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ON A NONLINEAR SCHRODINGER SYSTEM ARISING IN
QUADRATIC MEDIA*

ADAN J. CORCHO'!, SIMAO CORREIA}, FILIPE OLIVEIRA!, AND JORGE D. SILVAY

Abstract. We consider the quadratic Schrédinger system
g+ Ay ut+av=0
{int—l—Afmv—Bv—F %u2:0, teR,z€R? xR,
in dimensions 1 <d <4 and for ~1,7v2 >0, the so-called elliptic-elliptic case. We show the formation of

singularities and blow-up in the L2-(super)critical case. Furthermore, we derive several stability results
concerning the ground state solutions of this system.
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1. Introduction
In this paper we consider the quadratic Schrodinger system

tug+ Ay u+uv=0

(1.1)
2ivt+Amv—ﬁv+%u2:0, teR, 2 cRY xR,

where d <4, 5,71,72 €R and A7:8§1+---+8§d+782

Td41"

This system arises as a model for the interaction of waves propagating in y (2
dispersive media. In the case of electromagnetic waves, these media are characterized
by a polarization vector P of the form

P =eox™M (wo)€ +x@ (wo)E2.

Here, ¢g is the vacuum permittivity, £ represents the electric field and wq its angular
frequency (see [2] for a rigourous derivation of (1.1) from the Maxwell-Faraday equa-
tion and Ampere’s Law). In fact, the quadratic Schrodinger system (1.1) governs the
dynamics of propagation in x(®) media in other physical contexts, namely in nonlinear
optics (see for instance [10-12]). We observe that the case of propagation in ) cen-
trosymmetric media, which gives rise to the Kerr nonlinearity (and hence to Schrodinger
equations with cubic nonlinearities), has been the subject of intense mathematical re-
search in the last fifty years. Despite the similarity between the two models, very few
mathematical results concerning quadratic systems are available in the literature.
Very recently, in [2], a rigorous mathematical study of (1.1) was undertaken in
the L?—subcritical case (d <2). After establishing the global well-posedness of (1.1) in
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H'(R¥*1), the authors turn their attention to localized solutions, deriving conditions for
their existence (or non-existence). Furthermore, when ~;,v2 >0, the existence of ground
states is shown using the concentration-compactness principle due to P.L. Lions [9)].
Finally, for d=2 and §=0, the authors prove the orbital stability of these ground
states.

Before stating the main results of the present paper, we continue this introduction
by making some considerations about system (1.1) and its localized solutions. Using
standard methods, for d<4 (that is, in the H'—subcritical case) the following local
existence result can be obtained:

THEOREM 1.1 (Local well-posedness). Let d<4. The IVP (1.1) with initial data
(ug,v0) € HY (R x HY(RHY) admits a unique mazimal solution

(u,v) € C([0,T%); H (R x H'(RHT)).
If T* <400 then
lim [|Vu(t)|[3+ || Vo ()3 =+oc.
t—T*

Also, the following quantities are formally conserved by the flow of (1.1): the mass
M(u(t),v(t)):/ (|u(t7x)|2+4\v(t,x)\2)daz (1.2)
Rd+1
and the energy
B(t0) =3 [ (Vutto), + Vol
Rd+1
+Blu(t,z)? —Re(az(t,x)v(t,x)))da:, (1.3)

where

|vf|'2y: ‘azl-ﬂg—’_”'—’_|azdf|§+’y|afvd+1f|g'

REMARK 1.1. For d=3 consider the case v =72 =1 and let Cgy the best constant
for the vector-valued Gagliardo-Nirenberg inequality

e [ o< ulallolls <¢ ([l +aoR) " [ (I9uf+1902).

Then, from (1.3) and (1.2) we have
/(|Vu|2+\w|2):2E(u0,v0)—ﬁ/|v|2+Re/a%
§2E(u0,v0)—ﬁ/|v|2+CGNM%(U0,UO)/<|VU|2+|VU‘2>
:2E(u0,v0)ng(uo,Uo)+§/|u|2

“FCGNM%(UO;UO)/ (|VU\2+ |VU|2)~

Thus, the local solutions given in Theorem 1.1 can be extended to any time interval
[0,77] for all data verifying M (ug,vo) < 1/C% . In particular, this condition implies that
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(1) E(ug,v0)>0 when 5>0,
(ii) 8E(ug,vo) > BM (ug,v9) when 8 <0.

Moreover, we can conclude from Lemma 4.1 of Section 4 that 1/CéN:M(PO,Q0),
where (Py,Qo) is a ground state of the system.

1.1. Main results. Now we state the main results obtained in this work. In Sec-
tion 2, using the invariants (1.2) and (1.3), we compute two virial identities which yield
the following blow-up results in the L2-critical and supercritical cases. Our theorems
generalize prior results obtained in [8] in the case §=0 and v, =2 for d=4.

