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Abstract

The long-time asymptotics is analyzed for finite energy solutions of the 1D Schrédinger
equation coupled to a nonlinear oscillator. The coupled system is invariant with respect
to the phase rotation group U(1). For initial states close to a solitary wave, the solution
converges to a sum of another solitary wave and dispersive wave which is a solution to the
free Schrodinger equation. The proofs use the strategy of Buslaev-Perelman [2, 3]: the
linerization of the dynamics on the solitary manifold, the symplectic orthogonal projection,
method of majorants, etc.
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1 Introduction

Our main goal is the study of the distinguished dynamical role of the "quantum stationary
states” for a model U(1)-invariant nonlinear Schrodinger equation

ip(z,t) = =" (x,t) — 6(x)F((0,1)), =z €R. (1.1)

Here 9(z,t) is a continuous complex-valued wave function and F' is a continuous function, the
dots stand for the derivatives in ¢ and the primes in x. All derivatives and the equation are
understood in the distribution sense. Physically, equation (1.1) describes the system of the free
Schrodinger equation coupled to an oscillator attached at the point x = 0: F' is a nonlinear
“oscillator force”.

We assume that F'(¢) = =VU(v) where U(¢)) = u(]1]). Then (1.1) defines a U(1)-invariant
Hamilton system and admits finite energy solutions of type 1, (z)e™? called solitary waves or
nonlinear eigenfunctions. The solitary waves constitute a two-dimensional solitary manifold in
the Hilbert phase space of finite energy states of the system. We prove the asymptotics of type

V(ot) ~ah,, e+ W () Dy, t — Fo0, (1.2)

where W (t) is the dynamical group of the free Schrodinger equation, @1 € Cy(IR) N L?(IR)
are the corresponding asymptotic scattering states, and the remainder converges to zero as
O(|t|="/?) in global norm of Cy(IR) N L?*(IR). Here C4(IR) is the space of bounded continuous
functions IR — C The asymptotics hold for the solutions with initial states close to the
stable part of the solitary manifold, extending the results of [2, 3, 16, 18, 19] for different
one-dimensional equations to equation (1.1).

Let us note that we impose conditions which are more general than the standard ones in
the following respects:

i) We do not hypothesize any spectral properties of the linearized equation, and do not require
any smallness condition on the initial state (only closeness to the solitary manifold).
ii) The stable part of the solitary manifold is characterized by a condition on the nonlinearity

(3.2). The relation of this to the standard criterion for orbital stability 0, / |9 (2)[2dz > 0 (see
[9] and references therein) will be discussed below.

This progress is possible owing to the simplicity of our model which allows us to obtain explicit
formula for the resolvent and derive all spectral properties of the linearization using this formula.
In higher dimensions the explicit formula for the resolvent is missing hence similar exact analysis
of spectral properties is impossible.

Our investigation is inspired by a fundamental problem of quantum mechanics. The solitary
waves were introduced by Schrédinger for the quantum electron coupled to the Maxwell field,
[23]. He identified the solitary waves with the quantum stationary states. The asymptotics
of type (1.2) for the coupled U(1)-invariant Maxwell-Schrodinger equations would describe the
transitions between the quantum stationary states, while the dispersive wave W (t)®, would
correspond to the electromagnetic radiation. Let us note however, that the asymptotics of type
(1.2) are not proved yet for the coupled equations.

For the first time, the asymptotics of type (1.2) were established by Soffer and Weinstein
24, 25] (see also [20]) for nonlinear U (1)-invariant Schrédinger equation with small initial states
if the nonlinear coupling constant is sufficiently small. The next result was obtained by Buslaev
and Perelman [2, 3] who proved that the solitary manifold attracts finite energy solutions of
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a 1D nonlinear U(1)-invariant translation invariant Schrédinger equation with initial states
sufficiently close to the stable part of the solitary manifold.

The novel techniques of Buslaev and Perelman are based on the symplectic geometry in
Hilbert space and the spectral theory of nonselfadjoint operators. These techniques were moti-
vated by the investigation of soliton asymtotics for integrable equations (a survey can be found
in [7] and [8]), and by the methods introduced by Soffer and Weinstein [24, 25, 30]. Similar
techniques were developed by Miller, Pego and Weinstein for the 1D modified KdV and RLW
equations, [16, 18, 19]. The methods and results were extended in [4, 5] to one-dimensional
Schrodinger equations with more complicated spectral properties. In higher dimensions close
results were obtained in [6, 12, 22, 26, 27, 29] for nonlinear Schrédinger equations, and in [10]
for three-dimensional translation invariant wave-particle system.

Let us comment on the general strategy of our proofs. We develop the approach [3, 10] for
our problem. Firstly, we apply the symplectic projection onto the solitary manifold to sepa-
rate the motion along the solitary manifold and in transversal direction. Secondly, we derive
the modulation equations for the parameters of the symplectic projection, and linearize the
transversal dynamics at the projection of the trajectory. The linearized equation is nonau-
tonomous, and this is one of the fundamental difficulties in the proof. This difficulty is handled
by the introduction of an autonomous equation (by freezing the time) with an application of
the modulation equations to estimate the resulting additional error terms. A principal role in
the rest of the proof is played by the uniform decay of the frozen linearized dynamics projected
onto the continuous spectrum, and the method of majorants.

Let us note the following two main novelties in our approach to the uniform decay. First, we
calculate exactly all needed spectral properties of corresponding generator. Second, we do not
use a spectral representation of the generator. Instead, we develop the Jensen-Kato approach
applying directly the Zygmund type Lemma 6.1 (cf. [11, Lemma 10.2]) to the Laplace integral of
the resolvent. We expect that the development would be promising for more general problems.

The paper is organized as follows. In Section 2 some notation and definitions are given.
In Section 3 we describe all nonzero solitary waves and formulate the main theorem. The
linearization at a solitary wave is carried out in Section 4. In Sections 5 and 6, we construct the
spectral representation for the linearized equation. In Section 7 we establish the time decay for
the linearized equation in the continuous spectrum. In Section 9 the modulation equations for
the parameters of the soliton are displayed. The decay of the transverse component is proved
in Sections 10,11. In Section 12 we obtain the soliton asymptotics (1.2). In Appendix we study
the resolvent of linearized equation.

In conclusion, we expect that the asymptotics (1.2) holds for any finite energy solution of the
equation (1.1), however this is still open problem. We hope to prove it combining our methods
with the techniques of the papers [14, 15|, where global attraction to the solitary manifold is
proved for the 1D Klein-Gordon equation with the same delta-nonlinearity. We also intend
to treat in a later publication the case when the linearization has nontrivial stable oscillatory
modes (which occurs if (3.2) holds but (3.3) does not).

2 Notation and definitions

We identify a complex number ) = 9 441, with the real two-dimensional vector (¢, 1) € IR?
and assume that the vector version F of the oscillator force F' admits a real-valued potential,

F(y)=-VU(), v €R?* UecC*R?. (2.1)



Then (1.1) is formally a Hamiltonian system with Hamiltonian

M) = 5 [ 1 Pde + U((0)). 22

which is conserved for sufficiently regular finite energy solutions. We assume that the potential
U(v) satisfies the inequality

U(z) > A— Blz|* withsome AcIR, B>0. (2.3)

Our key assumption concerns the U(1)-invariance of the oscillator (cf [1]), where U(1) stands
for the group €, # € [0,27] acting by phase rotation ¢ +— €. Namely, we assume that
U(y) = u(|v]?) with u € C?(IR). Therefore, by (2.1),

F(v) =a([¢l*)¢, ¢eC, a € C(IR), (2.4)

where a(|1)|?) is real. Then F(e?) = ¢®F (), 6 € [0,2n] and F(0) = 0 for continuous F.
Obviously, the symmetry holds true if U(¢)) = u(|¢)|?). The symmetry implies that e®1)(z,t)
is a solution to (1.1) if ¢(z,t) is. The equation is U(1)-invariant in the sense of [9], and the
Nother theorem implies the charge conservation:

Q) = / |9|?dx = const . (2.5)

The main subject of this paper is an analysis of the special role played by “quantum stationary
states”, or solitary waves in the sense of [9], which are finite energy solutions of the form

V(z,t) =, (2)e™, weR. (2.6)
The frequency w and the amplitude v, (z) solve the following nonlinear eigenvalue problem:

—wip(z) = =) = 6(x)F(1u(0), ze€lR. (2.7)
which follows directly from (1.1) and (2.4) since w € IR.

Definition 2.1 S denotes the set of all nonzero solutions 1,(x) € H'(IR) to (2.7) with all
possible w € IR.

Here H'(IR) = H' denotes the Sobolev space of complex valued measurable functions with

/(W’\Z + [1]*)dz < co. We give below in section 3 a complete analysis of the set S of all

nonzero solitary waves 1, () by an explicit calculation: it consists of functions C(w)e~v@lzl+i

with C' > 0, w = w(C) > 0 and any 6 € [0, 27|, and C restricted to lie in a set which, in the case
of polynomial F', is a finite union of one-dimensional intervals. Notice that C' = 0 corresponds
to the zero function v (z) = 0 which is always a solitary wave as F'(0) = 0, and for w < 0 only
the zero solitary wave exists.

Our main results describe the large time behavior of the global solutions whose existence is
guaranteed by the following theorem, which is proved in [13].

