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Preface

We present the theory of attractors of nonlinear Hamiltonian partial differential equa-
tions in infinite space. This is new branch of the theory of attractors of PDEs since 1990.
This new theory differs significantly from the case of dissipative systems. In particular,
this theory has no analogue for finite-dimensional Hamiltonian equations contrary to the
case of dissipative PDEs.

This book is the first monographic publication in this direction. Included are results on
global attraction, to stationary states, to solitons, and to stationary orbits, together with
results on adiabatic effective dynamics of solitons and their asymptotic stability, and on
the dispersion decay for linear Hamiltonian PDEs. The obtained results are generalised in
the formulation of a new general conjecture on global attractors of G-invariant nonlinear
Hamiltonian partial differential equations.

We also describe the results of numerical simulations.

In conclusion, we discuss possible relations of this theory with the problem of mathe-
matical interpretation of Bohr’s transitions between quantum stationary states.

The book is intended
i) to graduate and postgraduate students working with partial differential equations;
ii) to lecturers in PDEs;

iii) to mathematicians working in PDEs, Mathematical Physics, and mathematical prob-
lems of Quantum Theory.

On the required knowledge

All proofs are self-contained and their overwhelming parts rely on traditional methods of
Analysis: general theory of Hilbert and Banach spaces; distributions and their Fourier
transform, Sobolev spaces and embedding theorems, elementary spectral theory of the
Schrodinger operators (all needed subjects are covered by [9] and Chapters 1-12 of [189]);
definitions of Lie group and Lie algebra and of their representations.

The key points of the proofs rely on a novel application of subtle methods of Harmonic
Analysis: the Wiener Tauberian theorem, the Titchmarsh Theorem on convolution, the
theory of quasimeasures, and others. The applications are explained with all details and
with exact references to the corresponding textbooks.

Keywords: nonlinear partial differential equations; Hamiltonian equations; wave equa-
tion; Maxwell equations; Klein—Gordon equation; limiting amplitude; limiting amplitude
principle; limiting absorption principle; attractor; stationary state; soliton; stationary
orbit; adiabatic effective dynamics; symmetry group; Lie group; Lie algebra; group rep-
resentation Schrodinger equation; quantum transitions.
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Introduction

This monograph presents theory of global attractors and of long time behaviour of
solutions of nonlinear Hamiltonian partial differential equations in infinite space. This
theory was initiated by one of the authors since 1990 and was developed in collaboration
with H. Spohn since 1995, and with A. Comech, V. Imaikin, E. Kopylova, D. Stuart and
B. Vainberg since 2005.

The theory of attractors for nonlinear PDEs began in Landau’s 1944 famous paper
[19], where he proposed the first mathematical interpretation of the onset of turbulence
as the growth of the dimension of attractors of the Navier-Stokes equations when the
Reynolds number increases.

The foundation for the corresponding mathematical theory was laid in 1951 by Hopf,
who first established the existence of global solutions of the 3D Navier—Stokes equations
[5]. He introduced the method of compactness which is a nonlinear version of Faedo-
Galerkin approximations. This method is based on a priori estimates and Sobolev em-
bedding theorems and has had an essential influence on the development of the theory of
nonlinear PDEs (see [2, 3, 12]).

The modern development of the theory of global attractors for dissipative PDEs, that
is, PDEs with friction, originated in 1975-1985 in publications by J. Ball, C. Foias, J.M.
Ghidaglia, J.K. Hale, D. Henry, R. Temam, and was developed further by M.I. Vishik,
A.V. Babin, V.V. Chepyzhov, A. Haraux, A.A. Ilyin, A. Miranville, V. Pata, E. Titi,
S. Zelik, and others. An essential part of the theory up to 2000 was covered in the
monographs [20]-[26].
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One of the central subject of research in this theory is the global attractor of all
bounded subsets of the corresponding Banach phase space. Typically this attractor is
a submanifold connecting stationary states, which is an analogue of separatrices. Each
single point also attracts to this submanifold, and eventually converges to one of stationary
states,

U(z,t) = S(x), t — +oo, (0.0.1)

where the convergence holds in appropriate norm on the Banach phase space. In par-
ticular, the relaxzation to an equilibrium regime in chemical and biological reactions (the
‘saturation’) is due to energy dissipation.