For L2-critical interactions the result reads as follows.

THEOREM 1.2 (Blow-up, d=3). Consider the IVP for system (1.1) with d=3, 1=
y2:=7>0 and initial data (ug,vo) € (H(R*)NL2(RY,|x|>dx))?. Let

(u,0) € C([0,7): (H' (RN LR, |o 2 de))?)
be the corresponding mazimal solution. Assume in addition that
E(ug,v9)<0 and (>0 (1.4)
or
8E(ug,vo) < BM (ugp,v9) and [<0. (1.5)
Then T* < oo and tl_ig}* | Vu(t)||3 = +o0.

REMARK 1.2.  We highlight two important points:

(a) Notice that the above result guarantees that there will be certainly formation of
singularities in the component u of the system under conditions (1.4) and (1.5).

(b) For d=3, Theorem 1.2 and Remark 1.1 imply that M (ug,ve) =M (P,Q), where
(P,Q) is any ground-state for the system with =0, is the threshold for blow-up
behaviour. Moreover, when 5=0, using the pseudo-conformal transformation, one
may exhibit a blow-up solution with critical mass (along the lines of [13]). For
B #0, the pseudo-conformal transformation is not available. The existence of blow-
up solutions with critical mass remains an interesting open problem.

THEOREM 1.3 (Blow-up, d=4). Consider the IVP for system (1.1) with d=4,
1,72 >0 and initial data (ug,vo) € (HY(R®)NL3(R3, |z, |*dz))?, where x| = (x1,...,24).
Let
(u,0) € C([0,7): (H' (%) N LA (R, Jo 1 de))?)
be the corresponding mazimal solution. Assume in addition that
E(ug,v0) <0 and >0 (1.6)
or
8E(ug,vo) < BM (ug,v9) and S<0. (1.7)

Then T < cc.
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REMARK 1.3. Data satisfying negative energy is a natural blow-up condition for this
model, but this is not the case for the conditions given in (1.5) and (1.7). Notice, how-
ever, that initial data satisfying this new hypothesis may be easily built in the following
way: let U € H'(R*!), U > 0. Setting ug=vo =AU, A€R, a simple computation shows
that, for large A, one has 8E(ug,vy) < 8M (ug,vo).

For v1,7v2,w,4w~+ 3 >0 (see [2]), the system (1.1) admits localized solutions of the
form

u(t,z) = P(x)e™?, v(t,x) =Q(x)e*™". (1.8)
The functions P and @ satisfy the system

—~wP+A,, P+PQ=0,
{ K @ (1.9)

—(dw+B)Q+A,,Q+iP*=0.
Let us denote by B the set of all bound states, that is, the set of all solutions (P,Q) €
H:=H'(R¥*1) x HY(R4H1) of the stationnary system (1.9).
We will say that a bound state (P,Q) is a ground state if (P,Q) minimizes the action
S(u,v) = E(u,v)+wM (u,v) (1.10)
among all bound states. That is, denoting by G the set of all ground states, we have

(Po,QQ) €EG+—= (PQ,QO) € B and S(Po,Qo) SS(P,Q) for all (P,Q) €B.

Now, define
I(u,v) := K (u,v) +wM (u,v),
J(u,v) ::Re/ w?vdz,
Rd+1
where

K(u,v):/RdH (IVu(t.2) 2, + Vo (t.2) 2, + Blo(t,2) ) dz,

and consider the problem

inf{[(u,v) : (U,’U)GW(}DO’QO)}, (1.11)
where
~ 2
Wps,Q0) = {(u,v) €H: J(u,v) :Re/ P Qodx}.
Ra+1

The existence of minimizers of (1.11) was proved in [2] as well as that they are
ground states. Furthermore, it is easy to prove, using arguments similar to those of [3,
Lemma 9] that (Py,Qo) € G if and only if (Py,Qp) is a minimizer of the problem (1.11).

In Section 3 we will show the following instability results concerning ground states
in the L2-critical and supercritical cases:
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THEOREM 1.4 (Strong instability). Lety1 =2 >0, =0 and d=3. Let B be the set
of all bound states of (1.9). Then B is unstable in the following sense: given (P,Q) € B,
there exists a sequence Xo  — (P,Q) in H such that, for all k, the solution Xj, of (1.1)
with initial data Xo 5, blows up in finite time.

THEOREM 1.5 (Weak instability). Let v1,72 >0, d=3 and 8#0 or d>4 and B€R.
For (P,Q) € G, we consider its orbit

5={(6.9)[P,Q1=(e"P(-+1),**Q(-+y)) : f R, y e R},

Then X is weakly unstable by the flow of (1.1), in the following sense: there exists € >0
and a sequence Xo  — (P,Q) in H such that

o The solution X (t) to (1.1) with initial data Xo i, is global and bounded in H;

e For all k, T,;“zsup{TZO:VtE[O,T],Xk(t)EE€}<+oo, where X, is the e-
neighbourhood of 2.

