
observe that

[T :/ V(s %) = 625/ Vo2 = 0
R3 R3
as s — —oo. In particular, this implies that
(B(wi, p1; H") x B(0, p2; D)) N (Sy, x S5,) # 0

for any p1,p2 > 0, where B(u,p; F) denotes the ball in F' (Banach space) with
centre u and radius p.

Before proceeding, we also emphasize that in the previous example there is no
strong convergence in H'(R? ,R?), since [|s x v||p2(rs) = az for every s. This phe-
nomenon is related to the fact that weak convergence in Hrlad (R?) does not imply
strong convergence in L?(R?), and is a source of complications when dealing with
normalization constraints of type (1.2b).

In order to prove Proposition 3.5, we investigate s,,, defined in Lemma 3.3,
for (u1,u2) € (B(wi,p1; H) x B(0, p2; D*?)) NP and determine the asymptotic
behaviour when p;, p2 — 0.

Lemma 3.6. There exist 61 > 0 small and C > 0 such that

0<p,p2<d = |s4]< CPS/Qv
for every (u1,us) € (B(wl,pl;Hl) X B(O,pQ;DLQ)) NnpP.
Proof. On one side, as (u1,uz) € P,

_ 4[}1&3 > [Vu;|?

3.5 1= .
(35) 3 Jpo 224 Bigui
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On the other hand, by the Lagrange theorem there exists £ € (0, 1) such that

4[}1&3 Zz |Vui|2 _ 4fR3 |VU1|2
3fR3 E” ﬂiju?“? 3fR3 ﬂlﬂff

(3.6) 3

4 [oo [Vug|?
(fas Braut + & [os 2812u3u3 + Bozul)
4 (Jas [Vur]* + €]Vuzl?) (fgs 2812uiu3 + Bogu3)
3 (fRs Briui +¢€ fRs 2012u3u3 + 522161)2

The first term on the right hand side is, by definition, exp(s,) (see Lemma 3.3).
In order to estimate the remaining terms on the right hand side, we recall the
Gagliardo-Nirenberg inequality: there exists S > 0 such that

1/2 3/2
/ wt < S (/ w2) (/ |Vw|2> for all w € H'(R?).
R3 R3 R3

Let p1 and py small so that

1 1
(3.7) p2 < min 1,/ |Vw1|2,—/ wip < —/ u‘{g/ wf
R3 4 Jps 2 Jgs R3

for luy — w1l < p1. For (ui,uz) € (B(wi,pr; HY) x B(0, p2; D?)) NP and
£ €(0,1), we have

/|VMF+avMPs3/|vMF,
R3 R3

1/2 1/2
< BaaSas||uz||bhi 2 + 2|Bi2] (/ u‘f) (/ ué)
]R3 ]R3

< BooSas|uz|brs + v/8Saz|Bralllwi ||} lus |2
< Clluz|| 32,

and

}/]1@ Baguy + 2B12uius

hence, replacing po with a smaller quantity if necessary,

1 1
ﬂuu% +§/ 2ﬂuu?u§ + [322u3 > —/ ﬂuwf - Opg/z > —/ ﬁuwil-
R3 R3 2 Jgrs 4 Jgs

As a consequence we obtain

fRS |VU2|2 4”“2H2D12 2
3.8 < 2elipre 2
(3.8) (fRs Briuf + & fRs 2B12u3ud + 5221/21) - fR3 Briwi — P2
and
(3.9) ’ (Jrs IVut]? + €| Vual?) (fgs 2612ufu + Bazu3)
(Jgs Brrut + € [oo 2B12uFu3 + 522113)2

(Jous V01 2) [z 3/2
=¢ Jgs Briw? <Oy

Using (3.5), (3.8) and (3.9), we see that (3.6) becomes

1 — eSu1 +O (p3/2> ,
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which implies the lemma.

Lemma 3.7. For any r1,r2 > 0 there exists 62 € (0, 1] such that if p1, p2 € (0,d2),
then

[Suy *u1 —willgr <71 and  ||Sy, *x uz|prz < 7o
for every (uy,usz) € (B(wl,pl;Hl) X B(O,pg;D1’2)) nP.

Proof. Let 0 < p1,p2 < 61. First of all, by Lemma 3.6 and Lemma 2.7 there exists
§’" € (0,01] so that 0 < py < ¢’ implies
1

HSul * W1 —leHl < 5

for every (u1,uz) € (B(wy,p1; H') x B(0, p2; D*?)) N'P. Now we observe that for
p1 € (0,01) and po € (0,0")
[[8u, *u1 — wil|mgr < ||Suy * U1 — Suy * w151 + ||Suy * w1 — w1l
< max{e®*1, 1}|uy — wi||g + %
< GCPS/201 +%1 <nr
provided p; and po are small enough, and similarly

3/2
[us||pre < e“P2" py < 1y

[[$u, * uz|lpr2 = e
for po small.