The results obtained concern a wide class of nonlinear dissipative PDEs, including
fundamental equations of applied and mathematical physics: the Navier-Stokes equa-
tions, nonlinear parabolic equations, reaction-diffusion equations, wave equations with
friction, integro-differential equations, equations with delay, with memory, and so on.
The techniques of functional analysis of nonlinear PDEs were developed for the study
of the structure of different types of attractors, their smoothness and their fractal and
Hausdorff dimensions, dependence on parameters, on averaging, and so on.

The development of a similar theory for Hamiltonian PDEs seemed at first to be
unmotivated and even impossible in view of energy conservation and time reversal for these
equations. However, it turned out that such a theory is possible, and its development was
inspired by the problem of mathematical interpretation of basic postulates of Quantum
Theory. These relations to Quantum Theory are discussed in the final Chapter 8. More
details can be found in [214].

Results obtained in 1990-2020 suggest that long-time global attraction to a finite-
dimensional submanifold in the corresponding Hilbert phase space is in fact typical feature
for nonlinear Hamiltonian PDEs in infinite space. These results are presented in our
monograph.

For Hamiltonian PDEs in infinite space the theory of attractors differs significantly
from the case of dissipative systems, where the global attraction to stationary states is
caused by an energy dissipation which is due to friction. For Hamiltonian equations the
friction and energy dissipation are absent, and the global attraction is caused by radiation
which irreversibly carries energy to infinity. This peculiarity required novel tools for
analysis of nonlinear Hamiltonian equations which are presented in this monograph.

Let us note however that this theory is only at an initial stage of its development
and cannot be compared with the theory of attractors of dissipative PDEs with regard to
richness and diversity of results.

The modern development of the theory of nonlinear Hamiltonian PDEs dates back to
K. Jorgens |7], who first established the existence of global solutions for nonlinear wave
equations of the form

O(x,t) = Az, t) + f((x, 1)), z € R”, (0.0.2)

by developing the Hopf method of compactness. The subsequent studies of the well-
posedness for nonlinear PDEs were presented by J.-L. Lions [12], and by A. Haraux and
T. Cazenave |2, 3|.

The first results on long-time asymptotics for linear hyperbolic PDFEs in infinite space
were established in the scattering theory by P.D. Lax, C.S. Morawetz, and R.S. Phillips
for the wave equation in the exterior of a star-shaped obstacle, [34]. This is the local
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enerqy decay: for any finite R > 0
/ [0z, ) + [V, ) + [z, O)P)dz — 0, ¢ — ~oo. (0.0.3)
|z|<R

This decay means that the energy escapes each bounded region for large times. For general
linear hyperbolic PDEs and systems similar local decay was established by B.R. Vainberg
[10]. The extension of this decay to nonlinear Hamiltonian PDEs was established first by
I. Segal , C.S. Morawetz and W. Strauss [35]-[39]. In these papers the local energy decay
(0.0.3) was proved for solutions of equations (0.0.2) with small initial data in the case of
defocusing nonlinearities similar to

f) = —m®p — s [P~Hy, (0.0.4)
where m? > 0, 2 > 0, and p > 1. Moreover, in these articles the corresponding nonlinear
wave operators and scattering operators are constructed. In [30, 81] W. Strauss established

the completeness of the scattering for small solutions of more general equations.

For convenience, characteristic properties of all finite-energy solutions of an equation
will be referred to as global, in order to distinguish them from the corresponding local
properties of the solutions with initial data sufficiently close to an attractor. Note that
global attraction to a (proper) attractor is impossible for finite-dimensional Hamiltonian
systems, because of energy conservation. All the above-mentioned results [35]-[39] on
local energy decay (0.0.3) for nonlinear Hamiltonian PDEs mean that the corresponding
local attractor of solutions with small initial states consists of only the zero point.