The proof of Theorem 1.5 closely follows the arguments in [6], which in turn are
based on the ideas developed by the seminal work of Grillakis, Shatah and Strauss [7].

In what concerns stability of ground states, the proof in [2] follows the argument
of Cazenave and Lions for the stability of ground states of the nonlinear Schrédinger
equation, by showing that the solutions of the minimization problem

inf { E(u,v): M(u,v)=M(P,Q), (P,Q)€G} (1.12)

are precisely the ground states of (1.1). In [2], it was proven that: such a minimization
problem has a solution; the solution is a bound state, and so it has an action larger or
equal than any ground state; the solution is actually a ground state, by proving that it
has the same action as any given ground state. The first and third steps only require
that system (1.1) is L2-subcritical, meaning that d <2. However, to show the second
step, the procedure used therein only works for d=2 and §=0.

Recalling some arguments used in [4], one may actually skip the second step, as
long as the energy does not contain any L? terms (in the present situation, it means
that 5=0). The consequence is a more direct approach, presented in Section 4, which
is also valid for d=1:

THEOREM 1.6. Suppose that d<2 and =0. Then the set of ground states G is stable
with respect to the flow generated by (1.1), that is, for each § >0, there exists € >0 such
that, if (ug,vo) € H satisfies

(ngl)ecu(uo,vo) (P,Q)| <e,

then the solution (u,v) of (1.1) with initial data (ug,vo) satisfies

sup inf u(t),v(t)) — (P, <4.
up int (), 0(0)) = (PQ)l
2. Virial identities and blow-up
We begin this section by noticing that the system (1.1) can be put in the Hamilto-
nian form
0X

S =TE (X (1)), (2.1)
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where J is the skew-adjoint operator [_ Oi] and X = (u,v).
2

i
0

Using this fact, we will derive two global virial-type identities for system (1.1).
Instead of using the standard technique based on several integrations by parts to calcu-
late the second derivative in time for the variance of the solutions, we use an interesting
method presented in [6], based on the computation of Poisson brackets, that allows to
formally understand the evolution of certain real functional along the trajectories of
Hamiltonian systems. In Subsection 2.1 we describe the general idea of this procedure
applied to the system (1.1). Finally, we use the virial identities obtained to establish two
results about the formation of singularities for system (1.1) based on classical convexity
arguments.

2.1. Dual dynamics for system (1.1). Consider a real functional G, defined
on a dense subspace V of L?(R%*t1), with continuous derivatives in L2(R9*+1). The goal
is to study the evolution of G along the trajectories of the dynamical system defined by
Equation (2.1).

Recalling that X (t) = (u(t),v(t)), the time derivative of G calculated along X (t) is
given by

L ax ()= (@ (x1), Gr () =(G'(X (1)), JE'(X(1)))

dt
=P(X(t)). (2.2)
On the other hand, given XO :=(@o,?p), consider the initial value problem
DX(1)=JG'(X(1), X(0)=%, (23
which we suppose to be locally well-posed. Thus,
d ~ - . - -
P (0) = (E'(X(®), SE() = (E"(X (1), JG'(X(t)))

Therefore, the validation at time ¢ =0 yields

. d -
P(Xy)=——FE(X(t 2.5
(o)=— LB W) _ (25)
which determines the evolution of G along the trajectories of (2.1).
In what follows, we write x, :=(z1,22,...,24), V1:=(0z,...,05,) and x7=
(1 ,7x4+1). Also we decompose the energy (1.3) in the following way:
E(u,0) = By, () + By (0) + Ba(0) — Ere(u,0), (2.6)
where
1 1
E’Yl(u):§/ |vu|?/1dx:§/ (|vLu|2+’yl‘8Zd+1u‘2)dx7
Rd+1 Rd+1
1 1
B =3 [ VoRda=g [ (9 00P 42000
2 Rd+1 2 Rd+1
Esw)=2 [ pofa,
2 Rd+1

1
Epe(u,v)= iRe/ w?vd.

Rd+1
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Finally, we set Mg := M (u(-,0),v(-,0)) and Eq:=E(u(-,0),v(-,0)).

2.2. Virial-type identities. In this subsection we prove the following virial
identities:

PROPOSITION 2.1 (Virial identity). Let d=3,4 and
(ug,v0) € (HY (RN LA (R |z)%dx))?.
Then, the variance

V(1) = V(u(t),v(t)) ;:%/RM a2 ([u(t) 2+ 4lo(t)[2)de

is finite on the maximal time interval [0,T*) and VECQ([O,T*)). Furthermore, the
following identities hold:

(i) %(t) =2Im (- Vuadz+227 - Vud)dz.