Lemma 3.8. Let p1 € (0,02) be fived. There exists 03 € (0, 2] (possibly depending
on p1) such that

(u1,uz) € P 0
inf < ||su, xu1 — w1 ||z | ur € OB(wy, p1; HY) > 71,
Ug € B(O,pQ;D1’2)

and
(u1,us) € P
inf Hsul *U2H'D1,2 uy € B(wl,pl;Hl) > —
U2 € 6B(0,p2;D1’2)

for every ps € (0,93).

Proof. We start with the first estimate in the thesis. Let us suppose by contradiction
that there exist sequences ps, — 0 and

(u1,n, u2,n) € (0B(wy, pr; H') X B(0, p2,n; D)) NP,
such that s, := s, , satisfies
IS5 * w1,n — w1l g2 < p1/2 Vn.

First, from Lemma 3.6 we deduce that s, — 0 as n — oo, and hence by Lemma
2.7 we have s, xwy; — wy strongly in Hl(R3) as n — oo.
Now it is not difficult to obtain a contradiction, using again the fact that s,, — 0:

[$n * U1,n — wi||gr > ||Sn * U1n — Sp * w1l gt — [|Sn * w1 — w1 || g1
=™ ||V(urn —wi)llz2 + lur,n — willp2 —o(1) = p1

as n — 0o, a contradiction.
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For the second estimate in the thesis, we use again Lemma 3.6:

/
$uy * uz]|pre = €1 lug||lpre > e=CP2 py > %

whenever uy € 0B(0, p2; DY2), provided pp > 0 is small enough.
Lemma 3.9. There exist py, p2,C > 0 such that

J(ur,uz) > £ay, ) + C
for every (uy,us) € 0 (B(wl,pl;Hl) X B(O,pg;’Dl’Q)) npP.

Proof. Let (u1,u2) € P, and recall that s,, xu; € My, with M; defined in (3.3).

As a consequence of Lemma 2.3, and using 8 < 0, we obtain
(3.10) J(ur,ug) > J(Su, * (u1,u2)) > 11 (Su; xur) + Io(Sy, * uz).
To estimate the right hand side, we observe that by Lemma 3.4 there exist ps > 0
and C' > 0 such that
(3.11) I(vg) > Cllval|%r  if v € B(0, po; D).
Let p1 > 0 be such that p; < ||wi||g1. By Lemma 3.7 there exists 3 > 0 such that
p1,p2 € (0762) lmphes

Suy * (u1,u2) € B(wy, pr; H') x B(0, p; D'?)
provided (u1,uz) € (B(wy, p1; H') x B(0, p2; D*?)) N P. Now we fix p1 € (0,42),
and next pa € (0,03], with 03 > 0 given by Lemma 3.8. We claim that p; and py
are the desired quantities. To prove the claim, we observe first that the boundary
of B(wy, p1; H) x B(0, p2; D1?) splits as
[0B(w1, p1; H') x B(0, p2; D*?)| U [B(wy, p1; H") x dB(0, p2; D*?)] .
Since sy, * u; € My and €(ay, 1) = inf g, I1, we have by (3.11) and Lemma 3.8
(notice that the lemma is applicable in light of our choice of p; and p2))
J(ul, UQ) > Il(sul * ul) + IQ(Sul * UQ)

(3.12) ) P2
2 Uay, pr) + Cllsuy * uzllpra 2 £ar, pn) + CF

for every (u1,u2) € (B(wy, p1; H) x 9B(0, p2; D*?))NP. On the other hand, using
again (3.11) we deduce also that
J(ug,uz) > I(sy, *u1).

for every (u1,uz) € (0B(w1, p1; H) x B(0, p2; D*?)) NP. We claim that
(3.13)
inf {11 (s, *u1) : (u1,u2) € (0B(wy, p1; H') x B(0, pa; DV2)) NP} > L(ay, pa).
Indeed, the Lemmas 3.7 and 3.8 yield
% < lsuy xur —wil[mr < 1

for every (u1,uz) € (0B(w1, p1; H) x B(0, p2; D*?)) NP, so that the left hand side
in (3.13) is larger than or equal to

inf{Il(u) : ”—21 < lu—wil|g < p1, ue Ml}.

If by contradiction this infimum is £(aq, 1), then there exists a bounded sequence
{un} C My with ||u, —wi||gr > p1/2 such that I1(u,) — €(a1, p1); that is, {u,}
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is a bounded minimizing sequence for I; restricted to M;. By Lemma 3.1 we infer
that u, — u strongly in H'(R?), where by strong convergence u minimizes I; on
M. Notice that

[u—wi|lg < p1 < Jwr|ar < flwr = (w))[a;

this rules out the possibility that © = —w1, so that by Proposition 3.2 necessarily
u = wy. But on the other hand, always by strong convergence, ||u — w1 | g1 > p1/2,
a contradiction. This proves claim (3.13), which together with (3.12) and (3.10)
gives the thesis.