Theory of global attractors. The first results on global attractors for nonlinear Hamil-
tonian PDEs were obtained by one of the present authors in 1991-1995 for 1D equations
[13, 44, 45], and were extended to nD equations in 1995-2020 in collaboration with A.
Comech, V.S. Buslaev, E. Kopylova, H. Spohn, D. Stuart, B.R. Vainberg, and others.

These results were derived from an analysis of the irreversible energy radiation to infin-
ity, which plays the role of dissipation. This progress was achieved by a novel application
of subtle methods of Harmonic Analysis: the Wiener Tauberian theorem, the Titchmarsh
convolution theorem, the theory of quasimeasures, the stationary scattering theory of
Agmon, Jensen and Kato, the eigenfunction expansion for nonselfadjoint Hamiltonian
operators based on M.G. Krein theory of J-selfadjoint operators, and others.

One of the key observations is that the results obtained so far indicate a certain
dependence of long-time asymptotics of solutions on the symmetry group of the equation:
for example, it may be the trivial group G' = {e}, or the group of translations G = R", or
the unitary group G = U(1), or the orthogonal group SO(3). This observation suggests
general conjecture for nonlinear Hamiltonian autonomous PDEs of type

U(t) = F(U(t)), teR, (0.0.5)

with a Lie symmetry group G, which acts on the Hilbert or Banach phase space £ of the
equation via a representation 7'.

Conjecture A. (On attractors) For generic nonlinear Hamiltonian PDEs (0.0.5) with
a Lie symmetry group G, any finite-energy solution admits the asymptotics

U(t) ~ ML, t— oo (0.0.6)

in appropriate topology of the phase space E.
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Here Ay = T" (e)A+, where A+ belong to the corresponding Lie algebra g, while the
U, (z) are some limiting amplitudes depending on the trajectory W(x,t) considered. Both
pairs (¥, A,) and (U_, A\_) are solutions of the corresponding nonlinear eigenvalue prob-
lem (3.10.4), see more details in Section 3.10.

Let us specify the asymptotics (0.0.6) for the four symmetry groups mentioned above.

I. Equations with trivial symmetry group G = {e}. For such generic equations the
conjecture (0.0.6) means global attraction to stationary states

U(x,t) — Si(x), t — +oo (0.0.7)

as is illustrated in Fig. 1. Here the states Si(x) depend on the trajectory (x,t) under
consideration, and the convergence holds in local seminorms of type L?(|z| < R) with any
R > 0. This convergence cannot hold in global norms (that is, corresponding to R = o)
due to energy conservation.

Figure 1: Convergence to stationary states

The asymptotics (0.0.7) can be symbolically written as the transitions
S_— S, (0.0.8)

These transitions can be considered as the mathematical model of the Bohr ‘quantum
jumps’.

Such attraction was proved in [13]-[55] for a variety of model equations: i) for a string
coupled to nonlinear oscillators, ii) for a three-dimensional wave equation coupled to a
charged particle and for the Maxwell-Lorentz equations, and also iii) for wave equation,
and Dirac and Klein—Gordon equations with concentrated nonlinearities.

All proofs rely on the bounds for radiation which irreversibly carries energy to infin-
ity. The proof of global attraction in |17, 18] rely on a novel application of the Wiener
Tauberian theorem |[18| which provides the relaxation of the acceleration of the particle

i(t) » 0,  t— +oo. (0.0.9)

under the Wiener condition (1.5.13) on the particle charge density. These results gave
the first rigorous proof of radiation damping (0.0.9) in Classical Electrodynamics, which
has been an open problem for about 100 years.
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The results of [13]-|17] and [53] are presented with details in Chapter 1.

