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STABILITY OF STANDING WAVES FOR A NONLINEAR KLEIN-GORDON EQUATION
WITH DELTA POTENTIALS

ELEK CSOBO, FRANCOIS GENOUD, MASAHITO OHTA, AND JULIEN ROYER

ABSTRACT. In this paper, we study local well-posedness and orbital stability of standing waves for a singularly perturbed
one-dimensional nonlinear Klein—-Gordon equation. We first establish local well-posedness of the Cauchy problem by a
fixed point argument. Unlike the unperturbed case, a noteworthy difficulty here arises from the possible non-unitarity
of the semigroup generating the corresponding linear evolution. We then show that the equation is Hamiltonian and
we establish several stability /instability results for its standing waves. Our analysis relies on a detailed study of the
spectral properties of the linearization of the equation, and on the well-known ‘slope condition’ for orbital stability.

1. INTRODUCTION

The purpose of this work is to initiate the study of the Cauchy problem for a singularly perturbed one-dimensional
nonlinear Klein—-Gordon equation, namely

Upp — Uz + MU+ you + iaduy — |ulP~1u = 0,
u(t,z) —— 0, (1.1)
|z]| =00

(u(t), Ou(t))|t=0 = (uo, ur),
where u : Rx R — C, m > 0, a,y € R are parameters and p > 1 determines the strength of the nonlinearity. The
two coefficients 6 = d(x) are singular perturbations both given by a Dirac mass at * = 0, often referred to as a
‘delta potential’ in the context of one-dimensional evolution equations. Such space-dependent problems are sometimes
termed ‘inhomogeneous’, as they model wave propagation in inhomogeneous media.

The condition that u vanishes at spatial infinity reflects a common physical requirement of having spatially localized
waves, sometimes called ‘solitons’. We shall in fact seek solutions of (1.1) in H'(R).

We will show that the evolution generated by (1.1) admits a peculiar Hamiltonian formalism, with a symplectic
structure depending on the coupling constant o € R. In fact, if @« € C\ R, the Hamiltonian of the system is not
constant along the flow, as can be deduced from the symplectic structure in Section 3, or by a direct calculation using
a smooth solution. Furthermore, this Hamiltonian system is phase invariant (if u is a solution, so is e*u, for any
f € R), and thus possesses standing wave solutions, of the form u(t,z) = e*“!y(x), with w € R and ¢ : R — R. The
stability of standing waves in Hamiltonian systems with symmetries has attracted a lot of attention since the 1980’s.
So far, this issue has been fairly well understood in homogeneous media, while in inhomogeneous media it is still
a subject of intense research, both theoretically and experimentally. Inhomogeneous nonlinear dispersive equations
appear in various fields of physics such as nonlinear optics, cold quantum gases (e.g. Bose—Einstein condensates),
plasma physics, etc. More specifically, our interest in the present problem was initially motivated by [25], where (1.1)
arises as an effective model for a superfluid Bose gas.

The nonlinear Klein—Gordon equation in homogeneous media has been extensively studied. A detailed presentation
of the local and global well-posedness theory can be found in [7]. Orbital stability of standing wave solutions was
first addressed in the classical papers of Shatah [29,30], and Shatah and Strauss [31]. They proved that, in N space
dimensions, standing waves of any frequency are orbitally unstable if p > 1+ 4/N. If 1 < p < 1+ 4/N, then there
exists a critical frequency w. such that a standing wave of frequency w is orbitally stable if w. < |w| < m and unstable
if |w| < we. Strong instability by blow-up in finite time was studied by Liu, Ohta and Todorova [23], and by Ohta and
Todorova [26,27]. In [19], Jeanjean and Le Coz introduced a mountain-pass approach to orbital stability for the Klein—
Gordon equation, which allowed them to simplify the classical proofs and to obtain new results. In [6], Bellazzini,
Ghimenti and Le Coz proved the existence of multi-solitary waves for the nonlinear Klein—-Gordon equation.

The effect of a singular potential on the dynamics of the nonlinear Schrodinger equation has recently attracted
substantial attention. Well-posedness of the Cauchy problem in the presence of a delta potential was studied in [1],
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while scattering was addressed in [8,14,18]. The stability of standing waves of the nonlinear Schrédinger equation
with a delta potential was studied in [11-13,22,24] in various regimes. (Some authors consider ¢’ interactions as well,
see e.g. [2,4].) Stability properties of so-called ‘black solitons’ (standing waves with |p(z)| — 1 as |z| — oo) were also
recently addressed in [17].

The present work is a first step in the study of the nonlinear Klein—-Gordon equation with delta potentials. Our
main goal here is to discuss orbital stability of standing waves of (1.1). Shortly after the seminal works [29-31], a
general theory of orbital stability for infinite-dimensional Hamiltonian systems with symmetries was established by
Grillakis, Shatah and Strauss [15]. Their approach, based on the so-called ‘energy-momentum’ method of geometric
mechanics, was recently revisited by De Bievre, Rota Nodari and the second author [9], and by Stuart [32]. Under
general assumptions on the dynamical system, conditions are given in these papers for orbital stability and instability.
Of course, in order to discuss stability of standing waves, an essential preliminary step is to prove that the Hamiltonian
system under consideration is locally well-posed. We shall thus start by addressing this issue, which is far from obvious
in the context of (1.1).

The singular terms in (1.1) should be interpreted in the sense of distributions. Let us assume that w and w; are
continuous at = 0. du is then defined by (du,w) = Rewu(0)w(0), for any function w continuous at = 0. And Ju,
is defined similarly. Now, solutions of the equation in (1.1) will be continuous functions satisfying the corresponding
unperturbed equation (with v = oo = 0) pointwise, outside of = 0, together with the jump condition

' (07) =/ (07) = yu(0) + iau(0). (1.2)

Formally, this relation is indeed obtained from the equation with the delta potentials by integrating it over x € (—¢, +€)
and letting ¢ — 0%. The notion of solution will be made more precise in Section 2, once the appropriate functional
setting has been introduced.

Although writing the delta potentials explicitly may be useful for some formal calculations, we now introduce a
functional-analytic formulation, based on the jump condition (1.2), which will make our analysis more transparent.
It is convenient to reformulate the initial-value problem (1.1) as a first order system for the dependent variables
(u,v) = (u,us). We will seek solutions to (1.1) with (u,v) € 2 = H*(R) x L?(R), which we regard as a real Hilbert
space, endowed with the inner product

((u1,v1), (uz,v2)) 5 = (uy,uh) o + (ur,u) o + (v1,02) 12,

where the real L? inner product is defined as

(U, v) 2 = Re/ uv dz.
R

Here and henceforth, ’ denotes differentiation with respect to x € R.
We identify L?(R) x L?(R) with its dual. Then the dual #* of 2 is H~'(R) x L*(R), and for any (p,1) €
L?(R) x L*(R) ¢ H~Y(R) x L3(R), the duality pairing is given by

((%1/’)7 (uav»jf*xjf = <<)07u>L2 + <w7U>L2 ’ (’U,,U) EH.

We shall merely write (-,-) for (-,-) ;... ,,» when no confusion is possible.
The central object in our discussion of the well-posedness of (1.1) in Section 2 is the generator A of the corresponding

linear evolution, defined as
A=y W), (13)
with domain
D ={(u,v) € H** x H" : u/(0") —/(07) = yu(0) + iav(0)} C 2, (1.4)
where
H** = H'(R)n H*(R\ {0}).
Note that the effect of the delta potentials is encoded in the domain of the generator.

We will show that the operator A generates a C°-semigroup on .# which, remarkably, may not be a unitary group.
In contrast to the classical unperturbed case, it is in general only exponentially bounded. We recall that a skew-adjoint
operator on a Hilbert space generates a unitary group (the results which we use in this paper can be found in [7], we
refer for instance to [10] for a more detailed presentation of the theory of semigroups). Skew-adjointness of A depends
on the Hilbert structure chosen on . For v non-negative (or negative and close to 0), it will be possible to define
on S an inner product whose corresponding norm is equivalent to the usual one and which makes A skew-adjoint.
However, for other values of -, we can only consider on J# a Hilbert structure for which A generates a continuous
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(possibly exponentially growing) semigroup. This is in fact enough for our purpose. Notice that the parameter o will
not play any role in this discussion.

Using Duhamel’s formula and the Banach Fixed Point Theorem, we will then construct, for any initial data in 2,
a unique local in time solution. We also prove the blow-up alternative and continuous dependence on the initial data
for this solution.