In order to complete the proof of Proposition 3.5, the idea is now to define
a convenient minimax class of paths connecting two pairs (u1,us) and (v, vs),
sufficiently close to (w1, 0) and to (0, ws) respectively. The problem is that, at least
for § < —,/pipz, it is not clear whether the set P is connected by arcs, and in
particular it is not clear if an arc connecting (u1,ug) and (v1,vs) does exists. In
the next lemma we conveniently choose (u1,uz) and (vi,v2) so that they lie in the
same connected component of P.

Lemma 3.10. Let p1, p2 be defined in Lemma 3.9. For every € > 0 there exist
(u§,us) € (B(wi,p1; H') x B(0, py; D)) NP
(v1,05) € (B(0, p1;D"?) x B(ws, p2; HY)) NP
with the following properties:
(i) (u§,u§), (v§,v5) € C(R3,R?) and us,v > 0 in R3 for both i =1,2.
(i1) u§ug =0, v§v§ =0, and usvs = 0.
(t32) J(u§,us), J(v5,v5) < l(ag,p1) +e.
(iv) There exists v = (y1,72) : [0,1] — P, continuous with respect to the
H'-topology, such that v(0) = (u§,u§), v(1) = (v5,v5), and moreover
Y1 (t)y2(t) = 0 in RN for every t € [0,1].
Proof. Let e > 0 be fixed. Arguing as in the proof of Theorem 2.1-(7), we can check
that there exists {u1,} C C°(R?) N My strongly convergent to w; in H'(R?) as
n — 00; moreover, since wy > 0 in R3, it is not restrictive to suppose that Ul >0

in R? for every n sufficiently large. By continuity, we can take uj ; with 7 very
large, so that

5
(3.14) Ii(urn) < lar, pa) + 3>

The support of u; 7 is contained in Br(0) for some positive R > 0.
Let us now consider u € S” | u > 0 in R3, with support in A(0;2,3), the annulus

a’

of center 0 and radii 2 < 3, and define
Uz,m(z) = ((—m) *xu)(z) = e3m 2y (e ™).
Then us ,;, — 0 strongly in D2 as m — oo, and supp ua ,, C A(0;2e™, 3e™), as
Supp ug,m = {2 < le”™z| < 3} = {2 < |z| < 3™}
tg.ml|Hr.2 = 2™ ||ul|51: — 0 as m — o0o.
In particular, there exists m very large so that

supp ug,m N Br(0) = 0 for every m > m.
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Let Sm 1= S(uy.,,uz.m) D€ defined by Lemma 2.3 (we remark that s,, is well defined,
since by construction (us s, u2,m) € €, with £ defined in (2.4)). Since

4«fR3 |VU17ﬁ|2 -1
3 fRS ﬂlluiﬁ

and us ,,, — 0 in D2, it is possible to repeat step by step (with minor changes)
the computations between (3.6) and (3.9), obtaining

Uln € M,y —

sm = O(|Jug,m|32,)  as m — oo.
Now, s, x u2,m — 0 strongly in D12 as m — +oo, since
(|8 * U2, D12 = €™ lug,m||pr.z.

Therefore, by continuity (with respect to the D2 topology)

Ly (Sm *xug,m) < %
for any m > m, with m > m sufficiently large. Observing that by construction
Sm * 1,7 and Sp, * Uz, have disjoint support, that Iy (sm *u1 ) < I1(u1,a) (see
Lemma 3.3), and recalling (3.14), we finally conclude

J(8m * (1,7, u2m)) = T1(Sm *u1,a) + T2(Sm * uz m)
< Li(u1,)+ % <l(ai,pm)+e

for any m > m. We set (u§,u§) := m * (u1,7,u2,m), and for future convenience we
denote by R, a radius such that suppus. C Bg_(0).

The existence of (v§,v5) can be proved in a similar way. We first take vy 5 €
C(R3) N My close to wy in H', supported in Bg/(0) for some R’ > 0. Then we
set v1,m = (—m)* v, where v € S} is a function with suppv C A(0;2,3). There
exists m so large that

Suppv1,m N Br/(0) =0 and also suppvi,, N Bg. (0) =0
for every m > m. Now we can proceed exactly as before, obtaining in the end a
pair (v§, v§) with
J(vi,v3) < Ll(az, p2) + € < lax, 1) + €
(recall condition (3.4)).