In all problems considered here, the convergence (0.0.7) implies by the Fatou theorem
the inequality
H(SL) <H(Y(t)) = const, t€R, (0.0.10)

where H is the corresponding Hamiltonian (energy) functional. This inequality is an
analog of the well known property of the weak convergence in the Hilbert and Banach
spaces. Simple examples show that strong inequality in (0.0.10) is possible, that means
the irreversible scattering of energy to infinity.

Example 0.0.1. The d’Alembert waves. In particular, the asymptotics (0.0.7) and
the strong inequality (0.0.10) can easily be demonstrated for the d’Alembert equation with
general solution ¥(z,t) = f(z —t) + g(z + t). Namely, the local convergence ¥ (-,t) — 0
in L2 (R) obviously holds for all f,g € L?*(R). On the other hand, the convergence to

loc

zero in the global norm of L?(R) obviously fails if f(z) # 0 or g(x) Z 0.

Example 0.0.2. Nonlinear strong Huygens principle. Similarly, a solution of the 3D
wave equation with unit speed of propagation is concentrated in spherical layers |t| — R <
|z| < [t| + R if the initial data have support in the ball |x| < R. Therefore, the solution
converges to zero in L2 _(R?) as t — +oo, although its energy remains constant. This also
illustrates the strong inequality in (0.0.10). This convergence corresponds to the well-
known strong Huygens principle in Optics and Acoustics (see [1]). Thus, global attraction
to stationary states (0.0.7) is a generalisation of the strong Huygens principle to non-linear
equations. The difference is that for the linear wave equation the limit is always zero,
while for nonlinear equations the limit can be any stationary solution.

II. Equations with the symmetry group of translations G = R". Let us consider
for example the case of simplest representation

[T(a)Y](x) == ¢(z —a), reR” (0.0.11)

for a € R™. Then the asymptotics (0.0.6) means global attraction to solitons (traveling
waves)
Y(x,t) ~ iz — vel), t — +oo, (0.0.12)

where the asymptotics holds in local seminorms of type L?(|z —v4t| < R) with any R > 0,
that is in the comoving frame of reference.

Such soliton asymptotics was proved first for integrable equations (Korteweg—de Vries
equation (KdV), etc), see |50, 62]. Moreover, for the Korteweg—de Vries equation more
accurate soliton asymptotics in global norms with several solitons were first discovered
by M. Kruskal and N.J. Zabuzhsky in 1965 by numerical simulation: it is the decay to
solitons

Yo, t) ~ Y (e —vit) fws(e,t), ¢ — Foo, (0.0.13)
k

where w. are some dispersion waves. A trivial example is provided by the d’Alembert
equation ¥ (x,t) = ¢"(x,t), for which any solution reads ¥ (x,t) = f(x —t) + g(z + 1).
Later on, such asymptotics were proved by the method of inverse scattering problem

for nonlinear integrable Hamiltonian translation-invariant equations (KdV, etc.) in the
works of M.J. Ablowitz, H. Segur, W. Eckhaus, A. van Harten and others [56, (2].
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For non-integrable equations the global attraction to solitons (0.0.12) was established
for the first time in [57]-[60] for translation-invariant systems of the wave and Maxwell
equations coupled to a charged relativistic particle. The result of [58] gives the first
rigorous proof of the radiation damping for the translation-invariant system of Classical
Electrodynamics.

The proofs in [57] and [58] rely on a canonical transformation to the comoving frame
and variational properties of solitons, as well as on the relaxation of the acceleration
(0.0.9) under the Wiener condition for the particle charge density.

The multi-soliton asymptotics (0.0.13) for non-integrable equations were observed nu-
merically in [01] in the case of 1D relativistically-invariant nonlinear wave equations.

The results of [57] and [(1] are presented with details in Chapters 2 and 6 respectively,

ITI. Equations with the unitary symmetry group G = U(1). Let us consider for
example the case of simplest representation

[T (e)p](z) = e (), reR"” (0.0.14)
for # € R. Then the asymptotics (0.0.6) means the single-frequency asymptotics

Y(w,t) ~ Py(x)e @ t — oo, (0.0.15)
where wy € R.