Theorem 2.2 i) Let conditions (2.1), (2.3) and (2.4) hold. Then for any vo(x) € H' there
exist a unique solution ¥(x,t) € Cy(IR, H') to the equation (1.1) with initial condition ¢ (z,0) =
¢0(I)

ii) There exists A(vo) > 0 such that the following a priori bound holds:

sup [P < Altho) < o0 (2.8)



The functional spaces we are going to consider are the weighted Banach spaces Lg, p €
[1,00), B € IR of complex valued measurable functions with the norm

lullzy = 1L+ |2 ) u(@)] - (2.9)

3 Solitary waves and statement of the main theorem

Lemma 3.1 The set of all nonzero solitary waves is given by
S = {@Dwew = eVl >0, >0, Vo=a(C?»/2>0, 6el0, 27‘(‘]}.

Proof Let us calculate all solitary waves (2.6). The equation (2.7) implies ¢ (x) = wi(x) for
x # 0, hence
Y(x)=Ce ™ zecR

where k = y/w > 0 and w > 0 since 1(z) is continuous, and ¥ (x) € L% Equating the coefficients
of 6(x) in both sides of (2.7), we get:

0= ¢/(04) = ¥'(0=) + F(1(0)).
This implies 0 = —2xC + F(C), or equivalently,

F(C) _ a(C?)
20 2

. (3.1)
|

Corollary 3.2 The set S is a smooth manifold with co-ordinates § € IRmod 27 and C > 0
such that a(C?) > 0.

Remark 3.3 We will analyse only the solitary waves with a/(C) # 0. On the manifold S we
have w = k? with k = a(C?)/2 according to (5.1). Hence, the parameters 0,w locally also are
smooth coordinates on S at the points with o' = a/(C) # 0 since W' = 2kk" = aa’C' # 0 then.

The soliton solution is a trajectory . (:c)ew(t) = Ce_\/mmew(t), where the parameters satisfy
the equation = w, & = 0. The solitary waves et (z) map out in time an orbit of the U(1)
symmetry group. This group acts on the phase space H'(R) preserving H and the standard
symplectic form (6.3); in other words the solitary waves (2.6) are relative equilibria of the
corresponding Hamiltonian system.

Let us denote N(C') = / v, (z)Pdz with w = k%, and k = a(C?)/2 according to (3.1). It is

easy to compute that N(C) = C?/k. We now differentiate:

20 C%w/
Ny =22
C)=—~-—
Differentiating the identity (3.1), we obtain &' = a’C. Thus, again by (3.1),
2C 'C?
N(C)==Z(1===)#0
K a

if C >0,a>0and d # a/C% Therefore noticing that N'(C') = w’(C)@w/|¢w|2dx with

W'(C) = 2kK" = ad’C, we obtain the following result
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Lemma 3.4 For C' >0, a > 0 we have
O [ Wulw)Pdz <0 if a' € (~00,0) U (a/C%, +ox),

and

&/w¢mmmu)U0<d<W&.

Remark 3.5 (i) Orbital stability of solitary waves is a much studied subject (see [9] for very
general theorems in this area, and [28] for an approach more similar to that taken in this
paper). The standard condition for orbital stability ([9]) for the present problem would read

O / 1Y (2)|?dx > 0; this is expected to be a necessary and sufficient condition for orbital

stability when the Hessian of the augmented Hamiltonian ([28]) has a single negative eigenvalue.
In the present problem it can be easily calculated that this Hessian is non-negative when a’ < 0
and thus the standard condition is not necessarily relevant if ¢’ < 0. Indeed Theorem 3.7
asserts stability in the case a’ < 0. Restricting to a’ > 0, in which case the Hessian does have
a single negative eigenvalue, the calculation above shows that orbital stability is expected to
hold when @’ < a/C?. In this paper we will work under the spectral condition (3.3) which, for
a’ > 0, is slightly stricter: it is imposed to ensure that the linearization has no discrete spectrum
except zero (which is always present on account of the circular symmetry of the problem). If
a/V2C? < d < a/C? there are two purely imaginary eigenvalues of the linearized operator.
It is intended to treat this case in a later publication thus extending our proof of asymptotic
stability to the entire range
—oc0 < d < a/C? (3.2)

For a’ > a/C? the linearized operator has a positive eigenvalue and the solitary wave is linearly
unstable.

(i) It is explained at the end of section 4 that (3.4) can be interpreted as saying the
restriction of the standard symplectic form (6.3) to the tangent space to S is non-degenerate
(i.e. S satisfies the condition to be a symplectic submanifold).

Definition 3.6 We say the solitary wave ¢, (x)e? = Ce V¥t O > 0 satisfies the spectral
condition if w > 0 and (cf. Remark 3.3)

a'(C?) € (—00,0) U (0,a(C?)/(vV2C?)). (3.3)

Let us denote by W (t) the dynamical group of the free Schrodinger equation: W (t)f is de-
fined by the Fourier representation for all tempered distributions f. Our main theorem is the
following;:

Theorem 3.7 Let conditions (2.1), (2.3) and (2.4) hold, 3 > 2 and ¢(x,t) € C(IR, H') be the
solution to the equation (1.1) with initial value to(x) = (x,0) € H' N Ly which is close to a
solitary wave ,,e"% = Coe=V&olelFo wyyith Cy > 0 and wy > 0:

d = ||t — 7/on€i90HHlmL; < 1L (3.4)

Assume further that the spectral condition (3.3) holds for the solitary wave with C' = Cy. Then
for d sufficiently small the solution admits the following asymptotics:

V(1) = Y e+ W ()P +1o(t), t— Foo, (3.5)
where @4 € Cy(IR) N L*(IR) are the corresponding asymptotic scattering states, and
lr=(®)lle,mnzzary = O(t17?),  t — oo (3.6)



Remark 3.8 It is possible to derive further information about the structure of ®4 and r(t)
as discussed towards the end of section 10.

4 Linearization on the solitary wave

As the first step in the proof of main theorem, let us linearize the nonlinear Schrodinger equation
(1.1) at a solitary wave €@+ (z), with ¥, () = Ce ™l where K = /w > 0 and C > 0.
Substituting

P(a,t) = " (Y (x) + x(x,1)) (4.1)
to (1.1), we obtain by (2.7) that
ix(z,t) = —x"(x,t) + wx(z,t) — 6(x)[a(CHx(0,t) + a’ (C*HC?*2Re x (0, )] + O(|x ). (4.2)

It is evident that the first order part is not linear over the complex field. On the other hand, it
is linear over the real field. Hence, it would be useful to rewrite the first order part of (4.2) in
the real form. Namely, identify y = x1 +iY2 € Cwith the real vector (x1, x2) € IR* and denote
it again by x. Then the first order part of (4.2) becomes

IX(@,t) = =x"(2, 1) + wx(z,t) — 6(x)[a(C?) + 2d'(C*)C*P1]x(0, 1), (4.3)

where P, is the projector in IR? acting as ( >>? > — ( ())(1 >, and j = ( (1) _01 ) Respectively,
2

we also rewrite (1.1) in the real form

Jo(a,t) = =" (2, 1) = 6(x)F(1(0,1)), (4.4)

as an equation for 1 (z,t) € IR* with F()) € IR? which is the real vector version of F(v)) € C
Then the linearization (4.3) reads as

i, t) = —x"(2,8) + wx(z, 1) — S(@)F((C, 0)x (0, 1) (4.5)
Here F’ is the differential of the map F : IR? — IR?,
F'((C,0)) =a+bPy, a:=a(C?), b:=2d(C*C (4.6)

In order to apply the Laplace transform the next step is to complexify the system (4.5)
i.e. to consider it as a system of equations for the complex functions x;(z,t), x2(x,t), so
x(z,t) € C? for any fixed (z,t). This gives a system which is linear over the complex field
allowing application of the Laplace transform. To write this system more concisely let us
denote the complex linear operator

d’ : D; 0
B——@—I—w—é(x)F((C,O)) = ( 0 D, ) ) (4.7)
where

& o b D : J 4.8
Dl——@%—w— (x)[a +b], 2=~ W (x)a. (4.8)

The system (4.5) then reads as
x(z,t) = Cx(z,t), C:=j'B= < 0 D: ) : (4.9)

-D; 0

Theorem 2.2 generalises to the equation (4.9): the equation admits unique solution x(x,t) €
Cy(IR, HY) for every initial function x(z,0) = xo € H'. Denote by ¢ the dynamical group of
equation (4.9) acting in the space H'.



5 Laplace transform

Equation (4.9) can be solved by the Laplace transform y(z,w) := / e Mx(x,t)dt. The
0

Laplace transform is analytic function in the complex halfplane Re A > 0 with the values in H*
since the solution is bounded in H'. This implies that the resolvent R()) := (C — \)~! is also
analytic for Re A > 0, with values in the space of bounded operators on H'. From the inversion
of the Laplace transform we obtain
eCl = L 706)‘tR<)\ +¢) dA t>0 (5.1)
271 J ’ ’
for any € > 0, where the integral converges in the sense of distributions of ¢t € IR.