So far we proved the existence of (u5,u§) and (v§,v5) satisfying ()-(ii¢) of the
thesis. It remains to prove (iv). To this purpose, it is sufficient to find a path
55 [0,1] = & with 5(0) = (uf,u5), 5(1) = (v,05), and F1(B)3>(t) = 0 in RV
for every t € [0,1], where & was defined in (2.4). Indeed if such a 4 does exist,
then the path «(t) := s5(;) x 7(t) satisfies all the properties in point (iv) of the
lemma. For the continuity, we observe that (u1n,u2,) — (u1,u2) in H*(R3)
implies Sy = S(u; o us.0) — S(ui,uz) =: Soo- Thus, Lemma 2.7 yields

Hsn*ulm — Soo*ulHHl —0

as n — 0o, and the same holds for the second component.
In order to define 7, we set

(1 — t)ui + tv% €
t) = tel0,1
0= (wgr ot pagld) el
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Since (ii) of this lemma holds true, o1 (t) € £ and o 1(t)o1 2(t) = 0 in RY for every

t €10,1]. Now we set
1 —t)us + tvs
oa(t) = (vf,az ( )1:2+ 22 )
(1= t)us + tvs ]|
and again we note that oo(t) € £ and 09,1 (t)o22(t) = 0 in RY for every ¢ € [0,1].

The path
(1) = {01(2t) tefo0,1]

t e 0,1],

oa(2t—1) te[3,1]

is then a continuous path on & connecting (u§,u§) with (v§,v5), and such that
1 (#)72(t) = 0 in RY for every t € [0, 1]. O

Proof of Proposition 3.5. Let p1, po and C be defined in Lemma 3.9, and let 0 <
e < C/2. For such an & > 0, thanks to Lemma 3.10 we find (u§,u$) and (v§,v§).
Let now P be the connected component of P containing (u§,u§) and (v§,v§) (the
existence of P follows by Lemma 3.10-(iv)). Recalling Lemma 2.2, we have that P
is a complete connected C! manifold without boundary. We introduce the minimax
class
I':= {FY ecC ([Oa 1],77) :7(0) = (ui,u3), (1) = (ugvug)} )

and the associated minimax level

:= inf J(v(t)).
¢:= Inf max (v(t))

It is clear that for any v € I' there exists ¢ € (0,1) such that
~(t) €D (B(wl,pl; HY)n B(0, pg;D1’2)) npP,

so that Lemma 3.9 and the choice of € permit to apply the minimax principle [20,
Theorem 3.2]: we deduce that for every minimizing sequence {v,} C T for ¢, there
exists a Palais-Smale sequence { (@1, @2.,)} of J on P at level ¢, such that

(3.15) dist g1 ((41,n, U2,n), ¥ ([0,1])) = 0 as n — oo.

Since J and G (see (1.5)) are even and (u§, u§) and (v5, v§) have both non-negative
components, we claim that it is not restrictive to suppose that 1, (t), v2,n(t) > 0
a.e. in R3, for every n, for every t € [0,1]. To prove the claim, we show that
if v € T, then also |y| := (|7, |2]) € T. It is clear that |y| is continuous and
|7(t)| € P, but we have to prove the stronger assertion |y(t)| € P. Let us define,
for ¢t € [0, 1],
o1(7) = (L= 7)) and 02(7) = [yl

with 7 € [0, 1]. Setting

R o1(7t) TE [O, %]
(7:1) = {02((27— nt) 7e€[3,1],

we have a continuous path in P connecting ~(t) with |y(¢)|. Hence (t) and |y(¢)]
live in the same connected connected component of P. Since this holds for every ¢,
we conclude that || € T', as desired.

The fact that v n(t),v2..(t) > 0 a.e. in R3 together with (3.15), imply that
u; , — 0 ae. in R3. The rest of the proposition follows now by Theorem 2.1, with
the exception of the uniform boundedness of ¢ = cg with respect to 8. To this
purpose, let us denote by Pg the natural constraint defined in (1.6) for a prescribed
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value of 3, and by Jj3 the associated energy functional. Let us consider the path ~y
constructed in Lemma 3.10. Since 71 (t)y2(¢t) = 0 in RN for every t € [0, 1], we have
that v(t) € Pgs for every t € [0, 1], for every S < 0. As a consequence, by definition

< Ja(v(t)) =:C
cp < max, 5(7(1))
with C' > 0 independent of S. This completes the proof.

3.3. Convergence of the Palais-Smale sequence. In order to complete the
proof of Theorem 1.1, we have to show that the Palais-Smale sequence {(u1,p, u2,n)}
strongly converges in H'(R3,R?) to a couple (i1, iiz), solution of (1.2a) for suitable
A, A2 < 0. Once that this is done, we observe that by strong convergence (i1, U2)
fulfills also (1.2b), and hence (@1, @iz, A1, A2) is a solution to (1.2), as desired.