Next, standing waves, which will be our main focus, are solutions of (1.1) of the form

Uy (t,x) = et wu(T),

where w € R, and ¢, € H>* is real-valued and satisfies the stationary equation

— "+ (m* —wHp + (v — aw)dp — |p[P Ly =0, (1.5)
which will be interpreted as
"+ (m? —wHp— el =0, ae zeR, (1.6)
together with the jump condition
¢'(07) = ¢'(07) = (v — aw)y(0). (1.7)
Non-trivial localized solutions to this problem exist if and only if
_ 2
m? — w? > %, (1.8)

in which case they are given by the explicit formula (see Proposition 1 and Remark 1 in [22])

1

m? — w? 2 —1)vm? —w 1 —aw 7t
Yu(r) = (p+1)(2 )sech ((p D 5 i 2|:U|+taunh (—W))] . (1.9)

In particular, there are no standing wave solutions of (1.1) when m = 0.
Definition 1.1. For any fixed m, o and 7, we shall say that w is admissible if it satisfies the relation (1.8).

In order to reveal the Hamiltonian structure of the initial-value problem (1.1), we shall follow the notation and
terminology of [9]. The Hamiltonian energy functional associated with (1.1) is given by

1 2 m? 2 1 2 04 2 1 1
Bluvo) = 3 32 + 2o ol + 3 o + ZHu0)F = 1 [+t a. (1.10)

We shall prove in Section 3 that E is a constant of the motion. Another important quantity is conserved along the
flow of the solution, namely the charge, defined as

Qu,v) = Im/ utda — %|u(0)|2. (1.11)
R
We will establish in Section 3 that F,Q € C?(#,R). Let us now introduce the symplector J : # — 5* defined by
J(u,v) = (—iadu — v, u).

This notion, somewhat more flexible than that of a symplectic map, is introduced in [9, Sec. 6] to define Hamiltonian
systems. It is noteworthy that the coupling constant a appears here in the symplectic structure itself. In this
framework, the equation in (1.1) is formulated as the Hamiltonian system

J%U(t) = E'(U(t)), (1.12)
where E’ denotes the Fréchet derivative of E. A standing wave is now a solution of the form
U, (t,x) = e“'®,,(x), (1.13)
where @, := (@, iwy,,) satisfies the stationary equation
E'(®,) +wQ' (®,) = 0. (1.14)

We will study the orbital stability of the standing waves (1.13), for admissible values of w € R, with respect to the
symmetry group S' acting on J# through

T(0)(u,v) = e(u,v), 6eR. (1.15)

This group action leaves (1.12) invariant. The corresponding notion of orbital stability is the following.
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Definition 1.2. For a fixed wy € R, the standing wave e®“0t®,, is orbitally stable if the following holds: for any € > 0
there is a 0 > 0 such that, if U(¢) is a solution of (3.3), then we have

1U0) = Dyy |l ,p <0 = inf |U(t) — e”®y, e foralltecR. (1.16)

e <
Otherwise, ®,,, is said to be orbitally unstable.

In addition to orbital stability, we will also prove some linear instability results. Writing a solution U of (1.12) in
the form U (t) = e’ot(d,, + V(t)), we have that, at first order, V satisfies the linearized equation

d 1!
T3V () = Liy (Ru)V (1), (1.17)

where L,, is defined in (1.20).

Definition 1.3. The standing wave e®“°!®,, is linearly unstable if 0 is a linearly unstable solution (in the sense of
Lyapunov) of (1.17).

In Section 4, we will carry out a stability analysis based on the energy-momentum method developed in [9,15,32].
More precisely, our proofs will make use of the well-known slope condition (also known as the ‘Vahkitov—Kolokolov
criterion’), which states that the standing wave ®,,, is stable/unstable provided

A @) >0 / d—i’w:%@(%Ko, (1.18)

dw w=wq

where the charge of the standing wave (1.13) is explicitly given by

Q@) = Qlpuwniwpn) = —w lpullzz = Sleu(0)2 (1.19)

The stability /instability of @, in fact relies on a subtle combination of the slope condition (1.18) and suitable
spectral properties of the linearization of (1.12) (see e.g. [9, Sec. 10.3] for a detailed discussion in the context of
the nonlinear Schréodinger equation). The spectral conditions are conveniently expressed in terms of the Lyapunov
functional L, : 7 — R associated with (1.12), defined by

L, (u,v) = E(u,v) + wQ(u,v). (1.20)

Let R = diag(R,Idy2) : # — H*, where R = —92 + 1 : H'(R) — H~'(R) is the Riesz isomorphism. It follows
from the results of Sections 3 and 4 that, for any w € R, L, € C?(,R), and that R~1L/(®,,) : A — H is a
bounded selfadjoint operator. Let us denote by o(R™'L"(®,)) C R its spectrum. The relevant spectral conditions
for stability are then formulated as follows.

(S1) There exists A, € R such that o(R™'L"(®,)) N (—00,0) = {~A2} and the subspace ker(L(®,) + A2 R) is

one-dimensional.
(S1') R™'L"(®,,) has two negative eigenvalues (counted with multiplicities): either there exist A, s, € R such that
o(R7IL! (D)) N (—00,0) = {=A2, —p2}, A2 # 12, and the subspaces ker(L! (®,) + A2 R) and ker(L" (®,,) +
P2 R) are both one-dimensional; or there exists A, € R such that o(R™*L"(®,)) N (—o0,0) = {~A2} and the
subspace ker(L” (®,,) + A2 R) has dimension 2.

(S2) ker L (®,,) = span{i®,, }.

(S3) Apart from the non-positive eigenvalues, o(R~1L!(®,,)) is positive and bounded away from zero.

In the present context, the Cauchy problem (1.1) being locally well posed, the main results of [9,15,32] imply that,
if the standing wave ®,,, satisfies (S1)—(S3), then it is orbitally stable/unstable provided (1.18) holds. In case (S1) is
replaced by (S1’), we will discuss linear instability of the standing waves, by means of results obtained in [16]. We
shall therefore carry out a thorough spectral analysis to see when conditions (S1)—(S3) (resp. (S1')—(S3)) are satisfied,
depending on the values of the parameters. By discussing the slope condition for some values of the parameters, we
will then prove various stability /instability results in 5# and in the subspace J#,q4 of radial functions.

In this analysis, we shall benefit from the explicit dependence of the solution on the parameters, but the calculations
required for the slope condition are rather involved. This difficulty is reflected in the intricate form of the results
we present in Section 4 and explains why we decided to focus on some regimes and refrained from attempting a
comprehensive analysis. Of course, numerics might come in handy to discuss the slope condition outside the scope of
our analytical results. We conclude this introduction with the following table, which captures simply what ought to be
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checked in order to obtain stability/instability results. The integer n,, (resp. ny raa) denotes the number of negative
eigenvalues (counted with multiplicities) of the operator R™1L” (®,,) in S (resp. Haq).!

n, =1 Ny =2 and Ny rad =1
%Q(@w) > 0| orbitally stable linearly unstable
d—iQ(Q)w) < 0 | orbitally unstable | orbitally unstable in J#,4, hence in 5

2. LOCAL WELL-POSEDNESS OF THE CAUCHY PROBLEM

In this section we discuss the local well-posedness of the Cauchy problem (1.1). In order to apply the standard
theory of operator semigroups, we reformulate (1.1) as a first order system on 2. We consider on ¢ the operator .4
defined by (1.3)—(1.4). Given f : R — R we set, for U = (u,v) € 7,

FU) = <f(0u)) |

With f(u) = [u/"""w and Uy = (ug,u1), (1.1) can be rewritten as

Ue(t) — AU(t) = F(U(1)),
U(0) = U.

(2.1)
We will show that A generates a strongly continuous semigroup on %, which will allow us to establish the local
well-posedness of (1.1).

Definition 2.1. Let T € (0, 0]

e A strong solution to (2.1) is a function U € C°([0,T),®) N CL([0,T), 5#) such that (2.1) holds on [0,T). W
say that u is a strong solution of (1.1) on [0,T") if (u,u) is a strong solution of (2.1).

e A weak solution of (2.1) is a function U € C°([0,T), 5#) such that, for all t € [0,T), there holds

t
U(t) = U, —|—/ e=IAR(U(s)) ds.
0

(2.2)
We say that u is a weak solution of (1.1) on [0,T) if (u,u,) is a weak solution of (1.1).

We begin with a lemma which ensures, in particular, that A is densely defined.
Lemma 2.2. 9 is dense in 5.

Proof. Let (u,v) € 5. We can consider a sequence (v,) in H' such that v,,(0) = 0 and v,, — v in L?. We then choose
a sequence (u,) in H? which converges to v in H'. For n € N and x € R, we set

Colw) = 14 12l na?,
2
We have ¢/, (01)

= —¢(07) = 3, %0

(unCn)/(0+) - (“ncn)/(oi) =

= (0) (G, (07) = ¢, (07)) = Y(untn)(0).
This proves that (u,(,,v,) belongs to © for all n € N. Moreover,

!
[1Cn 1\\me0 and  ||C [l oo

— 0,

—+o0
80 ||unCn — Un| g1 — 0, and hence ((pun,vy) goes to (u,v) in .