We assume that the spectral condition (3.3) holds from now on. Then the resolvent admits
analytic continuation from ReA > 0 to the complex plain with the cuts C; = [iw,ic0), C_ =
(—i00, —iw], and with the pole of order two at A = 0 as detailed in Appendix A. Furthermore,
for A € C; UC_, the resolvent R(A £ ¢) has right and left limits R(A+0) as ¢ — 0. Then (5.1)
implies that

1 1
ct At _ At _ _
= [ RO A~ / MR+ 0) — RO —0)) dA, for any 7€ (0,0)
|)\|:7‘ CLuC—
(5.2)
by the Cauchy theorem. Setting ¢t = 0, we obtain that
1 1

1=—— / R()) d\ — — / (RO+0)—ROA—0) d\=P°+ P,  (5.3)

27rz|/\| 27mc J0

=r + —

where P° and P¢ stands for the corresponding Riesz projectors (see [21]) onto, respectively,
the generalised null space of C , and onto the continuous spectral subspace. We will show in
the next section that PP is the symplectic projection, and therefore, P¢ is also the symplectic
projection. The projectors P?, P¢ commute with C and with the group e€®!. Let us note that

1

1
PYcCt = —5 / eMR(N) dN, P = —5 / AMR(A+0) —R(A—0)) d\.  (5.4)

|>\‘:’r’ CyuC—

The first equation holds since both sides are one-parameter groups of operators , and their
derivatives at t = 0 coincide. The second equation follows from (5.2) and the fact that 1 =
PY + P¢ by (5.3). Therefore, (5.2) becomes

e =P% + P, (5.5)

6 Invariant subspace of discrete spectrum

Here we prove that PY is the symplectic projection onto the tangent space of the solitary
manifold S at the solitary wave e%1),,. The real form of the solitary wave is e/?®,, where
®, = (¢,(x),0). The tangent space to S at the point e/®, with parameters w, # is the linear
span of the derivatives with respect to # and w (cf. Remark 3.3) i.e.

T, S = linear span{jejeq)w(aj), ejeﬁwtl)w(x)}.
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Notice that the operator C corresponds to § = 0 since we have extracted the phase factors e

from the solution in the process of linearization (4.1). The tangent space to S at the point ®,,
with parameters (w,0) is spanned by the vectors

To(w) =3P, Ti(w):=0,P,. (6.1)
Observe that (2.7) and its derivative in w give the following identities:

Dﬂbw =0 Dl(aquz)w) = _1/}10' (62>

These formulae imply that the vectors Ty and T; lie in the generalised null space of the non-
self-adjoint operator C defined in (4.9) and in fact Theorem A.6 i) implies:

Lemma 6.1 Let the spectral condition (3.3) hold. Then the generalised null space of C is two
dimensional, is spanned by Ty, Ty, and

CTO - 0 CT1 - T().

We also introduce the symplectic form €2 for the real vectors ¢) and n by the integral

A.n) = [Gvinde = [ (Wi — vam)da, (63)

where (-, -,) stands for the scalar product in IR?. Since a’ # a/C? then by Lemma 3.4

o = —QUT, T) = ;aw/ |9, |*dx # 0. (6.4)

Hence, the symplectic form €2 is nondegenerate on the tangent space T, 0S, i.e. T,0S is a
symplectic subspace. Therefore, there exists a symplectic projection operator from L?*(IR) onto

T,s08.

Lemma 6.2 The operator P°, defined in (5.3), is precisely the symplectic projector from L?*(IR)
onto T, oS, and, furthermore, it may be represented by the formula

P =0Ty + Ty with  — pwbo = QU T1),  pwbs = Q, Tp). (6.5)

Proof The coincidence of both definition (5.3) and (6.5) of operator P? follows by the Cauchy
residue theorem from the formulas (7.4)-(7.6) for the resolvent. m

Corollary 6.3 P¢ =1 — P is also symplectic projector.

Remark 6.4 Since Ty(w),Ti(w) lie in H'(IR) the operator P° extends uniquely to define a
continuous linear map H™*(IR) — T, 08, which is still designated P°. In particular this operator
can be applied to the Dirac measure §(x).

Using the Taylor expansion for the e* at A = 0 and the identity AR(\) = CR()\) — 1, we
obtain by (5.4)
P%C" = (1 + Ct)P" (6.6)

Remark 6.5 On the generalised null space itself C?> = 0 by Lemma 6.1 and so the semigroup
e'C reduces to 1 + Ct as usual for the exponential of the nilpotent part of an operator.



7 Time decay in continuous spectrum

From formulas (5.5, (6.6) we see that the solutions y(¢) = e“xo of the linearized equation (4.9)
do not decay as t — oo if P%xg # 0. On the other hand, we do expect time decay of Px(t), as
a consequence of the Laplace representation (5.4) for P¢e€t:

1

PCGCt -

— / AR+ 0) — R(A — 0)) dA. (7.1)

CLuC—

For 8 > 2 let us introduce a Banach space Mg, which is the subset of distributions which are
linear combinations of Llﬁ functions and multiples of the Dirac distribution at the origin with
the norm:

[+ Co(z)lpmy = [¥lly + 1€ (7.2)
and let B = B(Mg, L>;) be a Banach space of continuous linear maps Mg — L.
Theorem 7.1 Assume that the spectral condition (3.3) holds. Then for § > 2

[Pe (s = OFt?), t— oc. (7.3)
Proof
Step i) The resolvent R(\) is an integral operator with matrix valued integral kernel
R(A7'r7 y) = F<A7 x’ y) + P()\7 x? y)7 (7.4>
where
L LN gkeloml  gikallel o) gibelosl _ ik (el o))
4k 4k
F()\,x,y) = Z.+ 7 ) (7 5)
. I eik—le=yl _ gib—(2l+lul)  j(gik-lr—yl _ gik—(lzl+lyD))
+ -

1 eikJﬁ‘x' eik*‘xl ZOK — 2]@7 Zﬁ eikaly‘ _ieikley‘
P““””‘m;(wmv Skl ) i Ciavok, ) el ek ) (76)
Here ki ()\) = v/ —w F i\ is the square root defined with cuts in the complex A plane so that

k4 (A) is analytic on C\ Cx and Imky (X)) > 0 for A € C\ C.. The constants «, § and D = D())
are given by the formulas

a=a+b/2, 3=0/2, D=2ia(k, +k_)— 4k k_ +ao®— .

We prove these formulas in Appendix A. Also in Appendix A we prove that D(\) # 0 for
A€ CyUC_. Formulas (7.1) and (7.4) imply

_2miPeCt — / MTA+0)—T(A—0))dA + / AP +0) — PO —0))dA  (7.7)
e uc cLuc-

Step i) Clearly in order to understand the decay of P¢e'C| it is crucial to study the behaviour
of '(A+0) —T'(A = 0) and P(A+ 0) — P(A — 0) near the branch points A = +iw (where ky
vanish).

We deduce time decay for the group P! by means of the following version of Lemma 10.2
from [11], which is itself based on Zygmund’s lemma [31, p.45].
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Lemma 7.2 Let F : [0,00) — B be a C? function with values in a Banach space B. Suppose

that F(0) =0, F” € L*(§,00; B) for some § > 0 and
FIQ =0, <=0

in the norm of B for some p € (0,1). Then for any e > 0

o0

I(t) = / e F(C) dC € Cy(e, 00; B)

and
It)=0@t"?) as t— o0

in the norm of B.

Next we apply Lemma 7.2 to each summand in the RHS of (7.7) separately.

(7.8)

Step i1i) Let us consider the first summand in the RHS of (7.7). We consider only the integral
over C, since the integral over C_ can be handled in the same way. The point A = iw is the

branch point for k., therefore, if A\ € C, then since k_ is continuous across C.

FA+0)—T(A=0)=T"A+0)—TT(\—0),

where I'" is the sum of those terms in I' which involve k. Let us consider, for example, I'];.

The expression (7.5) implies for y > 0 that

0, x <0,
eik+y(€—ik+x _ eik}+$)
T (A a.y) = 1 Ers
[Rad] +
eik+x(e—ik+y _ 6ik‘+y)
T2y

Al

For A € Cy, the root k; = v/—w — i\ is real, and k(A 4+ 0) = —k; (A —0). Then, for y > 0,

sin(v/Clz|) sin(v/Cly|)

where ( = —w — i\, and ©(x) = 1 for > 0 and zero otherwise. The second derivative of the

sin(v/Clz]) sin(v/Cly|)
Ve

function f(¢) = satisfies

sin(v/le]) sin(vClyl)(l2” + [y[*) | 2cos(v/Cl) cos(VClyDlally]

701 =1- o —

_sin(v/Clz]) cos(v/ClyDlyl +COS(\/Z\x|)81n(\/ZIy|)!fIJ\| < G+ A |y)

202
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For y < 0 an identical calculation leads to the same bound. Therefore the operator valued
function F(¢) = I'f;(A+0) —T'{; (A —0) satisfies the conditions of Lemma 7.2 with { = —w — i\,
p=1/2 and B = B. Then

/ MTA+0) —T(A—0)) dr= Ot ?), t— (7.10)
CyuC—
in the norm B.