For the strong convergence, we adapt the argument used in the last part of the
proofs of Theorems 1.1 and 1.2 in [9]. Since (uqp,u2,) € P, arguing as in [9,
Lemma 3.7] we deduce that {(u1 n,us,,)} is bounded in H'(R? ,R?), and moreover
there exists C' > 0 such that

/ |vu1,n|2 + |VU2,n|2 >C for all n.
RS

Hence, up to a subsequence (uqn,us2,,) — (41, 4s) weakly in H', strongly in L*,
and a.e. in R® (we recall that the embedding H!  (R®) < L*(R3) is compact),
and in particular @,z > 0 a.e. in R®. Since dJls,, xs,, (t1n,t2n) — 0, by
the Lagrange multipliers rule there exist two sequences of real numbers (A ,,) and

(A2,n) such that
(3.16) Z/RS Uiy - Vi Wi
=3 [ Bty + pitsn) = oDl v o2 i
i

for every (p1,¢2) € H'(R? R?), with o(1) — 0 as n — oco. For more details we
refer to [8, Lemma 3.2]. In light of (3.16), we can check as in [9, Lemma 3.8]
that up to a subsequence A;,, = A; € R for ¢ = 1,2, and at least one limit value,
say A1, is strictly negative. Moreover, thanks to [9, Lemma 3.9], we know that if
Ai < 0, then necessarily u;,, — 4; strongly in H'. Hence, to complete the proof
of the strong convergence (uj n,u2,) — (1, U2), it remains to show that also Ag
is negative. In [9] we used in a decisive way the assumption § > 0, and hence we
have to modify our argument in the following way. First, we notice that by (3.16)
and weak convergence (i1, U2) is a (weak, and by regularity classical) solution to

(317) —Al_l,i - /\Zl_l,z = Ei,j ﬂ”ﬂlﬁf ?Il RB

u; >0 in R3.
Being A1 < 0, we deduce the following decay property for .
Lemma 3.11. There exists o,y > 0 such that

T 1+]z|?

a1(z) < ae™ for every x € R®.
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Proof. Tt is well known that radially symmetric H! continuous functions uniformly
converge to 0 as |x| — 400, see e.g. [5, Lemma 3.1.2]. Thus, we observe that

—Auq + q(:c)ﬂl =0 in Rg,
where
A
q(x) = =M1 — Buatiy — iy > |—21| for |z| > M,
provided M is sufficiently large. Let oo > 0 to be determined, v € (0,]A1]/2), and
z(z) == ae” VIl
By direct computations
—Az+vz>0 imIRN7
so that

—A(z—u1)+7(z—u1)2('A—21|—7>u120 for |z| > M.

We can also choose « so large that z > @y for || < M. Therefore, testing the
previous inequality with (z — ;) ~, we deduce that @; < z in RV, ([l

Now we focus on the equation satisfied by s:
—Alig = \olig + ot — c(x)lip  in R3
Ug >0 in Rs,

with ¢(x) = |B|a?(x) > 0. If Ay > 0, we have then that uy satisfies in weak sense a
problem of type

—Aw+ c(z)w >0 in R3
(3.18) w>0 inR3  with 0<¢(x) <CeCll
w € H(R3),
for some C' > 0. We need a Liouville-type theorem for this class of problems.

Lemma 3.12. If w satisfies (3.18), then w = 0 in R3.

Proof. We suppose by contradiction that w # 0, so that by the strong maximum
principle w > 0 in R3, and we set v(x) := |z|™® =7~ with 1 < a < 3/2. Then

—Av (@) < a(l—a)r 2+ Cem T <0

for every r > ro with 7o sufficiently large. Since w > 0 in R3, there exists Cy > 0
such that

agiil(lO) w=Cory ™.
Letting ¢ := w — Cory @, we claim that
(3.19) >0 inR*\ B, (0).
To prove the claim, we observe that

—Ap+c(r)p >0 inR3\ B, (0)
>0 on 0B,,(0).
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Then, we test the first equation with ¢~ n%, where {nr} is a family of C2°(R?) such
that ng = 1 in Bg(0), ng = 0 in R® \ Br11(0), and |Vng| < C for some positive
constant C independent of R. We obtain

/ Vo2 + efa)(o7)? < / V(o) + efz) (o~ n)?
Br(0)\ By (0) R3\ By, (0)

< / (e )?|Vnrl* < C (™),
Br+1(0)\Br(0) Br+1(0)\Br(0)

and passing to the limit as R — +oo we deduce, thanks to the L2-integrability of
w, that

o< [ Ve P ela)e ) <o
R3\ By, (0)

Since ¢ > 0 by assumption, claim (3.19) follows.
At this point it is not difficult to conclude. Indeed, on one side w € L?(R?), but
on the other side

+oo
/ w? > / Cola| 2% dx = COO/ 2179 dr = 400,
R\ Br, (0) R3\ By, (0) 0

since a < 3/2. This gives a contradiction and completes the proof. (|

Conclusion of the proof of Theorem 1.1. We observed that, if Ao < 0, then nec-
essarily ug,, — Uz strongly in H!(R3), and hence the proof is complete. Let us
suppose by contradiction that As > 0. Then by Lemma 3.12 we deduce that @, = 0,
so that w; is radial and solves

At — Mg = /1,1’(7% in R3
(3.20) w1 >0 in R3
Jgs 4l = ai.