Example 0.0.3. For the case of Maxwell-Schrédinger system (8.2.1) with the symmetry
group U (1) and its representation (8.2.6), the conjecture (0.0.6) reduces to the asymptotics

(8.2.9) with
j\i:(_zguig), wi € R.

The asymptotics (0.0.15) also means the global attraction to the solitary manifold
formed by all stationary orbits which are solutions of type ¢, (x)e ™*. The asymptotics
are expected in the local seminorms L*(|z| < R) with any R > 0. The global attractor is a
smooth manifold formed by the circles which are the orbits of the action of the symmetry
group U(1) (see Fig. 2).

Such attraction in local seminorms L*(|x| < R) were proved i) in [64]-[70] for the
Klein-Gordon and Dirac equations coupled to U(1)-invariant nonlinear oscillator, ii) in
[63], for discrete in space and time difference approximations of such coupled systems, i.e.,
for the corresponding difference schemes, and iii) in [72]-[71] for the wave, Klein—Gordon,
and Dirac equations with concentrated nonlinearities. More precisely, we have proved
global attraction to the solitary manifold of all stationary orbits, though global attraction
to a particular stationary orbits, with fixed wy, is still an open problem.

All these results were proved under the assumption that the equations are ‘strictly non-
linear’. For linear equations, the global attraction obviously fails if the discrete spectrum
consists at least of two different eigenvalues.

The proofs of all these results rely on i) a nonlinear analogue of the Kato theorem
on the absence of emerged eigenvalues, ii) new theory of multiplicators in the space of
quasimeasures and iii) novel application of the Titchmarsh Convolution Theorem.

The results of [65]-[07] are presented with details in Chapter 3.
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Figure 2: Convergence to stationary orbits .

Existence and orbital stability of stationary orbits. The existence of solutions e* ¥
(stationary G-orbits) for G-invariant nonlinear wave equations (0.0.2) in the cases G =
U(1l) and G = R™ was extensively studied in the 1960s-1980s. The most general results
were obtained by W. Strauss, H. Berestycki and P.-L. Lions |27, 28, 33]. M. Esteban, V.
Georgiev, and E. Séré constructed in [30] stationary orbits for relativistically-invariant
nonlinear Maxwell-Dirac system (8.2.8) and for the Klein-Gordon-Dirac system. The
key role in these papers was played by the Lusternik-Schnirelman theory of critical points
(51, 52].

In [29] G. M. Coclite and V. Georgiev constructed stationary orbits for the nonlinear
Maxwell-Schrodinger system with the external Coulomb potential.

General theory of orbital stability of stationary G-orbits was developed by M. Grillakis,
J. Shatah, and W. Strauss in [103, 104].

IV. Equations with the orthogonal symmetry group G = SO(3). For such generic
equations the asymptotics (0.0.6) means that
(w,t) ~ ey (2), = Foo, (0.0.16)

where Q. are suitable representations of real skew-symmetric 3 x 3 matrices Q. € s0(3).
This means global attraction to ‘stationary SO(3)-orbits’. Such asymptotics are proved
in [91] for the Maxwell-Lorentz equations with rotating particle.

Generic equations. Let us emphasise that, for example, we are conjecturing asymptotics
(0.0.15) for generic U(1)-invariant equations. This means that the long time behavior of
solutions may be quite different for U(1)-invariant equations of ‘positive codimension’. In
particular, for solutions of the linear Schrédinger equation

ih(z,t) = —Ap(z,t) + V(z)(z, t), zeR"

the asymptotics (0.0.15) generally fails. Namely, any finite-energy solution admits the
spectral representation

v(a.t) = 3 Cuin(w)e ™ + [ Clpitw. o),
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where 1, and 1 (w, -) are the corresponding eigenfunctions of the discrete and continuous
spectrum, respectively. The last integral is a dispersion wave, which decays to zero in
the norms L?*(|z| < R) with any R > 0 (under appropriate conditions on the potential
V(z)). Correspondingly, the attractor is the linear span of the eigenfunctions . Thus,
the long-time asymptotics does not reduce to a single term like (0.0.15), so the linear case
is degenerate in this sense. Note that all our results [61]-[70] are established for a strictly
nonlinear case (see the condition (3.1.14)), which eliminates linear equations.