U
11t follows from Proposition 4.9 and Remark 4.10 that n, raq = 1 whenever n, = 2.
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2.1. Linear evolution in the energy space. In this subsection we show that the operator A generates a strongly
continuous group on 7. We know that if A is skew-adjoint then it generates a one parameter unitary group on J¢.
Since the notion of skew-adjointness depends on the inner product, we first discuss the choice of a suitable Hilbert
structure on 7.

For 1 > 0 we introduce on ¢ the quadratic form defined by

1, 1% iy = I 72 + 12 ull72 + 7[w(0)[* + [[0]| 72 (2.3)
We denote by (-, -) s .~ the corresponding bilinear form. With 11 = m we observe that, for U = (u,v) € D,
<-AU’ U>Jf7m'77 = <U/a u/>L2 + m2 <Uv u>L2 + RG(U(O)Q(O)) + <u”a v>L2 - m2 <uv U>L2
— (/') 2 7y Re(@(0)(0)) — (0, 0/) 2 — Re(yu(0)5(0) + iafo(0) ) (2.4
=0.

This makes (-, ) # m,y & good candidate to be a suitable inner product on 7. However, for negative v, it may happen
that the corresponding quadratic form takes negative values. In this case we have to choose a larger parameter p.

Lemma 2.3. Let

)0 dify =0,
o % s v < 0.

Then for i > g there exists C,, > 1 such that, for allu € H*, we have

_ 2 2 2 2 2
Cot lullzg < Ml'll72 + w2 llullze + 7 [u(0)]° < Cpllullfs - (2.5)
In particular, the functional || - ||z~ is @ norm on I, equivalent to the usual one.
Proof. For v € H' we have
2 0 —/ I ||u,||i2 2 2
M u)" =2 Re | u(z)a'(z)de < 2Pl flullzllwllze < 7= + 29" ullz. - (2.6)
—0o0

This gives in particular the second inequality of (2.5). By Theorem 1.3.1.4 in [3], we have
2 2 2
/[ + [u(O)° + g [full72 >0
for all w € H'. Then for ¢ > 0 we have
2 2 2 2 2 2
[/ + 12 e + 7 [w(0)” = 2¢ju/[| 72 + 26 [u(0)] + (12 — (1 — 2€)up) [|ull72
2 2
> ellu'llz. + (1 — (1= 26)ug — 4ev?) [Jullz- -

With e > 0 small enough, this gives the first inequality in (2.5), and the second statement of the proposition follows. O

We intend to prove the following proposition.

Proposition 2.4. The operator A generates a C°-semigroup on . Moreover, there exist M > 0 and 8 > 0 such
that, for allt € R, we have

A
e! Hc(%) < M,
For this we need the following lemma.
Lemma 2.5. Let 1 > 0 be as in Lemma 2.8 and X > /2 — m2.
(i) The bounded operator
—Opy + (M* + X))+ (y+ida)d : H — H™! (2.7)

has a bounded inverse, which we denote by R(\).
(ii) Let ¢ € L? and v € H*. Then R(\)(p — 8) belongs to H**. It is the unique solution u in H>* of the problem

—u" 4+ (m? + N)u = ¢,
{u’(0+) —u/(07) = (v + iAa)u(0) + 3(0). (2:8)
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Proof. By Lemma 2.3 we have, for all u € H',
(=0ms + (M* +X) + (v + X)) u, w) g1 g = [[][72 + 2 [[ull72 + 7 [u(0)]* 2 [JullF: -
Similarly, for all u and v in H',
((=8us + (m* + X%) + (v +ida)d)u, v) -1 g S [full gra 0] g -

Hence, the operator (2.7) has a bounded inverse by the Lax—Milgram Lemma.
Let us assume that (2.8) has a solution u € H**. For all w € H' we have

<—’LL”, w>L2 + (m2 + )\2)<U, w>L2 = <<)07 w>L2~
Integrating by parts and using the jump condition (2.8), we get
(') g2+ (m? + A2){u,w) 2 + Re((3 + 1Aa)u(0)(0)) = (@, w)rz — Re(1(0)i(0)). (2.9)

This proves that u = R(\)(¢ —d¢)). Conversely, let u = R(\)(¢—dv¢) € H'. Then (2.9) holds for all w € C§°(R\ {0}),
so u belongs to H** and —u” + (m? + A\?)u = ¢. We now write (2.9) with w € C§°(R) such that w(0) = 1, which
yields the jump condition in (2.8). O

We can now prove Proposition 2.4.

Proof of Proposition 2.4. Consider y as given by Lemma 2.3. For U = (u,v) € ©, we have
(AU U) s iy = (V' 0) 1o + 1 (v,u) ;2 + v Re(v(0)1(0)) + (u”,v) ;2 — m? (u,v) ;2
= (v, u') 2 + (1* = m®) (v,0) 12 + 7 Re(v(0)(0)) — (u,v) 2 — Re (yu(0)5(0) — iafv(0)[)
= (u?* = m?) (v, u) 2,

and so
2

2
po—m 2 2
AT, U)oty | = (02 = m?) |, 0) 12| < = (lullz + [[vllz2)-

On the other hand, by Lemma 2.3,
2 2 2
U5y R Ml + [ollz2 -

Hence, fixing 8 > 0 large enough, we have

(FA=B)UU) 4 ,,, < 0. (2.10)
Therefore, by [7, Proposition 2.4.2], the operators £.A —  are dissipative. In particular, for A > 3, we have
2 2 2
H(:l:'A - )‘)U”J(?,/L,’y 2 ||(:tA - ﬁ)UH(}’f,/L,’y + ()‘ - ﬁ)2 |‘U||Jf7/l,7’y ’ (211)

so that £.A4 — X are injective with closed range. Now, let F' = (f,g) € 4. For U = (u,v) € ©, we have

v=Au+ f,
- N =F
(A ) — {u//_(m2+)\2)u_g+Af

By Lemma 2.5, if § is large enough, there exists U = (u,v) € © such that the right-hand side is satisfied. It is given
by u = R(A)(—g — A\f —iadf) and v = Au+ f. This proves that Ran(A — \) = . Hence, (A — ) has a bounded
inverse and, by (2.11),

1

-1
||(v4_ A) HL(%) S A—j

By the Hille-Yosida Theorem, this proves that A generates a C%-semigroup on (2, [|-|| . 4~). Furthermore, for ¢ > 0
and U € 7, we have
tA Bt
14U 1y < € UMt

Since the norm |||, , . is equivalent to the usual one, there exists M > 1 such that we also have
A
e U], < MeP U], -
Now the same holds true with A replaced by —A, and the proof is complete. O

Remark 2.6. If v > —m, we can chose 4 = m in Lemma 2.3 and 2.5. As in the proof of Proposition 2.4, we can
show that A is skew-adjoint and, by [7, Theorem 3.2.3], it now generates a one-parameter unitary group:

||etAUij,mgy = HU”%,m,’y .
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2.2. Local well-posedness of the nonlinear problem. We are now in a position to prove the local well-posedness
of the Cauchy problem (1.1). We suppose that the general nonlinearity f € C(C,C) satisfies the following:
f(0) =0, (2.12)
() = F()] < Cp(L+ [ulP~" + o] H)u — v, (2.13)
where p > 1 and Cy > 0.

Lemma 2.7. For any R > 0, there exists Cr > 0 such that, for ui,us € H' with ||u1| g < R and |Juzl|;n < R, we
have

[|f (1)l 2
£ (u1) = f(u2)| 12

Proof. For j € {1,2} we have [Ju;[|,;.. < R, so with Cy we get

Crlurll g s

Cr Hul - u2||H1 .

NN

_ —1,2
1f (u1) = flu2)]72 < AC?(1+IU1($)IP o us(@) P ua (@) — us(e) [ der
< CH1+ 2R [lug — uaf3
This gives the second inequality. The first one follows by taking us = 0. O

Corollary 2.8. F': 57 — J is Lipschitz continuous on bounded subsets of 5€: for any R > 0, there is a constant
L(R) such that, for U,V € S with ||U||# < R and |V < R, we have

I1F(U) = F(V)|loe < LR)NU = Vo2
Lemma 2.9. Let T >0, Uy € , and U,V € C([0,T], 7) be two solutions to (2.2). Then U =V.

Proof. Let us set R = sup,cpo 7y max{||[U(t)[| 5, [V ()|l 5o} For t € [0,T] we have

t t
100 ~VOle < [ 4 (Pw) - PvD)|, ds < MELE) [ 106) =Vl s
By Gronwall’s Lemma we conclude that U(t) = V(¢) for all ¢t € [0, T7. O

In the next proposition we prove the existence of a weak solution to the Cauchy problem.