We infer that i, € My, ., , and moreover, by the uniqueness of the radial positive
solution to (3.20),

Ty, (1) = £(ax, ).
Notice also that, as @1 € Mg, 4,

_ U1 _
i) =5 [t

In the same way, since (u1,,u2.,) € P,
J(ul,n7u2n = / ﬁz] in ])

Thus, by the strong L*-convergence (ulm, ug,n) — (@1, 0), the level ¢ of the Palais-
Smale sequence {(u1 n,u2n)} is

o= Jim o) = lin 532 [ Bl
(3.21)

= % 1_1’411 = I#l (ﬂl) = é(ala:ul)a
R3

in contradiction with the fact that ¢ > ¢(a1, 11) (see Proposition 3.5).
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3.4. Phase-separation. In this subsection we prove Theorem 1.2, and we use
the subscript 5 to emphasize the dependence of all the considered quantities and
functions with respect to .

Due to the uniform bound cg = J3(t1,8,%2,3) < C (see Proposition 3.5), the
proof follows a well understood scheme. Since (4 g,u2,3) € Ps for every 3, we
have

1
Totinprng) = g [ [V ol? + [Vaasl

and hence {(u1,3,u23)} is bounded in H'(R3,R?). Testing the equation (1.2a)
with (@1 g, l2,g), this implies the boundedness of the sequences {1 g} and {2 3}.
Moreover, observing that

—Auip < pgily  in RY,
through a Brézis-Kato argument we can check that uniform boundedness in H'(R3, R?)
implies also uniform boundedness in L>(R3, R?) (see [48, page 124] for a detailed

proof, and [11] for the original argument). At this point, the rest of the proof
follows directly by the general theory developed in [34,43,44,49).

4. A NATURAL CONSTRAINT FOR SCALAR EQUATIONS

In this and the next sections we deal with the scalar problem (1.7):

—Au—Xu= f(u) inRY

u>0,u€ H(RY)

fRN u? = a?.

Solutions (A, u) to (1.7) are obtained as critical points of the functional I, defined
in (1.8), on S,. Let us recall the definition (1.10) of G in this context:

Gwy:= [ wur = [ (Frwu-vrw)
- /RN vl 5 /RN F(u).

Then we set M := {u € S, : G(u) = 0}. It is known that, thanks to the Pohozaev
identity, any solution to (1.7) stays in M (see [22, Lemma 2.7]). The purpose of
this section consists in proving a strong version of Theorem 1.5.

Theorem 4.1. Under (f1)-(f3), the set M is a C' manifold, and moreover:

(i) If {un} C C(R®)NM is a Palais-Smale sequence for I restricted to M at
a certain level £ € R, then {un} is a Palais-Smale sequence for I restricted
to S,.

(it) If there exists a Palais-Smale sequence {i,} for I restricted to M at level
¢ € R, then there exists a possibly different Palais-Smale sequence {u,} C
C(R3) for I restricted to M at the same level £ € R. Moreover ||, —
Uinllgr — 0 as n — oo.

(iit) If there exists a Palais-Smale sequence {un} for I restricted to M at level
¢ € R, then there exists a possibly different Palais-Smale sequence {u,} C
CX(R3) for I restricted to S, at the same level £ € R. Moreover ||, —
Uinllgr — 0 as n — oo.

(tv) Let u be a critical point of I restricted on M. Then u is a critical point of
I restricted on Sq, and hence a solution to (1.2).
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The proof of this theorem is divided into several intermediate lemmas.

Lemma 4.2. The set M is a C' manifold of codimension 1 in S,, hence a C!
manifold of codimension 2 in H*(R™).

Proof. As subset of H'(RY), the constraint M is defined by the two equations
G(u) =0, G1(u) = 0, where
G1(u) := a® —/ u?,
R3

and clearly G and G are of class C!. We have to check that
d(G1,G) : HY(RY) = R? is surjective.

If this is not true, dG(u) and dG;(u) are linearly dependent, i.e. there exist v € R

such that
N ~
2/ Vu-V(p——/ F/(u)ga:21// up
RN 2 Jp~ RN

for every ¢ € H'(R™). This means that u is a solution to

{—Au —vu= %ﬁ"(u) o R3
Jpa v = a? 7

Thanks to [22, Lemma 2.7], we infer that

[owae= [ (-2 Fw).