Rd+1

(ii) If y=72:=",

2
d—l/(t)zll/ (IVul? +|Vo|?) dx—(d—&—v)Re/ u?vdz.
dt Rd+1

Rd+1

(#ii) In particular, for d=3 and y1 =2 =1,

d?v
dtQ() 8E0745/ |v|2da.

PROPOSITION 2.2 (Transverse virial identity). Let d=3,4 and
(ug,v0) € (H*(RTHNLA(RI |z |?dx))>.
Then, the transverse variance

Vi (t)=Vi(u(t),v(t)) ::%/Rdﬂ o1 P2 (Ju(®) 2 + 4l (8)|?)dax

is finite on the mazimal time interval [0,T*) and V, € C?([0,T*)). Furthermore, the
following identities hold:

(i) dVJ_( ):2Im/ (zL‘VLUﬂﬁLQfL'VLU’U)dx.
Rd+1

d
(ii) d;i( )—4/(H (|VLU|2+‘VJ_’U|2)d.’L‘—dRe/ P2ode.
Rd+1

Rd+1

(iwi) In particular, for d=4, we have

d?y
T;‘(t):SEO—Zlﬂ/ |v|2dx—4/ ('y1|8xd+1u\2+'72|8Id+1v|2)d:ﬂ.
RS RS
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2.3. Proof of Proposition 2.1. We formally apply the technique of dual dy-
namics.

Proof of Assertion (i). Consider the functional G(u,v):=V(u,v). The corre-
sponding IVP (2.3) for this functional is defined by

Uy = —il|z|*a,
’ljt = —2’i|$|217,
whose solution is given by

(@(x,t),0(z,t)) = (eii‘:”'ztao,e*%lx‘ztﬂo).

(0) = o,
(0) = 1o,

<

<

Then, from (2.5), we get

i 4
P(a(),’ﬁo) = _aE(e_lWIZt'aO,6_2z‘w|2t{}0)

d —i|x|?t ~ d —2i|z|?t ~
== Bnle | |tu0)‘t=0—%E%(e > ‘tvo)‘

=2Im " - Vi todz +4Im x7? - Vi Uode,
Rd+1 Rd+1

t=0

t=0

since Eg(0) and Eg.(u,?) are independent of time. Thus, it follows from (2.2) that
ay _ ~
—(t)=2Im (27 - Vuudz + 2272 - Voo)da (2.7)
dt Rd+1
as claimed in (i).
Proof of Assertion (ii). To prove (ii), we choose instead
G(u,v):=Im (227 - Vuudz +4x" - Vov)da.
Rd+1

The corresponding IVP (2.3) is now

{at = 4@ -Vi—2(d+7)d, @(0)= 1o,
by = —Ax? Vi —2(d++)5, 5(0)=1p,
so that

a(x,t) =e 2o (e Hr e M g p)
and

o(z,t)= 6_2(d+7)tf10(e_4tm1_,e“wtxdﬂ).

d
Now we proceed with the computation of P(ﬂo,ﬁo):—aE(ﬂ,ﬁ)‘ . Using the
t=0
change of variables (7 ,2441)=(e*y,, e yqi1), we get
o1 _ - _ -
E(u’v):§/ﬂw+1 (6 8t\V¢Uo(y>|2+’Y€ 8w|3xd+1uo(y>|2)dy
1 _ - _ .
45 [ ST L) e g o)) dy
2 Rd+1
B _ e=2(d+7)t =2, .
+3 (o) dy + ————Re | g(y)o(y)dy.
Rd+1 Rd+1
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Finally, we conclude that

. d . .
Pliio, o) =~ B(@5)| __

:4/ (|vlﬂ’0|2 +72|8Id+1’&’0|2 + |VL1~)O|2 +’72|893d+150‘2) dy
+1
—(d+7)Re/ Gotody,

RA+1

which implies (ii).
Proof of Assertion (iii). The identity is an immediate consequence of (ii) combined

with the conservation of the energy (1.3).
Thus, the proof is finished.

2.4. Proof of Proposition 2.2.
Proof of Assertion (i). The proof is similar as the one performed for the case (i) in

Proposition 2.1 and follows without major changes.

Proof of Assertion (ii). Here we take G defined by

We proceed similarly to the Proposition 2.1.

G(u,v):=1Im (QZ‘J_'VJ_U'ad.’Ij—f—ALTJ_'VJ_UT])d.T.
Rd+1
In this case, the corresponding IVP (2.3) is written as follows:

at:—4xJ_'VJ_a_2d'EL, ﬂ(o):a(h
ﬁt:—4$lVLﬂ_2dﬁ7 =0
so that

(@,0)= (e‘th&0(6_4txJ_,xd+1), e_thﬁo(e_‘“xJ_,a:dH)).