Higher symmetry groups. For more sophisticated symmetry groups G = U(N), the
asymptotics (0.0.6) mean the global attraction to N-frequency trajectories, which can
be quasi-periodic. In particular, the symmetry groups SU(2), SU(3) and others were
suggested in 1961 by M. Gell-Mann and Y. Ne’eman for strong interaction of baryons
[220, |. This theory provides an empirical evidence for the asymptotics (0.0.6), see
Section 3.10.

On relations with Soffer’s conjectures. Note that our conjecture (0.0.6) specifies the
concept of localised solution/coherent structures from the ‘Grande Conjecture’ and the
‘Petite Conjecture’ of A. Soffer (see [161], p. 460) in the context of the Banach spaces .

The Grande Conjecture was proved in [50] for the case of a 1D wave equation coupled to
a nonlinear oscillator (1.2.1). Moreover, suitable versions of the Grande Conjecture were
also proved in [60, 91] for the 3D wave, Klein-Gordon and Maxwell equations coupled to

a relativistic particle with sufficiently small charge (2.2.1) (see Remark 2.2.1). Finally,
for any matrix symmetry group G, the asymptotics (0.0.6) corresponds to the Petite
Conjecture since then the localised solutions e9*'1), (x) are quasi-periodic.

In this book we present available results on the global attraction (0.0.7)-(0.0.16) and
related numerical experiments. Moreover, we survey the results on asymptotic stability
of solitons and their adiabatic effective dynamics, on the dispersion decay and relations
to Quantum Mechanics.

Asymptotic stability of solitons. More precisely we should phrase ‘asymptotic stabil-
ity of solitary manifolds” which means a local attraction, i.e. for states sufficiently close
to the manifold. There is a huge literature on this subject. In Chapter 4 we review the
results on such local attraction which were developed in a series of articles [162]-[171] by
V.S. Buslaev, G. Perelman, A. Soffer, D. Stuart, C. Sulem, T.P. Tsai, M. Weinstein, H.T.
Yau, and others.

The crucial peculiarity of this attraction is the instability of the dynamics along the
solitary manifold. This follows directly from the fact that solitons move with different
speeds and therefore run away for large times. Analytically, this instability is caused by
the presence of the eigenvalue A = 0 in spectrum of the generator of linearised dynamics.
Namely, the tangent vectors to solitary manifold are eigenvectors and associated vectors
of the generator. They correspond to zero eigenvalue. Respectively, the Lyapunov theory
is not applicable to this case.

This is why in the articles [162]-[170] an original strategy was developed for proving
asymptotic stability of solitary manifolds. This strategy allows one to separate the un-
stable motion along the solitary manifold and the attraction in transversal directions to
this manifold.

This approach relies on i) a special projection of a trajectory onto the solitary man-
ifold, ii) modulation equations for parameters of the projection, and iii) time-decay of
transversal component. It is a far-reaching development of the Lyapunov stability theory.



CONTENTS 13

Adiabatic effective dynamics of solitons. In Chapter 5 we establish an adiabatic
effective dynamics for solitons in slowly varying external potentials, when the correspond-
ing external force is small. The existence of solitons and the global attraction to solitons
(0.0.12) are typical features of translation-invariant systems. However, if the deviation of
a system from translational invariance is in some sense small, the system can admit solu-
tions which are close forever to solitons with time-dependent parameters (velocity, etc.).
Moreover, in some cases it is possible to identify an ‘effective dynamics’ which describes
the evolution of these parameters.