Since u € M, this gives
N ~ N2 N? -
— F(u) = / —F'(uw)u— —F(u) ],
2 RN RN 8 4
in contradiction with (f3) and the fact that u € S, (and hence u # 0 in RY).

Let us introduce some notation, similar to that of Section 2. For u € S, and
s € R, we define

(s u)(z) := eV ?u(e’z),

so that ||s x ul|L2@~) = [Jul|2@yy. We also consider

2s
2 RN eNs RN

The study of ¥, is the object of the next lemma, for which we refer to [22, Lemma
2.9].

Lemma 4.3. For any u € S,, a value s € R is a critical point of V., if and only if
sxu € M. Moreover, for any u € S, the function VU, has a unique critical point
Su, which is a strict mazimum.

Remark 4.4. We observe that assumption (f3) is used in [22] to prove the unique-
ness of s,.

Lemma 4.5. The map u — s, s of class C'.
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Proof. The value s, can be found solving the equation ¥/ (s) = 0, i.e.
N -
/ e®|Vul? — =e N (N 2u) = 0.
- 2

Thanks to (f3), it is not difficult to check that the assumptions of the implicit
function theorem are satisfied. O

In the next lemma we obtain a description of T, S, for u € M, similar to the
one in Lemma 2.4.

Lemma 4.6. For any u € M NCX(RY), we have

T,S. =T, MDR i
ds

(sxu).
s=0

Proof. The proof is similar to that of Lemma 2.4, and hence is sketched. We have
to show that
d

7 (s *u) € TySy \ Ty M.

s=0

For any u € C°(RY)

d

N oo
| (xu)@) = Sul@) + Vu() - € CF(RY),

s=0
and hence it is easy to check that %(s*u)‘szo € T,S,. Using the divergence
theorem as in Lemma 2.4, we also obtain

dG(u) [i (s*u)] = 2/ |:E|VU|2+VU'V(VU~I):|
ds s=0 RN 2
N[ -, (N
. RNF(u)(;u—l—Vu-:z:)
2 2
= 2/ |Vul? — N—/ F'(u)u + ol F(u).
RN 4 Jgn 2 Jr~

Since u € M, this implies that

4G(u) [d% (5% u)}

s=0
N? ~ N? ~

=|N+— F(u) - — F'(u)u < 0,
2 RN 4 RN

where we used assumptions (f2), (f3), and the fact that u # 0.

Lemma 4.7. If u € C°(RY)N M, then

d

e

s=0

The proof is an easy consequence of the definition of M, see Lemma 2.6 for more
details.



27

Conclusion of the proof of Theorem 4.1. We only prove point (i). Let {u,} C
CX(RY) NP be a Palais-Smale sequence for I|y. We denote by (7,S,)* the dual
space to T,,S,, and by || - || the H'(RY) norm. In view of Lemma 4.6, we have:

1A (un) (7, 5,)+ = sup{|dI(un)[@]] : ¢ € TuSa, || <1}

_ o= 0+, ol <1
= sup { a1l + il 522N S0

Now dI(uy,)[¥)] = 0 by Lemma 4.7, and hence

I (un)l(z, (s.))* = sup {|dI(un)[¢]] : ¢ € TP, [|¢]| <1}
= |ldI (un)|l(z, A)- — 0

as n — oo, since {u,} is a Palais-Smale sequence for I restricted to M.

5. EXISTENCE AND MULTIPLICITY OF SOLUTIONS TO (1.7)

This section is devoted to the proof of Theorem 1.4. We are interested in the
existence or radial solutions, and hence throughout this section we will always work
in S]. This simplifies some compactness issues. As a consequence of Theorem 4.1,
the existence of solutions to (1.7) reduces to the existence of critical points for I
restricted to M. The main advantage is that, in contrast to I restricted on S,, the
functional I restricted to M satisfies the Palais-Smale condition, and is bounded
from below. Thus, the Lusternik-Schnirelman theory yields infinitely many critical
points. This idea is rigorously developed in what follows.

We denote by caty/o(M) the equivariant Lusternik-Schnirelman category of M
with respect to the antipodal action of Z/2, and by genus(M) the Krasnoselskii
genus of M. For the definitions and the properties of catz/, and genus we refer
to [6, Section 2] (there it is considered a much more general setting with respect to
the one considered here; an easier reference for the genus is [3]).

Notice that both I, G and G; are even functionals, and hence the problem is
invariant under the action of Z/2.

Lemma 5.1. It results that catys(M) = +o0.