Step iv) Let us consider the second summand in the RHS of (7.7). We consider only the integral
over C, and one component of the matrix P, for example, Pj:

o0 — 9k Vet (THID 4 (—iey 4 Ok, Veik—(alHlu) 1 ;3(gih—lul+ikslo] _ gikslyl+ik_|o]
(i — 2k_)e + (—ia + 2k )e +if(e e )

ic(ky + k_) — 4k k_ +a2 — 32

Denote ¢ = —w — i, then ky = /(, k- = v/—2w — (. A Taylor expansion in /¢ as ( —
0, Im¢ > 0 implies

Pll()‘wray) =

Pi(\z,y) = Py + Pi(2,y)¢"2 + Pao(,9)O((),
where |P;(z,y)| < C;(1+ |z)(1 + |y|’), j = 1,2. Therefore, if A € Cy then
F(C) =Pu(A+0) = Pu(A=0) = 0(¢"?), ¢—0

in the norm of B. Similarly, differentiating two times the function Pj;(A, z,y) in A, we obtain
that
F'(Q) = —Pi(A+0)+ Pi(A=0) = O(C?), i,j=12 (-0

in the norm of B. Moreover, F"(¢) ~ ¢=3/? as ( — oo. Therefore, the function F(¢) satisfies
the conditions of Lemma 7.2 with p = 1/2. Then

/ AP(A+0) — PO\ — 0)) dA = O(t~/2), (7.11)
c e

in the norm B. and B = B. From (7.7), (7.10) and (7.11) the statement of theorem follows.
|

8 Bounds for small ¢

As a starting point for the method of majorants in Section 10 we will need also some estimates
on the group €' for small ¢. First note that the function ey, belongs to Cy(IR, H'). This
follows from a theorem analogous to Theorem 2.2 for solutions ey, of the linearized equation
(4.9), with initial condition xo € H'. Moreover, energy and charge conservation imply that

”€CtX0”H1 S CHXUHH17 t e IR (81)

For a further application in section 11.4 we need a bound for the action of e on the Dirac

distribution ¢ = d(z). Thus let xs(x,t) be the solution to the linearized equation (4.2) with
xs(z,0) = §(x) and €€ its real vector version (with values in IR?). Note that, by Theorem
7.1, we have €6 € Cy(e, oo; L‘f’ﬂ), for every € > 0, and 3 > 2. The next lemma gives the small
t behaviour:

11



Lemma 8.1 The following bound holds
1€€t6]| e = O(tH?), ¢t — 0. (8.2)

Proof By the Duhamel representation for the solution to (4.2), we obtain

s(,8) = W (1)6 — / ds(axs(0, 5) + bRe (x5(0, 8) ) Wo(t — 5)0 (8.3)

where a and b are defined by (4.6), and W,,(t) is the dynamical group of the modified Schrédinger
equation

ix(z,t) = —x"(z, 1) + wx(z, ). (8.4)
Note that 1 )
W, (t)6 = e (8.5)

Therefore (8.3) becomes

22 .
Xs(z,t) = e Ty ~w(t=s (axg(O s) + bRe (xs(0, 3))(15 (8.6)

Vi /W

Denote ¢(x,t) = v/t xs(z,t). Then

2
i ~w(t=9) (ag(O, s) + bRe(<(0, 8))ds. (8.7)

€4t

(1) = \/H \/—/\/4m t—s)s

Therefore,
t
[s(®)]| L~ < + 5 \/_ t(lal + 10]) / INCIIFRRE t>0 (8.8)
2\/_ 5 m/(t—s)s
Since / t L = 1, we obtain the bound
0 m/(t—$)s ’
1 1
S~ <
IOl = 5 T = TVt + )
if ¢ is sufficiently small. [ ]

9 Modulation equations

In this section we present the modulation equations which allow a construction of solutions
(x,t) of the equation (1.1) close at each time ¢ to a soliton i.e. to one of the functions

Celf—velal, C=Cw)>0

in the set S described in section 3 with time varying (“modulating”) parameters (w,6) =
(w(t),0(t)). It will be assumed that ¥ (x,t) is a given weak solution of (1.1) as provided by

12



Theorem 2.2, so that the map t — (-, t) is continuous into H'(IR). The modulation equations
follow from the ansatz for the solution which is explained next. Recall that we defined

D, (z) = (Ce Vel 0) = (1,,0) (9.1)

so that ¥(x,t) = e?Od 4 (x) is a solution of (4.4) if and only if § = w and & = 0. Here it is
to be understood that C' = C'(w(t)) is determined from w(t) via (3.1). We look for a solution
to (4.4) in the form

U(x,t) = eje(t)(d)w(t) () + x(z,t)) = eje(t)\ll(x,t), U(z,t) = Py (x) + x(2,1). (9.2)

Since this is a solution of (4.4) as long as y = 0 and 0 = w and & = 0 it is natural to look for
solutions in which y is small and

o0 = | "wo(s)ds +(8)

with ~ treated perturbatively. Observe that so far this representation is underdetermined since
for any (w(t),0(t)) it just amounts to a definition of y; it is made unique by restricting y(¢)
to lie in the image of the projection operator onto the continuous spectrum P§ = P¢(w(t)) or
equivalently that

P/x(t) =0, P} =P’(w(t)) =1 —P(w(t)) (9-3)

(The projection operators are as defined in (5.3) and (6.5)). An equivalent formulation of (9.3)
is to say that e/?y is required to lie in the symplectic normal space No@y,60S- This is equivalent
to imposition of the following orthogonality conditions (at each time ¢):

Q(x(@), To(w(t)) = 0 = Q(x(1), Ty (w(t)), (9.4)

where (2 is the symplectic form introduced previously. Writing x () = (x1(¢), x2(t)) the orthog-
onality conditions reduce to

/ xi(z,t)Ce V¥l d =0, and / X2 (, )0, (Ce™V¥lely da = 0. (9.5)

Now we give a system of modulation equations for w(t), ~(t) which ensure the conditions
(9.5) are preserved by the time evolution.

Lemma 9.1 (i) Assume given a solution of (4.4) with reqularity as described in theorem 2.2,
which can be written in the form (9.2) -(9.8) with continuously differentiable w(t), 6(t). Then

X =Cx —wd, Py, +7i (P +x) + Q (9.6)
where Q(x,w) = —=6(x)j 1 (F (P, + x) — F(®,) — F/(P,)x), and
w = (P’Q. v) (9.7)

(0,P, — 0,P%, V)
<jP0(awq)w — awPOX)7 POQ>
(0,9, — 0,P%, W) T
where P = PO(w(t)) is the projection operator defined in (6.5) and 9,P° = 9,P°(w) evaluated
at w = w(t).
(ii) Conversely given 1 a solution of (4.4) as in theorem 2.2 and continuously differentiable

functions w(t), 6(t) which satisfy (9.7)-(9.8) then x defined by (9.2) satisfies (9.6) and the
condition (9.3) holds at all times if it holds initially.

g (9-8)
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Proof This can be proved as in [5, Prop.2.2]. [ |

It remains to show, for appropriate initial data close to a soliton, that there exist solutions
to (9.7)-(9.8), at least locally. To achieve this observe that if the spectral condition (3.3) holds
then by Lemma 3.4 the denominator appearing on the right hand side of (9.7) and (9.8) does
not vanish for small ||x/|| 13- This is because

(Outha ) = 50 [ 10Pde £ 0 99)

as discussed in section 3. This has the consequence that the orthogonality conditions really
can be satisfied for small y because they are equivalent to a locally well posed set of ordinary
differential equations for ¢ — (6(t),w(t)). This implies the following corollary:

Corollary 9.2 (i) Under conditions of previous lemma assume that (9.9) holds. If HXHLg is

sufficiently small for some p, 3 the right hand sides of (9.7) and (9.8) are smooth in 6,w and
there exists continuous R = R(w, x) such that

FOI < RIXO O, w)] < RIx(O, 6

(ii) Assume given 1, a solution of (4.4) as in Theorem 2.2. If wqy satisfies (9.9) and x(x,0) =
e % (x,0) — @, (x) is small in some LY norm and satisfies (9.3) there is a time interval on
which there exist C* functions t — (w(t),y(t)) which satisfy (9.7)-(9.8).

10 Time decay for the transversal dynamics

In this section we state our Theorem 10.2 on the time decay of the transversal component ()
in the nonlinear setting, leaving the proof to the next section. Theorem 10.2 will be used to
prove the main theorem in Section 12. First we represent the initial data 1y in a convenient
form for application of the modulation equations: the next Lemma will allow us to assume that
(9.3) holds initially without loss of generality.

Lemma 10.1 Under conditions of Theorem 3.7 there exists a solitary wave 15, = Coe~ Vol
satisfying the spectral condition (3.3) such that in vector form

¢0(I) = eje()(q)@o (Z‘) + XO(‘r))a g, = <¢¢Do7 0)7
and for xo(x) we have
P°(&0)(x0) = 0, (10.1)
and 3
ol = d=O(d) asd— 0,
Proof By (9.4), the condition (10.1) is equivalent to the pair of equations
Q(efjéol/fo — @5, To(w)) = 0, Q(efjéo% — ®g,, T1(&0)) = 0,

where To(w) = j®,,, Ti(w) = 9,P.. For ¢y sufficiently close (in L}) to e/®®,, the existence
of by, &y follows by a standard application of the implicit function theorem if we show that the
Jacobian matrix

( 0uQe™ g — @y, jPu) ey — @y, 0,D,) ) (10.2)

899(67].97#0 - (I)wv ](I)w) aﬁQ(eijewo - (I)wa awq)w)
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with 1y = ejg(’(I)wo, is non-degenerate at w = wy and # = ;. But this is equivalent to the
non-degeneracy of the matrix

Q(aW®W07j®w0) O
( 0 Q(jd,,, .., ) (10.3)

which holds by (9.9). u
In Section 12 we will show that our main Theorem 3.7 can be derived from the following
time decay of the transversal component y(¢):

Theorem 10.2 Let all the assumptions of Theorem 3.7 hold. For d sufficiently small there
exist C' functions t — (w(t),v(t)) defined for t > 0 such that the solution (x,t) of (4.4) can
be written as in (9.2-9.3) with (9.7-9.8) satisfied, and there exists a number M > 0, depending
only on the wnitial data, such that

M(T) = sup [(1+8)*2[x(®)lzx, + 1+ (3] + )] < M, (10.4)

0<t<T
uniformly in T >0, and M = O(d) as d — 0.