Proposition 2.10. Take R > 0 and Uy € S such that ||Ug||.#z < R. Then there exists Tr > 0 and a unique solution
U e C([0,Tgr), ) of problem (2.2).

Proof. We only need to prove the existence of the solution, as uniqueness follows from Lemma 2.9. Let M and 8 be
as in Proposition 2.4. Consider Uy € 5 such that |[Up||s» < R. For T > 0 to be determined later, let

X = {U e C([0,T), 7) : |U{t)| < 3MR ¥t € [0,T]}

and
AU, V) = max] U @) — V(t)|se-

te[0,T
Then (X, d) is a complete metric space. We now define a map ¥ : X — C([0,T], ) by
t
W(U) : t AUy + / e=AR(U(s)) ds.
0
Note that, for all s € [0,T], we have ||F(U(s))|l.x < 3MR L(3MR) by Corollary 2.8. Thus,
¢
W) O)lle < e Vo]l +/0 e AFU(5)) ]| ds

t
< McTPR 4+ M / IFU(s))]e ds
0

< MeT’R 4 Me™P3MRL(3MR) T. (2.14)
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Furthermore, for U,V € E, we have

) () =¥ (V)| < Me”/o I1EU(s)) = F(V(s)]l e ds

< MeTPL(BMR) T d(U,V).
It is now straightforward to check that, if T'=Tg > 0 is chosen small enough, there holds
MeTPR+MeTP3MRL(3MR)T < 3MR,
MeTPL(BMR)T < 1/3.
This shows that ¥ maps (X, d) to itself and is a contraction. The result now follows from the Fixed Point Theorem. [
Theorem 2.11. There exists a function T : 7 — (0, 00] with the following properties. For all Uy € H, there exists

a function U € C([0,T(Uy)), 7€) such that, for all0 < T < T(Up), U is the unique solution of (2.2) in C([0,T], ).
Furthermore, the blow-up alternative holds: if T'(Uy) < oo then limypw,) [[U(E)| 5 = oo.

Proof. For all Uy € 52, we set
T(Up) = sup{T > 0:3U € C([0,T], ) solution to (2.2)}.

From Proposition 2.10, we know that T'(Up) > 7|y, > 0 and Lemma 2.9 allows us to extend it to a maximal solution
U € C([0,T(Uy)], #). The blow-up alternative follows from an argument by contradiction. Suppose that T'(Uy) < oo
and that there exists a constant C' and a sequence t,, in [0,7'(Up)) such that t,, T T(Up) and sup,,cy [|U(tn)]| ,» < C.
Now take a time ¢,, such that t, + Tc > T(Up). Using Lemma 2.9 and Proposition 2.10, we can extend the solution
up to t, + Tc by considering the initial value problem (2.2) with initial value U(t,). This contradicts the definition
of T(Uy) and concludes the proof. O

Theorem 2.12. Following the notation of Theorem 2.11, we have the following properties:

(1) T : 2 — (0,00] is lower semicontinuous: given the initial conditions Uy, Uy, € J such that Uy, converges to
Uy in €, we have that
T(UO) < lim infT(Uo’n).
n—oo

(i) If Uy — Uy and if T < T(Uy), then U, — U in C([0,T], ), where U, and U are the solutions of (2.2)
corresponding to the initial data Uy, and Up.
Proof. Let Uy € # and U € C([0,T(Uy)), #) be the solution of (2.2) given by Theorem 2.11. Let 0 < T < T'(Up).
It suffices to show that, if Uy, — Uy then T'(Up ) > T for n large enough, and U,, — U in C([0,T], ). We set

R=2 sup [U(t)| .
t€[0,T]

and
Tn = sup{t € [0,T(Uo,n)) : |Un(9)|l ,p < 2R Vs € [0,t]}.
If n is large enough, we have ||Up,,|| ,, < R. Hence, by Proposition 2.10, 0 < Tr < 7,. Now, for all 0 < ¢ < min{7,, T},

1U#) = Un()l e < [|€"4(Uo = Uon)|| 5, +/0 He“—S)A(F(U(s)) - F(Un(s)))H% ds

T
< Me™P Uy — Upulle + MeTBL(ZR)/ [U () — Un(s)|| 4 ds.
0

Therefore, by Gronwall’s lemma,

1U(#) = Un®)ll e < MeT? [Ty = Up ] M7 HEOT (2.15)
for all ¢ < min{T,7,}. In particular, if n is large enough,
1Un@) 0 < R
for t < min{T,7,}. Hence 7, > T, which implies that T'(Up,) > T. From (2.15) we also see that U, — U in
C([0,T), ), which completes the proof. O

Theorem 2.13. Let Uy € ® and T € (0,T(Uy)). Let U € C([0,T], 5) be the corresponding solution of (2.2). Then
U e C([0,T],2) N CH[0, T], 7).
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Proof. Let h >0 and t € [0,T7 — h). By a change of variables it is easy to see that

U(t+ h) — U(t) = ePMAU, — AU,y + /0 t EAFUE+h—s)—FU(t—s))ds+ /O ' eUHh=)AR([(5)) ds.

Hence,
U+ h)=U(@)||,, < HetA(ehAUo — UO)H%’ —l—/o HeSA(F(U(t +h—35)—-FU({t- s)))H%, ds

+ /Oh He(t+h—S>AF(U(s))H% ds

t
<MeTB||ehAU0—U0||%+M6TﬁL(R)/ U@t +h—s5)—U(t—s)|, ds
0

+ MeTPh sup ||F(U(s))||, -
sE[O,T]

We know that
h
eh'AUo - Uo = / 6SA.AU0 dS,
0

and so HehAUo - Uy < hMePT ||AUy|| . Applying Gronwall’s Lemma, we get
[U(t+h) =Ut)llp S h

forall 0 <t <t+h <T. Hence, U : [0,T] — 5 and F(U) : [0,T] — 4 are Lipschitz continuous. We conclude
by [7, Corollary 1.4.41] and [7, Proposition 4.1.6]. O

e

Remark 2.14. It is worth noting that solutions of (1.1) may blow up in finite time. To this aim, let us consider the
ordinary differential equation

v (t) +o(t) — 03 (t) = 0. (2.16)
For any fixed T' > 0, this equation has the solution

v(t) !

- tanh (T — t/\/ﬁ) ’

which blows up at time v/2T. Now, consider (1.1) with m = 1, vy = a@ = 0 and p = 3, and choose the constant initial
data ug = 1/tanh (T"). By finite speed of propagation (see e.g. [7]), if ug is smoothly truncated outside an interval of
length 2v/2T + 1, the corresponding solution of (1.1) will blow up like (2.17) at time v/2T. Again by finite speed of
propagation, if the support of the truncated ug is chosen far away from x = 0, then the solution u will not ‘see’ the
Dirac potentials over the time interval [0, /27T, and will also blow up at time /27, for any values of v and .

(2.17)

3. HAMILTONIAN STRUCTURE

In this section we show that (1.1) is a Hamiltonian system, and we establish the relevant conservation laws, namely
that the energy and the charge defined in (1.10) and (1.11) are constants of the motion. We shall use the general
framework developed in [9] to study orbital stability of standing waves of infinite-dimensional Hamiltonian systems.

We start by showing that, in the terminology of [9, Sec. 6], (##,9,J) forms an appropriate symplectic Banach
triple for our problem, provided the map J : 5 — 5 defined by

J(u,v) = (—iadu — v,u) (3.1)
is a (weak) symplector, in the sense of Definition 6.2 (i) in [9], which we check now.

Lemma 3.1. The map J : & — H* defined by (3.1) is a symplector, that is:

(i) J is a bounded linear map;
(ii) J is one-to-one;
(iil) J 1is anti-symmetric, in the sense that

(](u,v), (w,z)) = <j(w,z), (’U,7U)> s (uvv)v (’LU,Z) S
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Proof. (i) Linearity is obvious and boundedness follows from the Sobolev embedding theorem through the estimate

(T (w,0), (w, 2)) | = ‘Imau(o)w(o)—Re/erRe/uz‘
R R
< lal [Jull g lwll g + ol g2 lwll g2 + llull g2 |21l g2

S (lull g +lollz) (lwll g + Nzl 22 )-
(ii) J is one-to-one since, clearly, J(u,v) = (0,0) if and only if (u,v) = (0, 0).
(iii) The antisymmetry of J follows by a straightforward calculation, using that a € R. d
We now turn our attention to the regularity of the energy and charge functionals respectively introduced in (1.10)

and (1.11). In particular, in the terminology of Definition 6.5 in [9], we show that E and @ have J-compatible
derivatives, i.e. that E'(u,v), Q' (u,v) € rge J for all (u,v) € ©. We write E, Q € Dif(D, J).