Using the change of variables (7 ,z4+1)=(e*y1,¥4+1), we have

67875
B0 =5 [ (9200 P+ Vo)) dy

! / (1210 10 () + 12001 0 () ) dy

*3

6 e—2dt -9 _

+5 y)[*dy — Re 1o (y)vo(y)dy,
d+1 Rd+1

P(ﬂo,ﬁo):—aE(ﬂ,ﬂ)‘t:O
:4/ (|Vﬂlo(y)|2+|Vﬂ70(y)|2)dy—dR€/
Ra+1 Rd+1

hence

Uo( )0 (y)dy,

which yields (ii).
Proof of Assertion (iii). Once again, this last assertion is a particular case of (ii)

combined with the conservation of the energy (1.3).

Thus, the proof is finished.
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2.5. Proof of the blow-up results. Here we give the sketch of the proof of
Theorems 1.2 and 1.3.
Proof of Theorem 1.2. By rescaling, it is easy to reduce the problem to the case
v =1, which can be treated by the classical convexity method, similar to the nonlinear
Schrodinger equation (see for instance [1]). The blow-up of [|[Vu||3 follows from the
energy conservation law and the blow-up alternative presented in Theorem 1.1. Indeed,
from (1.3), Holder’s inequality and the Sobolev inequality in dimension n=4 it follows
that

IV u( )l + Vv (Ol 72 =2E0 = Bllo(-t)17 +R€/R4 @ (- t)o(t)

g
<28+ LMy 4 Tl )2 gy I ) e

v M,
<28+ Pty 4 2 ()3

|
4
Then, the proof is finished.

We finish by noticing that the virial identity (iii) in Proposition 2.2 and arguments
similar to the ones used in the proof of Theorem 1.2 allow us to establish Theorem 1.3.

REMARK 2.1. Notice that dimensions d=3,4 are L?-(super)critical and H'-
subcritical. In this situation, the local H' x H' existence theory allows to prove the
persistence of solutions in H* x H®, s > %, provided that the initial data has H® x H®
regularity. In this framework, one can show the blow-up

lim [[v(-,#)]|cc =-+00.

t—T

Indeed, for d=3 (a similar computation can be produced for d=4):

IVaul, 12 +IVau( )17 =2E0 = Bllo(- 1)l +R€/ @’ (-, t)u (1)

R4
18
4
18]

<2F,+ ZMo + Mol[v(+st) || oo (ra) -

<2Bo+ Mo+ [|[u( )22 sy [0 (8 | e )

3. Instability of ground states
Proof of Theorem 1.4. The result is an immediate consequence of Theorem 1.2
and from the fact that, given a bound state (P,Q), the energy F(AP,AQ) <0 for A>1.

We now show the weak instability of ground state solutions to (1.1) in the critical
(d=3) and supercritical (d>4) cases.
Let (P,Q) be a ground state, that is, a solution of the minimization problem (1.11).

Noticing that / P2Qdx € R (see [2]), we can show that the orbit of every ground
state contains an element (P,Q), with P,Q > 0. More precisely:

PROPOSITION 3.1. Let 1,72 >0 and n>1. Then, for every solution (P,Q) € H of the
minimization problem (1.11):

(i) (|P|,|Q|) is a solution of (1.11).
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(i) (|P|,|Q|) belongs to the orbit

S={eP(-+y),e*Q(-+y) : 0 eR,y e R} of (P,Q).

Proof. Let (P,Q)€ H be a minimizer and take (P,Q)=(|P|,|Q]).
Proof of (i). It is straightforward to see that I(P,Q)<I(P,Q). Furthermore,

Re/P2 /P2 /|P| Q> /PQQ‘ Re/P2Q .

Now, assume that > pu. For A= (ﬁ) , we put
i

3o

w\:

(PA(),@x()=(AEP(X),AEQ(N)).

We get /PEQA =pand I(Py,Qy) < I(P,Q)<I(P,Q), which contradicts the minimality
of (P.Q),

Proof of (ii). Write (P,Q)=(|P|e’*(®),|Qle?>(*)). Our goal is to show that 6y, 6 are
constant, and that 6o =260.
We already showed that I(P,Q)=1(|P|,|Q]), hence

[(vrevivae)= [ (w1, + i)
and
[ (pIvoe, +iQPves,) <o

To conclude that 6 and 6 are constant, one only needs to show that |P| and |Q| do
not vanish. To show that @ does not vanish, we use the (real) equation

1
—(4w+ﬂ)Q+AWQ:—§P2.
Noticing that for L=A,, — (4w+ ), LQ <0, we can conclude by using the maximum
principle stated in Theorem 3.5 of [5]). We can also show that P does not vanish by
applying a similar argument to equation

1
~wP+ A, P=—2PQ

in a neighborhood of its solution |P|.