Remarks 10.3 (0) This theorem will be deduced from Proposition 11.1 in the next section.

(i) Theorem 2.2 implies that the norms in the definition of M are continuous functions of
time (and so M 1is also).

(ii) The result holds also for negative time with appropriate changes since (x,t) solves
(1.1) if and only if ¥ (x, —t) does.

(iii) The result implies in particular that t3|0 — w| 4 t3|w| < C, hence w(t) and O(t) — tw,
should converge as t — oo while 1(z,t) — e’ (x) have limit zero in L>(IR).

(iv) The notation x(t) indicates the function x +— x(x,t) as usual.

11 Proof of transversal decay

11.1 Inductive argument (proof of Theorem 10.2)

Let us write the initial data in the form

o(z) = ejeo(q)wo(a:) + xo(x)). (11.1)

with d = HXOHLbﬁHl sufficiently small. By Lemma 10.1 we can assume that P%(wp)(xo) =
0 without loss of generality. Then the local existence asserted in Corollary 9.2 implies the
existence of an interval [0,#;] on which are defined C' functions ¢ — (w(t),7(t)) satisfying
(9.7)-(9.8) and such that M (t;) = p for some t; > 0 and p > 0. By continuity we can make p
as small as we like by making d and ¢; small. The following Proposition is proved in section
11.4 below.

Proposition 11.1 Under conditions of Theorem 10.2 let M(ty) < p for some t; > 0 and
p > 0. Then there exist numbers dy and p1, independent of t,, such that

M(t:) < p/2 (11.2)
if d = [[xollLynm < di and p < pr.

15



Assuming the truth of Proposition 11.1 for now Theorem 10.2 will follow from the next argu-
ment:

Consider the set 7 of t; > 0 such that (w(t),v(t)) are defined on [0, ¢;] and M (t;) < p. This set
is relatively closed by continuity. On the other hand, (11.2) and Corollary 9.2 with sufficiently
small p and d imply that this set is also relatively open, and hence sup7 = 400, completing
the proof of Theorem 10.2. [ |

11.2 Frozen linearized equation

A crucial part of the proof of Proposition 11.1 is the estimation of the first term in M, for
which purpose it is necessary to make use of the dispersive properties obtained in sections 6
and 7. Rather than study directly (9.6), whose linear part is non-autonomous, it is convenient
(following [2, 3]) to introduce a second ansatz, a small modification of (9.2), which leads to an
autonomous linearized equation. This new ansatz for the solution is

U(z,t) = e (D, () + e_j(e_é)n), where 0(t) = wit + 6y, 0 = 6y and w; = w(t;) (11.3)
so that, n = /@9y and y = ey, Since
X =e 00— j(w+5—w)n)
equation (9.6) implies
n=j Yw —w)n+ ej(e_é)C<e_j(0_§)n) + IO (j‘W@w —wo,d, + Q[e‘jw_é)n]). (11.4)
The matrices C and €/®, where ¢ = 6 — 8, do not commute hence we need the following lemma:

Lemma 11.2 The following commutation relation holds,

Ce!? — ¢/?C = §(x)bsin ¢ o, where o = ( (1) —01

) , b=2d'C> (11.5)

Proof
Coit _give— (0 D2\ [cosd —sing ) [cosd —sing 0 D,
€ € ~\-D; 0 sing  cos ¢ sing  cos ¢ -D; 0

_ < (Dy — D) sin ¢ 0 ) B ( §(z)bsin ¢ 0 ) .
0 (D; — Dy)sing 0 —d(z)bsing |-

Using Lemma 11.2 we rewrite equation (11.4) as
0 =5 (w1 —wm+ Cn+ 0 (=5(@)bsin(0 — G)on + 14D, — 00D, + QeI y]).

To obtain a perturbed autonomous equation we rewrite the first two terms on the RHS by
freezing the coefficients at ¢ = ¢;. Note that

J Hwr —w)+C=Cq—j 16(x)(V - W),
where V- =a+ bP;, V) =V (t1), and C; = C(t;). The equation for n now reads

n = Cln—j_lé(x)(V—Vl)n—l—ej(e_é)(—5($)bsin(@—é)an—i—j_l’}/@—w@w@w—kQ[e_j(e_é)n]) (11.6)
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The first term is now independent of ¢; the idea is that if there is sufficiently rapid convergence
of w(t) as t — oo the other remaining terms are small uniformly with respect to t;. Finally the
equation (11.6) can be written in the following frozen form

where
f; = —j_lé(x)(V—Vl)n—i-ej(e_é) (—5(x)b sin(&—é)on—i—j_lﬁ@—wawfbw+Q[e‘j(0_é)n]) (11.8)

Remark 11.3 The advantage of (11.7) over (9.6) is that it can be treated as a perturbed
autonomous linear equation, so that the estimates from section 6 can be used directly. The
additional terms in f; can be estimated as small uniformly in ti: see lemma 11.4 below. This
is the reason for introduction of the second ansatz (11.3).

Lemma 11.4 Under conditions of Proposition 11.1 there exists ¢ > 0, independent of t1, such
that for 0 <t <ty -
|a(t) — ai| + [b(t) — br| +10(2) — 6(2)] < cp.

Proof By (10.4)
sup (1+£)([3(1)] + |o(t)]) < M(t) = p. (11.9)

0<t<t;
Therefore

t1

a(t) = alty)| = | [ a(r)dr| < o sup (1+ 7))

/ 0<r<ty 1472~

since |a(7)| < c|lw(7)|. The difference |b(t) — b(t1)| can be estimated similarly. Next

00— 0() = [ w(r)dr +4(t) — ()t = (0) = /(f<w< ) —w(t))dr+ [ 5(r)dd1.10)

- —/ /tl dsdr+/

By (11.9) the first summand in RHS of (11.10) can be estimated as

/ [ Jats |dsdr<// (18P 10) e )2+€dsdr

t t1 1
<c sup (1 —|—s)2+€|o€)(3)|/0 /T mds dr < cp

0<s<ty

since the last integral is bounded for ¢ € [0,¢;]. Finally, for the second summand on the RHS
of (11.10) inequality (11.9) implies

|/ )dr| < c sup (1+72)|(r /

0<7r<t; 4
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11.3 Projection onto discrete and continuous spectral spaces

;From sections 6 and 7 we have information concerning U (¢) = €1, in particular decay on the
subspace orthogonal to the (two dimensional) generalized null space. It is therefore necessary
to introduce a further decomposition to take advantage of this. Recall, by comparing (9.2) and
(11.3) that

n=eC9y and PYx(t) =0 (11.11)

Introduce the symplectic projections P§ = P} and P{ = P¢ onto the discrete and continuous
spectral subspaces defined by the operator C; and write, at each time ¢ € [0, ¢1]:

n(t) = g(t) + h(t) (11.12)

with g(t) = Pn(t) and h(t) = P{n(t). The following lemma shows that it is only necessary to
estimate h(t).

Lemma 11.5 Under conditions of Proposition 11.1, assume

sup (Jw(t) —wi| +16(t) = 6: (1)) = A

0<t<iy

is sufficiently small. Then for 0 < t < t; there exists a linear operator Z(t), bounded on
LN H', and c(A,wy) such that n(t) = Z(t)h(t), and

o) sy < Wallmyn < (A, w)llllsyorm (11.13)
Proof Explicitly we write

n(t) = h(t) +9(),  g(t) = bo(t)To(wr) + by (t)T1(wr) (11.14)
where by, b, are chosen at each time ¢ to ensure that Q(h(t), To(wy)) = Q(h(t), Ti(w1)) = 0.
Using the fact that (since PYx(¢) = 0)
Qe Ty(w(t)) = 0= Qe 70y, Ty (w(t)

this means that by, b; are determined by

~twbo(t) = Q) Ta(w) = Qn(t), Ti(wr) — O Ti(w(1)) (11.15)
Habi(t) = Q(t), To(wr)) = Qn(t), To(wr) — /=D Ty(w(?))). (11.16)

From these it follows that there exists ¢ > 0 such that [|g(t)||zx nm < cAlln(t)]|r=,nm and
hence (11.13) follows as claimed. u

11.4 Proof of Proposition 11.1

To prove Proposition 11.1 we explain how to estimate both terms in M, (10.4), to be < p/4,
uniformly in ¢;.
Estimation of the second term in M. As in Corollary 9.2 we have

M (t)*

()] + w(®)] < colx(0,1)]* < e

tStlv
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since [x(0,7)] < [[x(¢)[|z,. Finally let p; < 1/(4co) to complete the estimate for the second

term in M as < p/4.
Estimation of the first term in M. By Lemma 11.5 it is enough to estimate h. Let us apply
the projection P§ to both sides of (11.7). Then the equation for h reads

h = Cyh + PSfy (11.17)

Now to estimate h we use the Duhamel representation:
t
h(t) = U(t)h(0) + / Ut — s)Pify(s)ds, &< t. (11.18)
0

with U(t) = €€ the one parameter group just introduced. Recall that PYh(t) = 0 for t € [0,].
Therefore

1T 0)R(0) ||z, < e(L+ )72 (R(0)| e < e(L+) "2 [[(0)]| Ly (11.19)

by Theorem 7.1 and inequalities (8.1) and (11.13). Let us estimate the integrand on the right-
hand side of (11.18).