Lemma 3.2. We have that E € C1(,R) N C?*(D,R) and Q € C*(#,R). For (p,v) € D and (u,v), (w,2) € H,
we have

El(§07 ’lp) = (_QDH + szO - |<p|p_1g0 - 20457% ¢)a

(B" (0, ) (1, ), (w, 2)) = Re [yu(0)m(0) + /

(u/u‘;ur (mzu— I[P~ u— (p— 1)|¢|P*3¢Re(gpﬂ))iz> d:z:+/
R

vZ d:c}7
R
and for (@, ), (u,v) € H
Q' (¢, ) = (—adp + i), —ip),
Q" (0, V) (u,v) = (—adu + iv, —iu).
Furthermore, E'(p,¢) € rge J and Q'(¢,v) € rge J for all (p,v) € H.

Proof. The regularity stated and the expressions obtained for the Fréchet derivatives follow from routine verifications.
Let (p,1) € ©. To see that E'(p, 1) € rge J, one has to find (w, z) € 5 such that

—iadw — z = —¢p" + m?p — |pP "l —iady and w =1 in .
This yields (w, z) = (1, 9" — m?¢ + |p[P~1yp), which clearly belongs to 5. Similarly, for (p,1) € #,
T(w,2) =Q'(p, ) = (w,2) = —i(p,¥). (3.2)
This completes the proof. O

Lemmas 3.1 and 3.2 show that (27,9, J) is a suitable symplectic Banach triple for our problem, with associated
Hamiltonian E. For initial conditions Uy = (ug,u1) € D, the differential equation in (1.1) can indeed be written as
the Hamiltonian system (see Definition 6.6 in [9])

d
j&U(t) = E'(U(t)). (3.3)
Remark 3.3. The well-posedness theory in Section 2 shows that the domain ® is stable under the flow of (3.3), so

that, by Lemma 3.2, E’/(U(t)) indeed belongs to rge J over the lifespan of the solution.

Proposition 3.4. The energy E and the charge Q are constants of the motion for (3.3), i.e. for any Uy = (ug,u1) €
A, E(U(t)) = E(Up) and Q(U(t)) = Q(Uy), as long as the solution exists.

Proof. Following [9, Theorem 5, p. 191], one only needs to check that both E and @ Poisson-commute with E, i.e. that
{E, E}(u,v) = {E,Q}(u,v) = 0 for all (u,v) € D, where for any F € Dif(D, ), the Poisson bracket {E, F'} is defined
as

{E,F}(u,v) = (E'(u,0), T ' F'(w,v)), (u,0) €D. (3.4)
That {E, E}(u,v) =0 for all (u,v) € D is a trivial consequence of the anti-symmetry of 7. As for {F,Q}, using the
explicit expression J 1 (w, z) = (2, —w — iadz) (or (3.2)), we have

{E,Q}(u,v) = ((—u" + m*u — [ulP~'u — iabv, v), (—iu, —iv))
= Re [/R(—u” +m?u — |uP "ty — iadv) (—iu) do + Re/Rv(—iv) dx}

=Re [ —i /R u'udx + 0411(0)1](0)}
= Re[—iu(0)(u(07) — u(0T)) + ai(0)v(0)] = 0,
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which completes the proof. O

4. STABILITY OF STANDING WAVES

Having established the well-posedness and the Hamiltonian structure of the initial-value problem (1.1), we now
investigate the stability of standing waves by applying the energy-momentum method described in the introduction.
The criterion for orbital stability of the standing waves (1.13) is the following.

Proposition 4.1. Suppose the standing wave e™°'®,, (x) satisfies the spectral conditions (S1)—(S3). Then it is
orbitally stable if
d
3. q)w Oa
dw w:on( ) o
and orbitally unstable if
d

—_— P .
dw w=on( W) <0

Let A be a selfadjoint operator that is bounded below with positive essential spectrum. We shall henceforth denote
by n(A) € N the number of negative eigenvalues (counted with multiplicities) of A, and we set

Ny = n(Rfng(d)w)),
for all admissible w € R. In Proposition 4.1, we have n,, = 1. For n,,, = 2, we will exhibit regimes of linear instability

using the following criterion, borrowed from [16].

Proposition 4.2. Let
L] Q@) >0,

w=wqo

0 if d%‘w Q®,) <0

=wo

p(d"(w)) =

Then the standing wave e*“°t®, is linearly unstable if n,, — p(d”(wo)) is odd.

(
Corollary 4.3. Suppose the standing wave e*°t®,, ~satisfies (S1')~(S3) and
d

dw

Q) > 0.

w=wq

Then it is linearly unstable.

4.1. Spectral analysis. Our purpose here is to give some spectral properties (in particular the number of negative
eigenvalues) of the operator R™1L! (®,,). We will consider «,~ and w satisfying (1.8). The quantity

B =pB(w):=v—aw,
which appears in (1.5), will play an important role below. In view of the admissibility condition (1.8), we shall consider
B € (—Bo, Bo), where fy := 2¢/m? —w?. The main results of this subsection rely on the dependence on g of the key
objects entering the spectral analysis. With this in mind (and to avoid a too heavy notation) we shall relabel various

quantities by  and temporarily drop the index w. For instance — with a slight abuse of notation — we will write ¢z
instead of ¢, that is,

m? — w? 9 —1)vm? —w 1 T
pp(r) = (p+1)(2 )Sech ((p D) B i 2|:E|+t3mh <2m§—w2>>] . (4.1)

One should of course keep in mind the dependence on w. It will not be relevant for our analysis here, but will come
back with full force in the next subsection. For U = (u,v) € S, we now let

LU = (= v +mPu — cpg_lu —(p— 1)(,01;_1 Re(u) + Bou + iwv,v — iwu) € H7. (4.2)

In view of Lemma 3.2, this reads Ly = L{/(®,). We shall also use the convenient notation Eg = é_ng.
Let 8 € (—Bo, Bo). We observe that Lj : # — " is a bounded operator and, for U, W € 7, we have

(LEUW) s = (LEU, W) se 0 = (U, LEW ) e e = (U, LW ) e, (4.3)

SO E’é is a bounded self-adjoint operator on 2.
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Instead of analyzing directly the spectral properties of L, it will be more convenient to work with the operator on
L? x L? associated to the form L7;. More precisely, we set

Dg:={ue€ H** :4/(0%) —/(07) = Bu(0)} (4.4)

and we consider on L? x L? the operator Lg defined by D(Ls) = Dg x L? and, for U = (u,v) € D(Lp),

LU = (—u" +mPu— cpf;lu —(p— 1)90%71 Re(u) + iwv,v —iwu) € L? x L?.

This defines a (R-linear) self-adjoint operator which shares the same relevant spectral properties as IN/é:

Proposition 4.4. The operator Lg is selfadjoint and bounded from below on L? x L?, and for U € Dg x L* we have
(LoUU) 2y 12 = (LU U) s 0 = (LU, U) .

We have
ker(Lg) = ker(L}). (4.5)
Moreover
inf oess(L5) >0 <= inf oess(ig) > 0, (4.6)
and, in this case,
n(Lg) = n(ﬂg) (4.7)

Proof. @ For U,V € A, we set Q(U,V) = (L3U, V) s+ . This defines on L? x L? a symmetric bilinear form with
domain D(Q) = 4. Using a trace inequality as in (2.6), we can check that @ is bounded from below and closed. We
denote by T the corresponding selfadjoint operator given by the Representation Theorem (see for instance [20, VI-
Theorem 2.1] for sesquilinear complex forms, the symmetric case being analogous for real bilinear forms). In particular,

D(T)={U € # : V— Q(U,V) is a continuous linear functional on L* x L*},

and

(TU, V) 2y 12 =Q(U,V), forallUeD(T),V €. (4.8)
Since (LU, V) 2y ;2 = Q(U, V) forall U € D(T) and V € J#, we have D(Lz) C D(T) and L5 = T on D(Lg). Now let
U = (u,v) € D(T). Writing (4.8) with V = (w, 0) for any w € C§°(R*) proves that u € H**. Then, with w € C§°(R)
such that w(0) =1 or w(0) = i, we obtain u € Dg, so U € D(Lg). This means that Lz = T, and the first part of the
proposition is proved.
o Let U = (u,v) € ker(Lg). In particular we have U € J# and (ﬂl'éU, W) e = (LEU,W) s e = 0 for all W € 2, so
Ue ker(i/’é). Conversely, if U € ker(ig) then (LZU,W) = (0, W) ., 12 for all W € 2, so U € D(Lp) and LU = 0.
This proves (4.5).
e Now suppose that inf gess(L£g) > 0. Since Lg is bounded from below, it has a finite number m of non-positive
eigenvalues (counted with multiplicities). We denote by © the subspace of L? x L? generated by the corresponding
eigenvectors, and by O+ the orthogonal complement of O in L2 x L2. We also set O = O+ N.#. Since © C D(Lg) C
., 0 and (:)f are complementary subspaces of JZ.