Proof. Tt is well known that catyz /(M) > genus(M), see for instance [6, Proposition
2.10]. Therefore, we can prove that genus(M) = +o0o. Let V C HY(RY) with
dimV =n, and let SV := VNS?.. Notice that genus(SV) = dim V' = n (this follows
for instance by [3, Theorem 10.5]). We show that there exists a map ¢ : SV — M
continuous and odd, whence by [3, Lemma 10.4] we deduce that genus(M) >
genus(SV) = n; since n is arbitrary, the thesis follows.

The explicit expression of I(sxu) (see (4.1)) and the oddness of f ensure that
the map SV > u+ s, € Ris even: s, = s_,. It is also continuous by Lemma 4.5.
The map ¥ (u) = s, * u is then odd because

V(—u) = s_y * (—u) = =8y xu = —1p(u),

and it is also continuous due to Lemma 2.7.

Now we describe the properties of I on M. We shall use many times the following
inequalities, which can be easily proved using assumptions (f1) and (f2): for every
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t € R and s > 0 there holds

51) {sﬁF(t) < F(ts) <s°F(t) ifs<1
sYF(t) < F(ts) < s°F(t) if s> 1.
We also recall the Gagliardo-Nirenberg inequality: There exists a constant S de-
pending on N and on r € (2,2%) such that
(5.2) lullr < S||u||;7||Vu||z2 for all u € H*(R");
here v = N(% — %)

Lemma 5.2. There exists § > 0 such that ||u||pr.2 > 0 for every u € M.

Proof. Since F(s) > 0 for every s € R and by (f2), for u € M we have

N N
[wup <3 [ suus N5 [ P
]R3 2 R'i 2 ]R3
<P P+ F(u)
{|u|<1} {|u|>1}
Nj o N8
<P P+ 22 F(1)[ul?
{|u|<1} {|u|>1}

= C/ ful® + Jul?,
]R3

where we used (5.1). To estimate the right hand side, we apply (5.2) with r = «
and r = 3, obtaining

Nig Noa
IVul3: < CIVul 272 + O vul 2772,

2
Now due to (f2) we know that both N(«a —2)/2 and N(8 — 2)/2 are strictly larger
than 2, and hence the lemma follows. O

Lemma 5.3. The functional I restricted to M is coercive and bounded from below
by a positive constant.

Proof. By (f2), we infer that for any v € M
(5.3) / Vul? < 5/ fwu< Y [ p).
R3 2 RN 2 RN

Therefore, using again (f2)

I(u) = % [ S <¥) /RN Flu) = %/RN (f(u)u - (2 + %) F(u))

N 4 1 4
Zz<a—2—N>/RNF(u)Z%(a—Z—N)/RN|Vu|2

for any u € M. Now Lemma 5.3 follows from Lemma 5.2.
Lemma 5.4. The Palais-Smale condition is satisfied by I constrained to M.

Proof. Let {t,} C M be a Palais-Smale sequence for I|, at some level ¢ € R
(notice that automatically ¢ > 0 by Lemma 5.3), and let {u,} C M NCZ(RY)
be the possibly different Palais-Smale sequence given by Theorem 4.1-(47). It is
sufficient to show that {u,} converges strongly in H'(RY) to some limit, up to a
subsequence.
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By Lemma 5.3 {u,,} is bounded, and hence up to a subsequence u,, — u weakly
in H'(R?), for a suitable v € H*(RY). Moreover, due to Theorem 4.1 and the
Lagrange multipliers rule (see also [22, Lemma 2.5] for more details), we have

[ (Tt Vo= Flan)o = Aatine) = o1 el

for every p € HY(RY), where o(1) — 0 as n — oo and \,, € R. Taking ¢ = u,, and
recalling the definition of M, we deduce that

M&:AJWwﬁ—ﬂwmw+dD

< /RN <<¥> Flun)n — NF(un)> +o(1).

Let N > 3; using assumption (f2), estimate (5.3) and Lemma 5.2, the previous
computation gives

Apa? < /RN (%) (ﬁ - N2—]j2> F(un) +0(1)

< C'/ |Vu,|? < -C < 0.
RN

If N = 2, the same conclusion follows using simply estimate (5.3) and Lemma 5.2.
Notice also that {\,} is bounded (since {uy} is), and hence up to a subsequence
An = A <0,
The conclusion of the proof follows from now on exactly as in [22, Section 2.4]. O

Proof of Theorem 1.4. Due to Lemmas 5.3 and 5.4, we can apply the Lusternik-
Schnirelman Theorem 2.19 in [6]; this, together with Lemma 5.1, completes the
proof of existence and multiplicity. We also observe that the minimizer for I|,q can
be taken positive, because u € M implies |u| € M and I(u) = I(|u]). O

Remark 5.5. Theorem 2.19 in [6] is stated for C! functionals on C?~ manifolds,
while under our assumption M is merely C'. This is not a problem, as observed
in [6, page 21], since the Szulkin’s approach developed in [47] permits to replace
the C2~ assumption in [6] with simple C' regularity.
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