Lemma 11.6 The integrand in (11.18) satisfies the following bound:

1
(t—s)2(1+1t—s)

U (=) Pi(9), < ¢ (In)=, +olu@)ex, ). 0<s <t (1120

Proof We consider two different cases : t —s > v, and 0 < t — s < v, where v = v(a,b) is
defined in Lemma 8.1.

i) t —s > v : We use the representation (11.8) for f; and apply Theorem 7.1, Corollary 9.2
and Lemma 11.4 to obtain that

U= 9Pitill, < )L+t = )2 Pi(E (1)
< )1+t =) (00,0 + pl(0,1)])

< )1+t =9I, + ool ), ¢ <0 (121)

ii) 0 <t—s<wv: Wedenote Q = §(2)Q, and represent f;(z,s) as
fi(z,5) = p(s)d(x) + q(5) Dy, + 7(5) 0, P, (11.22)
where
p(s) = =57 (V = Vi)n(0,5) + e/~ (bsin(0 — 0)on (0, 5) + Qle~"n(0, 5)]),

is an IR? valued function of time, and

a(s) = —e 0055 r(s) = —e 100

are (2 x 2) matrix valued functions of time. Writing || - || for both the standard Euclidean and
operator norms on these, we have, by Lemma 11.4,

P < e(19(0.5) + pln(0.5)1) < e In) =, + pl(s) o, )
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and by Corollary 9.2
la@)I Ml ()1l < eln(0, 9)* < elln(s)lZx,.

Applying projector P{ to f; we obtain
Pty (2, 8) = p(s)0(x) + q(5)®, + r(5)0, P, — Py (z, s). (11.23)
By Lemma 8.1 for sufficiently small v we obtain
Ut = 5)p(5)d(2) |, < Ut = 5)p(5)d(x) ||z < e(w)llp(s)]|(t — 5) 7'/

< o)t~ (I, + ol ), 0<t—s < (1121
By inequality (8.1) we have

I Ut = s)(a(s)Pu + ()P ) 2, < Ut = 5)(a(5) Do + 7(5)0uPu) |1 (11.25)
< c(la@ ol + (0Pl ) < cllns)lli=,, 0<t—s<w.

The definition (6.5) of the projector P{ implies immediately that
1Pl < e(llp(s)] + gl + [l ()1
Then, similarly to (11.25), we obtain
Ut = )Pl < cllln(s)lli=, + pln(s)llzx,), 0<t—s<w (11.26)
Finally, (11.23)-(11.26) imply
Ut = $)Pifullo=, < c(t =) 2(In(s)llzes, + plln(s)lzx,), 0<t—s<w. (11.27)

From (11.21) and (11.27) inequality (11.20) follows. u
Now (11.13), (11.18), (11.19) and (11.20) imply

t

(0, < e+ 07O g + o1 [ =z (I, + o),

Multiply by (1 +t)%?2 to deduce

t 3/2 5)—3
L+ |n(6) |, < ed + cl/ (il + 1;)1/2((11:15 z R

(L+ ) [In(s) [T ds  (11.28)

t
(1+1)? 1+s)/ 5
1 /2 ~ d
T p/ Lty (L ) s, ds

since ||77(O)||L}30H1 < d. Introduce the majorant

m(t) := S[ur])(l +5)* 2 n(s)lle,, t<t
0,t
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and hence

t

m(t) < cd + cym?(t /

0

+1)3/2(1 + 5)73/2
P +E—s)

(1+t)*?(1+s)73
(t—s)\2(1+t—s)

t
ds + peym(t / ds. (11.29)
0

It easy to see (by splitting up the integrals into s < t/2 and s > t/2) that both these integrals
are bounded independent of . Thus (11.29) implies that there exist ¢, cq, c3, independent of ¢,
such that

m(t) < cd + peom(t) + csm?(t), t <ty

Recall that m(t;) < p < p; by assumption. Therefore this inequality implies that m(t) is
bounded for ¢ < t;, and moreover,

m(t) <cgd, t<t

if d and p are sufficiently small. The constant ¢, does not depend on ¢;. We choose d in (3.4)
small enough that d < p/(4cy). Therefore,

sup(l+ 62 n(t)||=, < p/4
sU1

if d and p are sufficiently small. This bounds the first term as < p/4 by (11.11) and hence
M (t1) < p/2, completing the proof of Proposition 11.1. [ |

12 Soliton asymptotics

Here we prove our main Theorem 3.7 using the bounds (10.4). For the solution ¢ (x,t) to (1.1)
let us define the accompanying soliton as s(x, ) = 1) ()e?®, where 6(t) = w(t) +4(t). Then
for the difference z(x,t) = ¢(x,t) — s(x,t) we obtain easily from equations (1.1) and (2.7)

i2(x,t) = —2"(2,1) + Ys(,1) — ib0,5(x,t) — 0(2) (F(¢(x, 1)) — F(s(x,1))). (12.1)

t

2(t) = W(t)z(0) + / Wt — 1) [§5(7) — idos(r) — (x) (F(1(0,7)) = F(s(0,7)))|dr, (12.2)

0

where z(t) = z(,t), s(t) = s(-,t), and W(t) is the dynamical group of the free Schrédinger
equation. Since y(t) — vy, w(t) —wy = O(t?), and therefore 6(t) — w,t — v, = O(t™?) for
t — o0, to establish the asymptotic behaviour (3.5) it suffices to prove that

2(t) = W) Dy + 14 (t) (12.3)

with some ®; € Cy(IR) N L*(IR) and ||ro(t)]|c,mnrzm) = O(t"/2). Denote g(t) = s(t) —
iw0,s(t), h(t) = F(¢(0,t)) — F(s(0,t)) and rewrite equation (12.2) as



Let us recall that w(t), §(t) ~ 73 as t — co. Hence, for the second summand in RHS of (12.4)
we have

O/tW T)dT = ZW T)dT — fW T)dT = W (t)p1 + 11(1),

(12.5)
where, from the unitarity in H' of the group W (¢) and the ¢t~ decay of w and 7, we infer that

61 = /W Pdr € H', and |[r1 ()| = OF2), t — oo.

6ix2 /(4t)

Consider now the last summand in the RHS of (12.4). Note that W(t)d(z) = T
i

\h(t)| < c|x(0,t)] < c(1+t)~%?2 by (10.4). Therefore

and

¢ ooe—ZCC ooe /(4(t—7))
W o) [W(-rom(rar = W) [ < nirar- [ iy " = W00

(12.6)

Evidently, ¢o = h(t)dr € Cy, and ||ro(t)|lc, = O(t™'), t — oco.

e~ T
0/ V —4miT
Moreover, ¢ € L2, and ||ro(t)|z2 = O(t~/?), t — oco. To see that this is indeed true change
variable to 7 = 1/u in the definition to get:

o) = \/Tm / /) du,  p(u) = (1)) /a2 (12.7)

Now h(t) is bounded and it follows from the decay of h(t) that n(u) is bounded as u — 0.
Therefore n(u) is square integrable and so by the Parseval-Plancherel theorem ¢y is square
integrable as a function of y = 22, and hence also as a function of x (since dy = 2xdz and ¢,
is a bounded continuous function). Next we have ro(t) = —W (¢)R(t) with

R(z,t)

l/t 1

\/m/ —iux? /4 n(u) du = ﬁFu—»z2/4Ct<u)n(u)?

where (;(u) is the characteristic function of the interval (0,1/t). The function n(u) is bounded,
hence ||¢;n]|z2 = ct~'/? and therefore ||ry(t)||2 = O(t~1/?), t — co. To conclude, using (12.4),
(12.5), and (12.6) we obtain (12.3) with ¢, = 2z(0) + ¢1 + ¢ and r,.(t) = ri(t) + ro(t). The
t — —oo case is handled in an identical way. [ |
Remark 12.1 The expression (12.7) for ¢o as a Fourier transform implies immediately that
|p2|, and hence |®.| also, tend to 0 as || — oo by the Riemann-Lebesgue lemma. This same
expression could be used with Zygmund’s lemma to obtain more detailed decay properties of
¢ and hence of ®,.. The decay rate would be determined essentially by the regularity of the
function h(t) in addition to the decay rate of the initial data.