There exists op > 0 such that o(£5) N (0,00) = . Then, for all U € D(Ls) N O, we have

(LAUU) s = (LU U spe 0 = (LU, U 22 = 00 U |72 12 -
On the other hand, by the trace inequality there exists C' > 0 such that, for all U € 57,

2
U115
2

<LgU7 U>W*,3f 2 _C”UHL2><L2'
Thus, for n € (0,1) and U € D(L3) N OF, we have
7 n
(LEU, U)o 2 5 WU = nC U s pa + (1= m)0 U2 o -
For n > 0 small enough, this yields
(LU U) e > g U2, , forall U € D(Ls) N O

But D(Ls) N O7 is dense in O7, so

(LAU,U) e > g |U|%, ., forall Ue 67
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Since ©1- is of codimension m in .7, the Min-Max Principle (see, e.g., Theorem XIII.1 in [28]) implies that inf JCSS(Eg) >
0 and that f/g has at most m negative eigenvalues (counted with multiplicities).

Conversely, assume that inf Uess(ig) > (. Since Eg is bounded, it has a finite number m of non-positive eigenvalues
(counted with multiplicities). We denote by © the subspace of 5 generated by the corresponding eigenvectors, and
by ©+ the orthogonal complement of © in .. There exists o; > 0 such that U(Eg) N (0,01) = (. Then, for all
U € ©1, we have

(LEU,U) see 0 = (LEUU) e 2 o1 U5 > 01 U722 -
We recall that 7 is the form domain of £5 and that Lg is associated to the form @), so by the form version of the
Min-Max Principle (see Theorem XIII.2 in [28]), we have inf oess(L£3) > 01 > 0 and L has at most m non-positive
eigenvalues (counted with multiplicities).

We have thus proved (4.6) and that, in this case, the operators ﬂg and £ have the same number of non-positive
eigenvalues. With (4.5), this gives (4.7). O

Since L3 is not C-linear, it is usual to split functions into real and imaginary parts. Then, the operator £z acting on
pairs of complex-valued functions is formally equivalent to the following operator acting on quadruplets of real-valued
functions:

LE + w? 0 0 —w
0 Lg + w2 w 0
0 w 1 0|’
—w 0 0 1
where
L}'u = —u" + (m? —wHu — pgp’éflu, (4.9)
Lyu= —u" + (m?* — w?)u — gp'ﬂ’_lu. (4.10)

Here, L;g and L are R-linear operators acting on a space of real-valued functions. However, we are going to use some
spectral arguments which are more conveniently written with complex operators.

We denote by L% the Lebesgue space L*(R,C) endowed with its usual complex structure. Then we define H} and
Hé’* accordingly. We also define Dg as Dg, with H** replaced by Hé’*. Then we define the operators LE and Ly
by D(LE) =D(L;) = D(g x L2 and, for u in D@ x L2, Lgu and Lzu are defined by (4.9) and (4.10). These are in
particular C-linear operators.

For A € R\ {1} we set (see Figure 1)

Aw?

1-X

Proposition 4.5. The operators L; and Ly are selfadjoint and bounded from below on L(QC. Moreover, for A € R\ {1},
(i) A€ o(Lg) if and only if A(X) € O'(LZ) Ua(Lyg),
(ii) we have

AA) =2+

dim(ker(Lg — X)) = dim(ker(L}' —A(N))) + dim(ker(L; — A(N))), (4.11)
and in particular, 3
n(Lg) =n(LE) +n(Ly), (4.12)
(iii) A € oess(Lp) if and only if A(N) € oess(L;) U aess(Lg).
In (4.11) and (4.12), the left-hand sides are dimensions of real vector spaces while the right-hand sides are dimensions
of complex vector spaces.

Proof.  Asin the proof of Proposition 4.4, we can check that LE and Lj are the selfadjoint operators corresponding
to the sesquilinear forms

g5« (u,w) = (W 0') g + (m® = W) (u,w) 12 — Pl w) 12 + Bu(0)@(0) (4.13)

and
q5 : (u,w) = (u',w')L% + (m? — w?) (u,w)L% - (wg_lu, w) 2 + Bu(0)w(0), (4.14)

which are closed, symmetric and bounded from below.
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e Let A\€R. Let U= (u,v) and F = (f,g) in L? x L?. We write u = uy + iug where u; and us are real-valued. We
use similar notation for v, f and g. Then u belongs to Dy if and only if u; and ug belong to Dg and in this case

(LE +w2 = Nuy —wvy = fi,
Ly +w? = Nug +wvy = fo
Lz—NU=F <+ (Lg ’
(Ls ) (I=XNvy +wus = g1,
(1 -=XNve —wu; = go.
If A #£ 1 this gives
(Li =AM\ = fi+$%,
(L —AM))ua = fa— 5,
(Ls—NU =F A o — gl,W;}Q A (4.15)
1— )
vy = gzl-i-_wkm'

e Weset KT()\) = ker(L;r — A())) and denote by Ky ()\) the R-linear subspace of real-valued functions in K+ ().

Given u € Dg, we have u € K*()) if and only if Re(u) and Im(u) are in K7 (\). A family of linearly independent
vectors in Kp (A) is also a family of linearly independent vectors in KT ()), so dimg(K5 (A)) < dimc(K+(N)). In
particular, if the left-hand side is infinite, then so is the right-hand side. Now assume that dimR(Kﬂér (M) is finite
(possibly 0) and consider a basis e = (e1,...,e,) of K (R) (with m € N). Let u € K+()\). Then Re(u) and Im(u)
belong to K (\) and are R-linear combinations of vectors in e, so u is a C-linear combination of vectors in e. This
proves that
dimc KT(A\) = dimg K3 ()).

We similarly define K~ (\) and K () and see that dime K~ (\) = dimg Ky (A).

Ifef,... e, are linearly independent vectors in Ki(\) andey,... e, arelinearly independent vectors in Kp (\)

rm rm_

(m4 may be zero), then

L4 .+ _ —
we 1we L we L we, -~
(ef, . _1>\) ey (ef, 1 _m;> , (zel . _1)\> s (zel S _m)\> (4.16)

is a family of linearly independent vectors in ker(Lg — X), so
dim(ker(Lg) — A) = dim(Kg (V) + dim(Kp (N)). (4.17)

In particular, if the right-hand side is infinite, then so is the left-hand side. Now assume that the right-hand side is
finite. If the above families span K3 (\) and K ()), then (4.16) span ker(Ls — A())), so the inequality in (4.17) is an
equality and (4.11) is proved. Since A is a bijection from (—o0,0) to itself, (4.12) follows.
e Assume that A(\) € p(Lg) Np(Lg). Let F'= (fi +if2,01 +ig2) € L? x L?. Let (uy,us,v1,v2) be the unique
solution of (4.15) and U = (uy + dug,v1 + ivs). Then U € D(Lg) and (Lg — \)U = F, so (Lz — A) is surjective. We
already know that A is not an eigenvalue of Lg, so (Lg — A) is bijective. This implies that X is in the resolvent set of
Lga.

Conversely, assume that A € p(Lg) and let f = f; +ifs € L& We denote by uy (resp. uz) the first component of
(Ls—X)"(f1,0,0,0) (resp. (L5 —A)"1(f2,0,0,0)). Then u = uy + iug is such that (L;g —A(N\))u = f, and we deduce
that A(X) € p(Lg). Similarly, A(A) € p(Lg). This proves (i). Then (iii) follows from (i) and (ii). O

Remark 4.6. If we denote by A_ and A, the restrictions of A to (—o0,1) and (1,400), then A_ : (—o0,1) — R and
At : (1,400) — R are increasing bijections. Therefore,

Oess(Lp) \ {1} = Ail(ffcss(LE) U UCSS(L/;)) U A—T—l(UCSS(LE) U chs(L/E))~
Furthermore, since UeSS(LE) U aess(Lg) contains a neighborhood of +o0o (see Proposition 4.7 below) and cess(Lg) is
closed, we have that 1 € gess(L). More precisely,
Oess (L) = [01,1] U [02, +00),
with o1 = AZ'(m? — w?) € (0,1) and o9 = A7 (M2 — w?) > 1.

With Propositions 4.4 and 4.5, we can deduce the spectral properties of fig from those of L; and LE, which we
now describe.

Proposition 4.7. Let 8 € (—po, Bo).
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FIGURE 1. Graph of A — A(\)

(i) We have JeSS(LZI) =0ess(Lg) = [ 2 — w2, +00).
(ii) The first eigenvalue of Ly is 0, it is simple, and the corresponding eigenspace is spanned by ¢ga.
(iii) 0 is an eigenvalue of L;g if and only if B = 0. Moreover, ker(L{) = span(9.¢0) and the negative spectrum of L
reduces to a simple eigenvalue.