Finally, the relation 65 =26, simply comes from the fact that
[1Peii= [P,

Then, the proof of proposition is finished. ]

as shown in the proof of (i).
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3.1. Proof of Theorem 1.5. For convenience of the notations, we will take
v1 =72 =1, although the exact same proof remains valid for arbitrary v;,7v2 > 0. In view
of Proposition (3.1), we may assume that P,Q) >0. Let

L={(u,v)eH : M(u,v)=M(P,Q)}.

Following [6], it is sufficient to prove the existence of ¥ e H satisfying the following
conditions:

(c1) W is tangent to L at (P,Q);

(c2) J7'W is L*-orthogonal to 9y f(0,0)[P,Q]=14(P,2Q) and to V,f(0,0)[P,Q]=

(VP VQ);

(e3) 09 f(0,0)[P,Q] and V, f(0,0)[P,Q)] are linearly independent;

(ca) (S"(P,Q)T,T) <0.
In order for the present paper to be self-contained, we briefly explain in the next two

steps how these four points can be used to prove Theorem 1.5. For details, we refer the
reader to [6].

Step 1: Construction of an Auxiliary Dynamical System.

From conditions (cz) and (c3), and for some € >0, we build an auxiliary dynamical
system

H: X —R
with the following properties:
o V(U V)eX,, VO,ycRxR"™, H(f(0,y)v)=H(v);
e V(U V)EX, H'(v)€H and H': ¥, — H is C! with bounded derivative;
o JH'(P,Q)=10.
Indeed, consider the mapping

F: HxRxR® - R

Using the fact that 9 f(0,0)[P,Q] and V,f(0,0)[P,Q] are linearly independent, one
can show, applying the implicit function theorem to F and arguing by convexity,
that for (U,V) in a neighborhood V of (P,Q), there exists a function G(U,V)=
(G1(U,V),Go(U,V))=(0(U,V),y(U,V)) that minimizes F((U,V),-,-) in a ball centered
at (0,0); that is, locally, the L2-distance between (U,V) and the orbit of (P,Q) is
achieved. Furthermore, one can show that, for all (6,y) e R xR™,

G1(f(0,y)(U,V)=G1(U,V)—0 mod27w (3.1)
and
G2(f(0,9)(U,V))=G2(U,V) —y (3.2)

provided that f(0,y)(U,V)€V. These properties allow to coherently extend the func-
tional

HUV)= (7, f(GUV)(U,V))

from V to an entire neighbourhood ¥, of the orbit of (P,Q). Furthermore, in view of
(3.1) and (3.2), it is straightforward that H is invariant by the action of f.
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Using again the implicit function theorem and the expressions it provides for G/
and GY%, we can check that H'(U,V) € H and that H' is C! with bounded derivative.
Finally, from the orthogonality relations expressed in condition (c2), one can deduce
that H'(P,Q)=J~ 1V, that is, JH'(P,Q)= V.
Step 2: Instability. The main idea of the proof is to follow the evolution of the action
S along the integral curves of the auxiliary dynamical system. More precisely, given
Xo=(Up, Vo) in a neighbourhood ¥, of ¥ and for a o >0, we consider the path

¢:s€]—o,0— ¢(Xo,s) €Xe

such that did)(Xo,s) =JH (Xo,s).
s

We consider the evolution of the action along this path, S(¢(Xo,s)). A simple
computation then yields

%S(sb(Xo,S)) =P((¢(Xo,s)) and C;L;S(MXo,S)) =R((¢(Xo,5)), (3.3)
where
P(U,V)=(S"(U,V),JH (U,V))
and
R(U,V)=(S"(U,V)iH (U, V), JH (U, V)) +(S"(U, V), JH"(U,V)(JH (U,V))).
Using the Taylor expansion, we obtain the existence of £ €[0,1] such that
S(¢(Xo,s))=S5(Xo)+P(Xo)s+ %R(cb(Xo,&s))sz- (3.4)
Noticing that S'(P,Q)=0 (from (1.9)) and JH'(P,Q)="V, we obtain that
R(P,Q)=(S"(P,Q)¥,¥) <0,
yet, from (3.4), for X in a neighbourdhood of (P,Q) and for small s,
S(¢(Xo,s)) <S(Xo)+P(Xo)s. (3.5)

By intersecting the manifold W p o) with the trajectories of the auxiliary dynamical
system, using the implicit function theorem, it is possible to obtain a uniform version
of (3.5), namely, for some € >0,

V Xo €3, 3s€]—0,0[, S(d(Xo,s)) <S(Xo)+P(Xop)s. (3.6)