A The resolvent

A1 Calculation of the matrix kernel

The derivation of the time decay of the solution to the linearized equation (4.2) in section 6 re-
quired an analysis of the smoothness and singularities of the resolvent R(\) and its asymptotics
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for A — oo. Here we will construct its matrix integral kernel explicitly

ROV = ( RAVE e ) (8.1

which is the solution to the equation

(C— VRO, 2,y) = 6(z — y) < (1] (1’ ) | (A. 2)

Rll()‘a &Z, y)

Calculation of first column For the first column R;(\, z,y) := < Ro1(\, 2, y)
21\ Ny Ly

> of the matrix
R(\, z,y) we obtain

1
(C = NRi(Oay) = 0z — ) ( ! ) | (A3)
If %40 and x # vy, (A. 3) takes the form (cf. (4.8), (4.9))
d2
_ -\ == tw
L PR =| T RiOey) =0, 140, 2y
-D; -\ d
— —Ww —A
dx?
(A. 4)
The general solution is a linear combination of exponential solutions of type e?**v. Substituting
into (A. 4), we get
-2 K+tw
(—kQ—w _)\>UO. (A.5)
For nonzero vectors v, the determinant of the matrix vanishes,
N+ (B +w)?=0. (A. 6)

Then k% + w = Fi\. Finally, we obtain four roots £k ()\) with
ki(N) = V—w FiA, (A.7)

where the square root is defined as an analytic continuation from a neighborhood of the zero
point A = 0 taking the positive value of Im+/—w at A = 0. We choose the cuts in the complex
plane A from the branching points to infinity: the cut C; := [iw,ic0) for k4 (\) and the cut
C_ := [—iw, —ioco) for k_(\). Then

Imki()\) > 0, AE C\C:t (A 8)
It remains to derive the vector v = (v, vs) which is solution to (A. 5):

_ki+wv =2
D)

Vg = v = tvy.

1 . :
) and we get four linearly independent

Therefore, we have two corresponding vectors vy = < 4

exponential solutions

”U+€ilk+x — < . eizk+x’ ’l},eilk_x — . eizk_a:'
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Now we can solve the equation (A. 3). First we rewrite it using the representations (4.9) and
(4.8) for the operator C,

A oS tW Ry 1 0 Riy (A0
dx? (A z,y) _ _ a 11(A,0,9)
& (et ) == (o) wo (L 5)(Rtvary
(A.9)
Let us consider y > 0 for the concreteness. Then the RHS vanishes in the open intervals

(—00,0),(0,y) and (y,c0). Hence, for the parameter A outside the cuts C, the solution admits
the representation

Aye ket + A ey r <0,
Ri(\,z,y) ={ Bie *+*v, + B-e " *y_+ Bfe**v, + Bfe*"v_, 0 <z <y, (A.10)
Crett+2y, + C_e=y_, T >y

since by (A. 8), the exponent e *+% decays for x — —oo, and similarly, e*** decays for
x — o0. Next we need eight equations to calculate the eight constants A, ..., C_. We have
two continuity equations and two jump conditions for the derivatives at the points z = 0 and
x = y. These four vector equations give just eight scalar equations for the calculation.
Continuity at = = y: R;(y —0,y) = R;(y + 0,y), i.e.

BZvy/ei + BZv_Je_ 4+ Bivies + Bfv_e_ = Civiey + Cv_e_,
where e, := e*+¥_ It is equivalent to

B_’__/€+ + B_—::e+ = C+e+,

(A. 11)
B~ /e_+Bte_ =(C_e._.
Continuity at z = 0: R;(—0,y) = R;(+0,y), i.e.
Ajvi+ A v =Biv,+Bv_+ Blv, + Bfo_
that is equivalent to
A+ — B_T_ + B:::,
(A. 12)
A_ =B~ + B*.

Jump at z =y Ry(y +0.9) =R}<y—o,y>+(
x. Substituting (A. 10), we get

1 ), where prime denotes the derivative in

ik, Civye, +ik_C v_e_ =

—ikyBiv, /e —ik_BZv_Je_ + ik Blv e, +ik_Bfv_e_ + ( _(1) > (A. 13)
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Noting that

0 _ Vy — U,
[(0)-ros 10
we get »
ik+0+€+ = —ik+B_~__/€+ + Z'k+Bj__€+ + %,
‘ (A. 15)
ik_C_e_ = —ik_B~Je_ +ik_Bte_ — %
After substituting of C from (A. 11), the constants B] cancel and we get
_ €4+ _ e_
B, = — B =—. A. 16
T4k - 4k_ ( )
, y a+b 0 o
Jump at = = 0: R}(4+0,y) = R;(—0,y) — 0 4 R;(—0,y). Substituting (A. 10), we
get
—7:]{3+BJ:U+ — ’L.k_B:U_ + ik_t'_Bjr_'U_i_ + ik_Bi_U_ = —ik+A+U+ — Z'k_A_U_ — M<A+U+ + A_U_),
(A. 17)
where M is the matrix ( “ —g b 2 ) Note that
Muv, = av, + [u_ b b
, where aza—|—§, 6:5 (A. 18)
Muv_ = av_ + Poy

Then (A. 17) becomes
—/Lk+B; + Zk:_l'_BI = —7:]{3_;'_14_;'_ — A+Oé — A_ﬁ,
—ik_B- +ik_Bt = —ik_A_ — A, — A_a.
Substituting here (A. 12), we get after cancellations,
(2iky + o) B + BY = —aB; — 3BZ
BB + (2ik_ + )BT = —3B; — aB_

Hence, the solution is given by

Bt 1 [ 2k_ +« -3 a B B-
(B%)Z_D< -3 2¢k++a><5a><3f>, (A. 19)

where D is the determinant
D = (2ik, + a)(2ik_ + o) — 3%, (A. 20)
and B, B~ are given by (A. 16). The formulas (A. 16) and (A. 19) imply

1 2ik_a + o® — [3? 2ik o+ a? — 32
_ _ e_|.
2D %, 2%

B:

1
€+ + 7:56_> s Bj = E <—Z.B€+ +

(A. 21)
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Using the identities
2ik_a+ao?— [ =D —2ik,a+4k k_, 2ikia+o®—F>=D—2ik_a+4k. k_,
let us rewrite (A. 21) as

e_ 1

1
Bf = B —((ioz —2k_)e, —I—zﬂe_), Bt = % "D

4k, 2D (256+ + (ia — 2k, Je ) (A. 22)

Finally, the formulas (A. 10)—(A. 12), (A. 16) and (A. 22) give the first column R;(\, z,y) of
the resolvent for y > 0:
R[()\,l',y) = F[()\,l',’y) + P[()\,Ll',y),

where

L (eibrtemyl _ gibrlebtiy, L

ik_|o—y| _ _ik—(|z|+|y])
4k Ak ¢ ) "

FI()‘7 x, y) -
and

1
P\ z,y) = EK( — 2k )tk (el jgeilkslalh |y\)) v,
_ (Z‘ﬂei(k‘f\ﬂ‘f‘kﬂy\) + ( i — 2k ) |:c|+|y\)> }

Calculation of second column The second column is given by similar formulas with the

vector ( L > instead of < 0 ) in (A. 9). Then ( _(1) ) in (A. 13) is changed by ( (1) )

0 1
1) v-+wvg
0/ 2

Respectively, (A. 14) is changed by
Hence, we have now change i/2 by 1/2 in the first equation of (A. 15) and —i/2 by 1/2 in the
second one. Respectively, (A. 16) for the second column reads

_ i€+ _ 16_
By =——+ B~ =-"=.
VT - T4k

Then the second column R;;(A, z,y) of the resolvent reads:
RII(>Hx7y) = F[[(A,l’,y) + PII(Aaxay)a

where
) I 4 i . .
_7(€zk+|x yl _ ezk+(|x\+|y|))%r _ 7(€zk—|x yl _ elk—(lxlﬂy\))u

F p—
II<A7x7y) 4k,+ 4k',

and
P\ z,y) = %K—(@'a_Qk_)eik+(|$\+\y|)+iﬁ6i(k+|z\+kf|y\)>v+

T+ (iBef Ik _ (o — ok, et (oD ]

Note, that if y < 0 we get the same formulas.
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A2 The poles of the resolvent

The poles of the resolvent correspond to the roots of the determinant (A. 20),
D()\) := o® + 2ia(ky +k_) — 4k k_ — 3% =0. (A. 23)

with ki as in (A. 7)-(A. 8). Thus D(A) is an analytic function on C\ C_ UC,.. Since there are
two possible values for the square roots in ki there is a corresponding four-sheeted function
D()) analytic on a four sheeted cover of Cwhich is branched over C_ and C,. We call the sheet
defined by (A. 8) the physical sheet.

We will reduce the equation (A. 23) to the solution of two successive quadratic equations.
These can be solved explicitly but the process involves squaring and thus actually produces
zeros of the function D()) rather than of D()). Therefore we will then have to check whether
or not the roots do actually lie on the physical sheet.

Step i)
Denote by 0 = k; + k_. Then
0? =2k k_ — 2w (A. 24)

by (A. 7), hence (A. 23) gives the first quadratic equation:
o® + 2iao — 2(0” + 2w) — 3* = 0.