Proof. Tt is known from [3, Theorem I-3.1.4] that the essential spectrum of —92 + (m? — w?) is [m? — w?, +0). As LE

and L are relatively compact perturbations of this operator, (i) follows from the Weyl Theorem (see, e.g., [20, IV-

Theorem 5.35]).
Since ¢g € Dg, Lsps =0and gg >0, the first eigenvalue of Lj is 0, it is simple and the rest of the spectrum is

positive (see, e.g., [5, Chapter 2]). This proves (ii).
As for (iii), we observe that g satisfies

— @+ (m? —w?)pg — @l =0 (4.18)

on (—00,0) and on (0,400). When 8 = 0, ¢¢ is smooth and (4.18) holds on R. After differentiation, we see that ¢y
belongs to ker(LSr). By Theorem 3.3 in [5, Chapter 2], 0 is a simple eigenvalue of L(J{ and the corresponding eigenspace
is spanned by ¢[. Moreover, by [21, Lemma 4.16], L(J{ has one simple negative eigenvalue.

Now assume that 8 # 0. Let u € ker(Lg). In particular, u satisfies

-+ (m* —w)u — ptpg_lu =0 (4.19)

on (—00,0) and on (0,+00). Since ¢ is also a solution of (4.19) on (—o0,0) and (0, +00), there exist p—,us € R
such that u = p_¢j on (—o0,0) and u = i) on (0,+00). As u is continuous at 0, we have

p-9(07) = u(0) = py(0). (4.20)
Thus p1— = —py because ¢j3(07) = —}3(07) # 0. Moreover, s and u both satisfy the jump condition in (4.4), so
B (0) = ¢3(07) — ¢js(07) = 2¢3(07) (4.21)
and
Bu(0) = (u/(0%) = w/(07)) = s (£ (07) + ¢5(07)). (422)
On the other hand, by (4.18),
5(0%) = lim () = (m* = w?)ps(0) = 5(0). (4.23)

Using (4.20)—(4.23) we now have

1148
2

5(0) = 2u1 ((m* — w?)s(0) — 5(0)).
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Since ¢p(0) # 0, it follows that
- B2
M+<Pg 1(0) = M+ <m2 —w? - )

But a direct computation using (4.1) gives
- p+1 32
P 1(O)ZT (mQ—w2—4 .

This proves that g = 0, whence u = 0. Therefore, 0 is not an eigenvalue of LE when 8 # 0. The proof is complete. [

Since n(Lg) = 0, (4.12) now gives n(ﬂg) = n(LE) By Proposition 4.7, L has a simple negative eigenvalue, has 0
as a simple eigenvalue, and the rest of its spectrum is positive. We now determine the number of negative eigenvalue
of L; for all g € (=5, Bo) by a perturbation argument.

Proposition 4.8. Let 8 € (Bo, Bo). Then

o J1 i B<o,
"(Lﬁ)_{2 if 8>0.

Proof. We recall that LE is associated to the form qg defined in (4.13). This form is bounded from below and
closed with dense domain H¢. Moreover, for all u € H¢, the map 8 +— q;(u,u) is analytic (the map B — ¢p is
pointwise analytic and locally bounded in L°°), so the family of operators LE is analytic of type (B) in the sense of
Kato (see [20, Sec. VI1.4.2]). Thus, by analytic perturbation of L, there exist 81 € (0, /) and an analytic function
A : (=p1,81) — R such that A\(0) = 0 and, for all 3 € (=31, B81), A(B) is a simple eigenvalue of L;Jf, L; has a simple
eigenvalue smaller than A(3), and the rest of its spectrum is positive. Furthermore, there exists an analytic function
[ (=B1,B1) — LZ such that, for 8 € (=1, 1), f(B) belongs to Dfé and is an eigenfunction corresponding to the
eigenvalue A(3).
In particular, there exist Ay € R and f; € L?c such that

A(B) = BA1 4+ 0(8%), (4.24)
F(B) = ¢+ Bf1+ O(8%). (4.25)
From (1.9), ¢g is also analytic in 3 € (—f, o) as a function in H*(R), so there exists g1 € H¢ such that
vs = o+ Bgr + O(B°). (4.26)
For § small, the sign of A(8) is given by the sign of A1, which we now compute. We have
(LEFB), o)z = (NB)F(B) ¢z = MBlleollz: + O(B?). (4.27)

On the other hand, since LE is selfadjoint and f(8), ¢(, € Dg,
(L5 £(B), o)1 = (F(B), LEhya.
Then, by (4.26),
Loy = (L — L) = —p(eh ' — b )eo = —Bp(p — Db 0hg1 + O(B).
With (4.25), this yields

(LY 1(B), 0) 12 = —B{26,p(p — V)b *hg1) 12 + O(B%). (4.28)

A straightforward calculation using that Lj¢o = 0 gives
pp = 1) (20)* = L ((m? = w)eo — #p).- (4.29)
Now consider an arbitrary ¢ € H!(R,R). Differentiating the identity 5 (1, pp) = 0 with respect to 8 at § = 0 yields
a5 (¥, 91) = =1 (0)p0(0). (4.30)

In view of (4.29) and (4.30), (4.28) then becomes
(LEF(B)s o)1z = —Bag ((m? —w?)po — ¢, g1) + O(B%) = Bl(m? — w?)po(0)* — o (0)7+'] + O(5%).
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Combining this with (4.27), we obtain

A = (72 = @?)e0(0)? — (0P
61172
But from (1.9) we have
e = P22 =) > (m? - o),

2
hence A; < 0. It follows that there exists S € (0,81) such that ng has exactly one negative eigenvalue for all

B € [—f2,0) and exactly two negative eigenvalues for all 3 € (0, 2]
Finally, there exists £ € R such that Lg‘ > k for all B € (—fo, Bo), so the negative eigenvalues of L; are in [k, 0).

Moreover, we know from Proposition 4.7 that 0 is not an eigenvalue of Lg if 8 # 0. We define the contour I' as the
boundary of the set @ = (k — 1,0) +#(—1,1). Since T is in the resolvent set of Lg for 8 # 0, we know from the
analytic perturbation theory (see [20, VII-Section 1.3]) that the number of eigenvalues of LE in 2 does not depend on
B € (—Po,0) or B € (0, ). Since L:’[h has two negative eigenvalues and L::,—ﬁz has exactly one, we have n(LE) =1
for all 8 € (—f,0) and n(LE) = 2 for all 5 € (0, Bo). O

Combining Propositions 4.4, 4.5, 4.7 and 4.8 with 8 = v — aw, we finally obtain the following result.
Proposition 4.9. Suppose m? —w? > (y — aw)?/4. Then

1 if v—aw<0,
Ny = .
2 if y—aw>0.

Remark 4.10. For v — aw > 0, the operator Eg restricted to J%.q has only one negative eigenvalue (see [22,
Lemma 21]). Hence, 4-Q(®,,) < 0 implies orbital instability in .#,q, and so orbital instability in .

4.2. Slope condition. We shall now turn our attention to the slope condition in order to classify various stabil-

ity /instability regimes. We still consider «,~ and w satisfying (1.8), and we now restore the dependence on w in the

notation — which was dropped in the previous subsection, where the parameter 8 = v — aw played the key role.
From (1.9) and (1.11), we get

Q@) = —wlipulliz = Sleu (O

= —O(w)

sechp%l(y) dy — %C(w) (1 - M) o , (4.31)

4w /OO
(p—1)vm? —w? Jrw)

C(w) = ((p+1)(72n"’ w2)>pzl and 7(w) = tanh™" (N(%)

We first investigate the stability of standing waves when p = 3, in which case (4.31) reduces to

R (R = B (e et ]
= —dwy/m? = w7 = 20y — aw) — a(m? —w?) + £ (y - aw)*

where

4
We shall inspect the derivative of Q(®,,) with respect to w, which is given by
d 4? ol a?
il - _ 2_ .2 @ _ il
de(CI)w)f — 4v/m? —w +<2 +6a>w 'y<2+ 2>. (4.32)

In the following theorem we address the case when either &« = 0 or v = 0. Let us first remark that in these cases
there exists an H! solution of (1.5). Indeed, if

a=0, [|7/<2m and we (-wy,wy), with w,=4/m?—- —

or if

7y=0 and w € (—w4,wys), Wwith w,=

Vi+ a2’
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then the admissibility relation (1.8) is satisfied.