This means that P measures the variations of S (hence of E) along the trajectories of
the auxiliary dynamical system. The crucial step is now to prove that P also measures
the variations of H along the flow of the initial system (1.1). More precisely, considering
the solution (u(t),v(t)) of (1.1) with initial data Xy, we have

d
2 H(u(t),v(t) = —P(u(t),v(t). (3.7)

This can be achieved by justifying the following formal computation:

H(u(t),v(t)) —H(uo,vo) :/O (H'(u(r),v(7)), (we(7),00(7)))dr
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- / (! (u(r),0(r)), T~ B (u(t) 0(t))) dr = — / Plu(r).o(r))dr
0 0

since mass is conserved along the trajectories of the auxiliary dynamical system (1.1)
and J! is skew-adjoint.
Finally, setting

P={(U V)€ :S(UV)<S(P,Q) and P(U,V)#0},

it can be shown that, for Xo€P, P(u(t),v(t)) remains bounded away from the origin
as long as the solution (u(t),v(t)) exists. This implies that solutions of (1.1) for initial
data X € P must leave in finite time any neighbourhood of . Indeed,

7 P(u(t),v(t)]| =[P (u(t),v(t))] 2 C(Xo) > 0,

which contradicts the fact that H in bounded in any neighbourhood of ¥. (Recall that
H is invariant by f(0,y), 0 €R yeR™).
Now, following the action along the trajectory of the auxiliary dynamical system

that contains (P,Q) it can be shown that P contains points arbitrarely close to (P,Q)
of the form ¢((P,Q),s), that is, belonging to the considered trajectory.

Also, setting W (U,V) :Re/UQde the potential energy and observing that the

map

A: S—>W(¢((P7Q)7S))

is C! and has a nonvanishing derivative at the origin, for small s with the adequate
sign,

W(e((P,Q),s)) <W(P,Q).

Putting Xo=¢((P,Q),s) and considering the solution X (¢)= (u(t),v(t)) of (1.1) with
initial data X, we have, as long as the solution exists,

W(X (1) <W(P,Q).

Indeed, if at some point W (X (t)) =W (P,Q) then we would obtain a contradiction with
the fact that Xy € P and that (P,Q) is a solution of (1.11):

X (t) €W(p.g) and S(X(t)) < S(Xo) < S(P,Q).

Since F is conserved by the flow of (1.1), it is enough to prove that (u(t),v(t)) is bounded
in H and global.

End of the proof of Theorem 1.5. We now exhibit ¥ € H satisfying properties (c1),
(c2), (c3) and (eq).
Let €>0. We begin by considering the curve
rste0.el> (1O OPO@-),a)NE QAW
where «,y and A are smooth real functions to be chosen later, such that

a(0)=~(0)=X(0)=1 ( that is, I'(0)=(P,Q)). (3.8)
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P12

I. Setting k=
4|QII17-

, the condition

Vk+at=k+1 (3.9)

assures that I'C £, and, in particular,
v =T"(0) (3.10)
is tangent to £ at (P,Q).
II. Noticing that
U= ((AZ9)(0)P+X(0)VP,(A2a) (0)Q+ X (0)VQ)
has real components,
i 1V, £(0,0)[P,Q.

Also, iU L i(P,2Q) since ¥ €T, (P,Q) and (P,2Q) LT, (P,Q).
ITI. Since ¢(P,2Q) L (VP,VQ), these two vectors are linearly independent.
IV. We begin by computing the energy (1.3) along the path T

_ !

; <(k+1a2)A2/VP|2+ka2A2/|VQ|2+kﬂa2/Q2

—(k+1-a*)ar? /PQQ.
Differentiating with respect to ¢,

kS E(D(t) = o’ A(t) + N B(t),

dt
with

A(t):—2a/\2/\VP|2+2ko</\2/|VQ|2+2k,Bo</Q2+(3o<2—k—l)A%/P2Q
and

B(t):2/\(k+1—o<2)/|VP|2+2ka2/\/|VQ|2+g(a2—k—l)aAnT_Q/PQQ.

Now, observe that since (P,Q) is a solution of (1.9), A(0)=B(0)=0 (see [2], (5.2)).
Hence, putting ap=a’(0) and Ao =N (0),

L B0 = a0/ (0)+ 20 B'(0)

di?
:a3(72/|VP|2+2k/|VQ|2+2kﬂ/Q2+6/P2Q)
+)\§(2k/\VP|2+2k/|VQ|2—WI€/P2Q)

+2a0)\0(—4/|VP|2+4k/\VQ|2— (kgz)n/PQQ).
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Using once again that A(0) = B(0) =0, this quantity can be re-written in terms of /P2Q
and / Q? exclusively:

k;TzE(F(t))h:o - ag((k+4)/P2Q) +>\(2)(n(4_n)k/P2Q>

)(4—
+2a0)\0 —4kB / Q%+ n / P2Q

d2
The determinant of — F(T'(¢)|:=0 as a quadratic form in (ag,\o) is given by

dt?
/P2 2 w/sz 4k5/Q

For d>4(n>5), A<0. For d=3(n=4) and S#0,

2
—_1652k2 (/QQ)

Hence, in both these situations, one can choose a(t),A(t) such that

A=(k+4)"

d2
EE(F(t))\t:o <0.