Rewrite it as

) - _&2_52
o — 1o =

. 2
10 [0
N A. 2
o= 16—, (A. 26)

where the root is choosen arbitrarily.
Further let us express the roots in w. Since a = 2y/w, o = a+b/2, § = b/2 then substituting
d from (A. 25), we obtain

— 2w =:§ (A. 25)

Finally,

Now (A. 26) reads

o=t Log_p) =

2 T4 (2a+0) + (20 —b)| =in;, 5= 1,2, (A. 27)

L
4
where v; € IR, and

v = a = a(C?), Yo =b/2 = d'(C*)C?. (A. 28)

Step 1)
It remains to calculate the correponding spectral parameter A. First, the quadratic equation
(A. 24) implies by (A. 27) that

Alkik_)? = Qw407 = (2w —72)% j=1,2 (A. 29)

On the other hand,

kyk_ =V—w+ iz —w — i), (A. 30)
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hence (A. 29) gives the second quadratic equation
A4w? + X)) = 2w — 7).

Therefore,
oo Qo) 4wt (e =)
4 4 '

Finally, we obtain four roots

A= 2% 4w — 77, (A. 31)

where j € {1,2} and the square root can takes two opposite values.

Corollary A.1 The four-sheeted function D(X) has the following roots (zeros):
i) j =1 gives \y = 0 since 4w = a*® = 7.
ii) If |y2] < 24/w, then both j = 2 roots +i|Xs| are pure imaginary.
iii) If || > 2\/w, then both j = 2 roots £|\a| are real: one positive and one negative.

Remark A.2 Note that a priori we can meet the wrong sign of Imky squaring (A. 80) which is
why the above calculation yields roots of D(X) rather than the physical branch D(X). Since the
formulas for the resolvent involve only D(X) it is important to know which of these are actually
roots of D(X) and also to know the multiplicities. This is done in the next two sections.

A3 Discrete spectrum A\ =0

In order to check that the roots of D(X) given in Corollary A.1 are actually roots of D()) it
suffices to check explicitly that D(\) vanishes (with the assumption that we are on the physical
branch defined by Imky > 0 for A € C\ Cy.

For j = 1 we have v = 7; = a = 2y/w and then \; = 0. For j = 2 we have v = 7, = a/C?,
If |2] = 2¢/w ( equivalently |a'| = a/C?) or 75 = 0 ( equivalently a’ = 0), we have Ay = 0.

Let us check that A = 0 is a root of D(\):

D(0) = a? — 3% + 2ia2ivw + 4w = (a +b/2)* = b*/4 — 2(a+ b/2)a +a*> =0

since k+ = iy/w. Now let us compute D’(\):

1 —1 21 —21
D'(\) =1 + — o — N4 ——
() m(\/—w—i-i)\ \/—w—i)\) (\/—w—i-i)\ vt V—w — i\

Hence D'(0) = 0 and A = 0 is the root of D(\) of multiplicity at least 2. Further calculation
shows that the Taylor series for D near zero takes the form:

vV —w +iA).

D =(+ -

W dwd/?

A2+ O(M). (A. 32)

Therefore A = 0 is the root of D()\) of multiplicity 4 if and only if b = 4\/w, i.e. a' = a/C?,
and we have proved the following lemma:

Lemma A.3 Ifa’ = a/C? then A = 0 is a root of the determinant D(X\) with multiplicity 4,
otherwise A = 0 is a root of the determinant D(X) with multiplicity 2.
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A4 Nonzero discrete spectrum

Now let us check whether the roots A = Ay # 0 corresponding v = 72 & {0, £2,/w} lie on the
physical branch. We analyze two different cases: 0 < || < 2y/w and |y2| > 2y/w.

I.The case 0 < |vs| < 2y/w (equivalently 0 < |a/| < a/C?).

Since 4w — 72 > 0, the corresponding roots A\, are pure imaginary by (A. 31). Moreover,
|A2] <w. Indeed, (A. 31) implies

W= N =0’ + /4 - pw = (w—%/2)" 2 0.
Hence —w FiXy < 0 and ki are pure imaginary with nonnegative imaginary part, that is
kik_ <0and Im(ky +k_) > 0. (A. 33)

The equations (A. 29) and (A. 24) imply
2

1
|kyk_| = Z|a2 —2(a)?*C?, (ky+k_)* = —2w+ 2k k_= —% + 2k, k_. (A. 34)

In order to obtain k k_ and k; + k_ from the last two equations we have to divide the set
0 < |a’| < a/C? onto three subsets:

(=a/C,a/C?)\ {0} = (=a/C% ~a/VEC U ((=a/V2C 0/ VAC) \(0}) Ul s )

V20? C?

). Then (A. 33) and (A. 34) imply

1) First consider the case ' € |

kyk_ = le(a2 —2(d")*CH).

a’>  a?

(ky + k) = 5 T T (a')?C* = —(d')*C,
k+ + k_ = i&lcz,

and using (A. 23), we obtain
D(\2) = (a+d'C?)? — (d'C?*)* + 2i(a+ d'C?)(ky + k_) — 4k k_

= a* +2ad'C? — 2(a + d'C*)d'C? — a* + 2(d')*C* = 0.

Note that each 7, defines two values Ay up to factor +1. If we replace Ay by —X9, k. and k_
change places and our calculation remains valid. Therefore, both values of Ay are roots of D(\).

2) Further consider a’ € (—%, —\/;Cz]. In this case

1
kik_ = Z(GQ —2(a)?*CY, ki +k_=—idC*

Then we have

D(X\g) = a® 4 2ad'C? + 2(a + a/C?)d'C* — a* + 2(a')?C* = 4d'C*(a + d'C?) £ 0
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since @’ # 0 and @’ # —a/C?. Therefore in this case both values of Ay are not the roots of D()).
a
. Then (A. 33)-(A. 34 imply that
VT (A. 33)-( ply

1
k:_i_kf_ = —Z(CL2 — 2((1,)204) < 07

3) Finally consider 0 < |d/| <

(ky + k) = —a*+ (d)’C* < 0,

ki + k- =iy/a? — (a)2C
Then we have

D(X\2) = a(a +2d'C?) — 2(a + a'C*)\/a? — (a/)2C* + a* — 2(d’)*C*. (A. 35)

To solve the equation D(\y) = 0 with respect to o/, divide the RHS of (A. 35) by C* # 0 and
denote p = a/C? > 0. Then we get the equation

P’ +pd — (@) = (p+a)\/p? — (@)%, 0 < || < p/V2. (A. 36)
Squaring both side of (A. 36), we get
2(@/)4 . p2(a/)2 =0

The equation has no solutions for 0 < |a’| < p/+/2 and hence D()\,) does not vanish.

Corollary A.4 i) D(\) =0 ifd’ € [\/502, %).

g .y a a
it) D(X2) #0 ifd’ € (—@7W) \ {0}
I1. The case |y2| > 2y/w (equivalently || > a/C?).

Since 4w — 72 < 0, the corresponding roots (A. 31) are real: A\; < 0 < Ay, Ay = —AJ. It is
easy to prove that ki take the form:

ky =+p+w, v>0.

Therefore
kik_=—p®> =12 <0, ky+k_=2v (A. 37)

1) First consider the case a’ > a/C?. Then by (A. 34) and (A. 37)

1
kyk_ = 1((12 —2(a)?CY,  (ky + k) =—(d)*C", ki +k_=idC%

Therefore
D(Xo) = ala +2ad'C?) + 2i(a+ a'C?*)(ky +k_) — 4k k_ =
ala +2d'C?) —2(a+d'C*)ad'C* — a* +2(a')*’C* =0
and then )\, are real roots of D()). Hence, the case a’ > a/C? is linearly unstable.
2) Further consider the case a’ < —a/C?. Then

1
kik_ = 1(&2 —2(a)?*C* <0, ky+k_=—idC?

D(X\g) = a® 4+ 2ad'C? + 2(a + a/C?)d'C?* — a* + 2(a’)?C* = 4d'C*(a + d'C?) # 0

Therefore, in this case Ay are not roots of D(A).
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Corollary A.5 i) In the unstable case a’ > a/C?: both Ay are roots of D(N).
i) If ' < —a/C? then neither of the Ay are roots of D(N).

Summarizing, we have proved the following result

Theorem A.6 i) If a' € (—o0,a/(/20?)) the only root of D(N) is A = 0 with multiplicity 2.

i) If ' € [a/v/2C?,a/C?), there are four roots of D(N): zero (multiplicity two) and i\
(pure imaginary) with Ay as in (A. 31).

i) If = +a/C?, the only root of D(\) is A = 0 multiplicity 4.

w) If ' € (a/C?,+0), there are four roots of D(N): zero (multiplicity two) and £|\g| with Ay
as in (A. 31). In particular there exists a positive root (linear instability).

Remark A.7 Imagine reducing a’ starting from a value greater than a/C?. Initially there are
two real roots, +|\|, which approach zero as a’ — a/C* from above, giving rise to an increase
of the multiplicity of the A\ = 0 root to four when o’ = a/C?. As a' is reduced further below a/C?
these two roots reappear as a pair of conjugate pure imaginary roots which move from zero to
+iw as a’ goes from a/C? to a//2C%. When a' = a/v/2C? these two roots touch the branch
point (end of the continuous spectrum) and move onto an “unphysical” branch (on which the
conditions (A. 8) do not hold). As a' is reduced further these roots do not return to the physical
branch and thus even when their magnitude becomes zero they do not coalesce with the physical
A = 0 root to increase its multiplicity and most importantly the spectrum is pure continuous
apart from zero for a' < a/\/202.
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