Theorem 4.11. Let p =3 and m > 0.
(i) Suppose that a =0, |v| < 2m and |w| < w,. Let

. \/16m2—72+’y\/’y2+32m2 1 N v
Wy = =m,[= .
! 32 2 7 432m? 4y
o For~y <0, e, is orbitally stable if |w| > &, and orbitally unstable if |w| < @..
e For~ >0, e“'®, is linearly unstable if |w| > &, and orbitally unstable on Haq if |w| < .

(ii) Suppose that v =0 and |a| < 2/V/5 — 2. We set

L m || 1 <a3 )
wr = —=4/1F ——, where k=-—+6a].
VD) + 4+ K2 4

Suppose o < 0.
o Ifw € (—wq, —w, ) then e™t®,, is orbitally stable.
If we (—w;,0) then e“t®,, is orbitally unstable.
If we (0,w]) then et®,, is orbitally unstable on Haq.
If w € (wh,wy) then e“'®,, is linearly unstable.

Suppose o > 0.
o Ifw € (~wa, —wl) then e“'®,, is linearly unstable.
o Ifw € (—wl,0) then e™t®,, is orbitally unstable on Haq.
o Ifwe (0,w;) then e'®,, is orbitally unstable.
o Ifw € (w,,wy) then et®,, is orbitally stable.

Let us remark that orbitally instability on J#,q implies orbitally instability on 7.
Proof. (i) Since o = 0, we have —--Q(®,,) = 0 if and only if

4w? — 2m? = yv/m?2 — w2,
that is,
16w + (7 — 16m?)w? + (4m* —v*m?) =0 and sgn(2w? —m?) = sgn(y).
The only possibility is w? = &13
deduce that d—‘i}Q(qu) < 0 if and only if |w| < @,. Furthermore, Proposition 4.9 with & = 0 yields n, = 1if v < 0
and n,, = 2 if v > 0. Hence, the conclusions in (i) follow from Proposition 4.1, Proposition 4.2 and Remark 4.10.
(ii) We now consider the case v = 0. We have that —=Q(®,,) = 0 if and only if

4

Since d—iQ(q)w) is negative when w = 0 and goes to +0o0 when w goes to £u, we

wh —m2w? + =0 and sgn(2w? —m?) = sgn(—rw).

4+rK2
The solutions are —w; and wZ. Then, for |w| < w,, we have -LQ(®,,) < 0 if and only if w € (—w;,w]). Furthermore,
n, = 1if aw > 0 and n,, = 2 if aw < 0. Hence, the conclusions again follow from Proposition 4.1, Proposition 4.2
and Remark 4.10. O

Remark 4.12. Notice that @, > w. when v > 2m/+/3. In this case, e’“*®,, is orbitally unstable for all w € (—w., w-).
Similarly, if || > 2v/v/5 — 2 then w}l > w,, so the set of w for which we have linear instability is empty.

We next give some results with non-zero coupling constants, v # 0 and « # 0. We first observe that the right-hand
side of (4.32) vanishes for
2 40

. o?
’Y:"/(Oc,u))::4+az mQ—w2_4 m2—w2+<2+6a)w].

It follows that
d -
EQ(‘DLAJ) = —sgn(y — 7).
The following theorem is then proved using Proposition 4.1, Proposition 4.2 and Remark 4.10, similarly to the proof
of Theorem 4.11.

sgn
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Theorem 4.13. Let p = 3 and consider w € (—m,m), « € R and v € R satisfying (1.8).

(i) Suppose v —aw < 0. Then e’j“’t@w is orbitally stable if v <7 and orbitally unstable if v > 7.
(i) Suppose v — aw > 0. Then e*t®,, is linearly unstable if v < 7 and orbitally unstable in Haq if v > 7.

Remark 4.14. For any fixed a € R, there always exist values of the parameters w, y satisfying the above conditions
for stability/instability. For instance, conditions (1.8), v < aw and v < ¥ are all satisfied provided

2 2

8 2w*—m S8aw
Y—ow+2vVm w itra? m2—w2+ m w +4+oz2

Clearly, this condition is satisfied for |w| &~ m. The other cases follow by similar arguments.

We now consider more general values of the power 1 < p < 5. To keep the exposition simple enough, we focus on
the cases where the coupling constants «,~ have the same sign. Of course, mixed cases could also be considered.
Lemma 4.15. Let 1 < p < 5.

(i) Suppose a,y > 0. We have

d—i@(@w) 0 forwe(—%\/p—li))

and
d ay  am? m
4 @) >0 e (e .
de( w) > forw€(4+a2 5 ) 5 VP m
whenever these intervals are not empty.
(ii) Suppose a,y < 0. We have

d m ay  am?
T ¢UJ " o 71 T 9
—Q(e.) <0 forw€<02 P )ﬂ<4+a2 7)
and )
d am ay m
a@(‘bw) >0 forw S (’}/, 4—|—042> n (5 P — 1,m> s

whenever these intervals are not empty.

Proof. We only prove (i), as (ii) is proved by similar calculations. We rewrite (4.31) as

Q) = Cr(w)(w) + Ca(w),

where
_ 4 p+1\r1 9 2y-2. -1
C(w) = pl( 5 ) w(m® — w?) ,
I(w) = / sech7-T (y) dy,
7(w)
« +1\7 1 2
Cafw) = =5 (L5) 7 tam? =) - (3 -
We first find
1\ 7-1
% - (p;) (4(m? = w?) — (7 — aw)?)) 751} (~8w + 2a(y — aw)).
It follows that % >0 if
ary
. 4.
w> o T o? (4.33)
We next determine the sign of %(Cl I) assuming w > 0. Since I is positive and C} is negative for w > 0, we will have
0 0Cy ol
—(C1l)=—1+C1— >0
3w(1) Ow +18w>’
provided %il > 0 and (% < 0. On the one hand, we have

2 2
4 1\#7 T : NNeT/ 2 1 :
5= () e () () e
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which is positive if

w] > % p—1. (4.34)
On the other,
oI 4,0 1 (v — aw)? T 2am? — 2yw
— = —sech? 1 (1) z—T=—-—F—+r—o(1- ——— 5= ,
Ow ow m2 — w? 4(m? — w?) 4(m? —w?) — (v — aw)?
which is negative if
2
w< X (4.35)
Y

Hence, it follows from (4.33)-(4.35) that --Q(®,,) > 0 if
2

v oam (@ /> — )

w6<4+a2, 5 )ﬁ 5 p—1,m).

We now show that d%;Q((I)w) <0forwe (—=2p—1,0).
As 4 and T are both positive for w € (—m, 0), we will have

0 0C, oI
—(C1l)=—I+C1— <0
3w(1) Ow +18w<’
provided 886;1 < 0 and % < 0. From the previous calculations, we know that %u(jw) < 0if
lw| < % p—1 (4.36)
and ng; <0if
2
w< 2 (4.37)
Finally, 222 < 0 if
ay
. 4.
w< g o2 (4.38)
Since o > 0 and v > 0, we conclude from (4.36)(4.38) that —L-Q(®,,) <0 for allw € (—2\/p — 1,0). O

We finally combine Lemma 4.15 with the spectral conditions in Proposition 4.9 to get the following result.
Theorem 4.16. Let 1 <p <5 and m=1.
(i) Let a,y >0. If 775 <1l and 1< 41% + ﬁxﬁ + a2 — 42, then there exists w satisfying (1.8) and
ay o« 1
——,— N =zyvp—1,1].
w6<4+a2,7> (2 p 7)

For such w, the standing wave e*t®,, is orbitally stable.
If ay < 24/4 + a2 — 42, then there exists w satisfying (1.8) and

w € (—;\/gflﬁ) :

For such w, €'®,, is orbitally unstable.
(ii) Let a,y <0. If 1 < I, then there erists w € R satisfying (1.8) and

a oy 1
eE(l———=|N{=vp—-11].
¢ (v 4+az> (2 P )

For such w, e™t®,, is orbitally stable.
IfI< %\/p — 1, then there exists w € R satisfying (1.8) and

1 ay o«
0, = -1 )Nn{—-F,—|.
w€<,2 p ) (4+a277>

For such w, et®,, is orbitally unstable.
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Proof. We only prove (i), the proof of (ii) being similar. The hypotheses m = 1 and v < « imply that there exists

w € R satisfying
1
w e ( a a> N (2\/17—1,1).

44+ a2~

2
In particular, since 33255 < 2, we also have w < 2. Furthermore, if 1 < 705 + ﬁxﬁ + a? — ~2, then w satisfies

the admissibility condition (1.8). Orbital stability then follows from Proposition 4.9 and Lemma 4.15.

The condition ay < 24/4 + a? —~2 implies that there exists a w € (—1/p— 1,0) satisfying (1.8). Orbital insta-
bility follows from Proposition 4.9, Remark 4.10 and Lemma 4.15. O

Remark 4.17. The condition 1 < 41% + m\/él + a? — 42 is satisfied if 0 < o < v < V4 + a2
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