Now, observe that

d 1 !
ST (1) = (8 (0(1).I" (1)

and
5 S(D(1) = {8/ (D(1), I (8) + (1) [ 8" (0(8) | T'(¢):

Since S'(I'(0)) =5'(P,Q) =0, setting t=0 yields
LSOm0 = (5" (PQV.9).

Finally I'C L, %M(I‘(t)) =0 and

L B o <0.

(8" (P.QW. W) =

Then, the proof is finished.

4. A stability result
Define, for any (u,v) € H such that J(u,v) >0,

M(u,v)z~

N\v:
N
Ja
£
<
=
N

GN (u,v) =
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This functional is closely related with a vector-valued Gagliardo-Nirenberg inequality:
if one sets

Cgy =inf{GN (u,v): J(u,v) >0}, (4.1)

then Cgy is the optimal constant of the inequality

32 s
Re/ﬁ20§0</|u|2+4|v2> (/|Vu|2+|Vv|2>

LEMMA 4.1. Suppose that 3=0. Then the set of solutions for the minimization
problem (4.1) is G, up to scalar multiplication and scaling.

Proof. By [2], we know that G #() is the set of solutions of (1.11). Let Q€ G and
W = (w,z) be such that J(W)>0. Recall that I(Q)=J(Q) >0. Define

-~ (3atm)

and

Then Z(z)=vW ((x) satisfies
J(2)=J(Q), M(Z)=M(Q) GN(Z)=GN(W)

By the minimality of Q, I(Q)<I(Z), which implies that GN(Q)<GN(Z)=
GN(W). Therefore Q is a solution of (4.1). On the other hand, if W is a solution
of (4.1), then one has necessarily GN(Z)=GN(Q), which implies that I(Z)=1(Q).
Therefore Z € G, which concludes our proof. 0

LEMMA 4.2. Suppose that d<2 and 8=0. Then the set of ground states G is the set
of solutions of (1.12).

Proof. Let W =(w,z) € H be such that M (W)=v. For any A >0, define W (z):=
d+1

Az W(Ax). Consider the function
A= fAN)=E(Wy), A>0

Since d <2, f has a unique minimum Ag. Let Z=W),. Then f’(A\g) =0, which implies
that

K(Z):%J(Z)
Therefore,
B(Z)= 5 S K(2). (4.2)

Let Q@ € G. Notice that, by Pohozaev’s equality, the same relations are valid for Q:

 d-3

_d+1 4a-3
o T 2d+2

K(Q)=

(Q), E(Q) K(Q). (4.3)
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By Lemma 4.1, we have

(d+ 13T K(Q)F (A1 K (2)
6K(Q) =GN(Q=<CN(2)= 6K (Z)
and so K(Z) < K(Q). Hence, by (4.2) and (4.3),
B(W)2 B(Z) = 5 S K(Z)2 5 > K(Q)=F(Q),

and so Q is a solution of (1.12).
On the other hand, if W is also a solution of (1.12), then one must have Z =W and
K(W)=K(Q). Again by (4.2) and (4.3),

6 6
JW) =g 7 KW) =27 K(Q=J(Q)
Moreover, since M (W) =M (Q), one has I(W)=1(Q). This implies that W is a solution
of (1.11), i.e., W €G. 0

4.1. Sketch of the proof of Theorem 1.6.
Proof. The proof follows the same steps as [2, Proposition 4]: Suppose, by
contradiction, that there exist sequences {(uf,v})}nen C H and {t, }neny CRT with

(P}Cg)f.eG”(u’(’)vag)_(PaQ)||H_>0 (44)

and such that the corresponding solutions (u™,v™) satisfy

i N ), 0" () = (PQ) 1 >0 (4.5)

By (4.4), for any given (P,Q) €G,
M (ug,vg) = M(P,Q), E(ug,vg) = E(P,Q).
Using the conservation of mass and energy, one has
M (u" (tn),0" (tn)) = M(P,Q),  E(u"(tn),0" (tn)) = E(P,Q).

This implies that (up to a normalization) {(u™(t,),v™(tn)) tnen is & minimizing sequence
of problem (1.12). The argument of [2] implies that

(u" (tn),0" (tn)) = (P,Q),

where (P,Q) is a solution of (1.12), that is, (P,Q)€G. This convergence contradicts
(4.5), thus finishing the proof. d
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