We present without proofs the results of [37] and [88] on adiabatic effective dynamics
(5.1.5), (5.1.6) for the wave-particle system (1.5.1)—(1.5.2) and the Maxwell-Lorentz sys-
tem (1.6.1), respectively, in the case of slowly varying external potentials. We also discuss
the related mass-energy equivalence.

In Chapter 6 we present results of numerical simulation of soliton asymptotics and on
the corresponding effective dynamics for relativistically-invariant equations.

Dispersion decay. In Chapter 7 we give i) a brief survey of basic results on the dispersion
decay, and ii) new short and simplified proof of the fundamental results on the L' — L>
dispersion decay established by J.-L. Journé, A. Soffer and C.D. Sogge in [185] for the
Schrédinger equation (7.1.2) with n > 3.

The dispersion decay of the corresponding linearised equations plays the key role in
all results on long-time asymptotic for nonlinear Hamiltonian PDEs. One of the first
fundamental results on the dispersion decay is the local energy decay (0.0.3) established
in [34].

Relations to Quantum Mechanics. In the final Chapter 8 we discuss possible rela-
tionships between the theory of attractors of Hamiltonian nonlinear equations and Quan-
tum Mechanics. The global attraction (0.0.15) was suggested by postulates of N. Bohr
on transitions to quantum stationary states and by E. Schrédinger’s definition of these
quantum stationary states as solutions of type ¢ (z,t) = ¢(x)e ™" (see Chapter 8 for
details). Our results confirm such attraction for generic U(1)-invariant nonlinear equa-
tions of type (3.1.1) and (3.1.18)—(3.1.20). However, for the semiclassical self-consistent
Maxwell-Schrodinger system of Quantum Mechanics this attraction is still open challeng-
ing problem.

On related surveys. In conclusion let us mention the related surveys in this area
[3, 11, 49]. The results on asymptotic stability of solitary manifolds were described in de-
tail in [124] for linear equations coupled to a particle, and in [144] for the relativistically-
invariant Ginzburg-Landau equations.
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Chapter 1

Global Attraction to Stationary States

In this chapter we present with details the results on global attraction to stationary
states (0.0.7) for nonlinear Hamiltonian PDEs in infinite space.

In Section 1.2 we present the first result of this type obtained in [13, 11| for 1D wave
equation coupled to one nonlinear oscillator (‘the Lamb system’). The second result [15]
for 1D wave equation coupled to several nonlinear oscillators is presented in Section 1.3,
and the third result - for 1D wave equation coupled to a ‘continuum of nonlinear oscilators’
- is presented in Section 1.4.

In Sections 1.5 and 1.6 are presented the results [17] and [18] which concern respectively
3D wave equation and Maxwell’s equations coupled to a charged relativistic particle.

Section 1.7 concerns the result [53] on three-dimensional wave equations with concen-
trated nonlinearity.

1.1 Free d’Alembert equation

The global attraction (0.0.7) can easily be demonstrated using the trivial (but instructive)
example of the d’Alembert equation

Pz, t) =" (z,1), zr € R, (1.1.1)
o N

where w = —= ) = e All derivatives here and below are understood in the sense of
X

distributions. This equation is formally equivalent to the Hamiltonian system

W(t) = DyH, 7(t) = —DyH (1.1.2)

with Hamiltonian

H(Y,m) = %/[IW(?U)IQHW@)IQ] dr,  (,7) € &= H,(R)®[L*(R)NL'(R)], (1.1.3)

where H!(R) is the Hilbert space of continuous functions +(z) with finite norm
[Vl 2y = [1¢ |22y + [#(0)]. (1.1.4)

Let us consider solutions (¢(x,t),m(x,t)) of (1.1.2) with initial states (¢(x,0), 7 (x,0)) =
(Yo(z), mo()) € €. Let us assume moreover, that

Yo(x) = Cy, x — fo0. (1.1.5)

15
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For such initial data the d’Alembert formula gives

— T+t
vy = DEEOEREZD LD
Ci+C_ 1 [*
e 2@ = %i§/_wﬂo(y)dy, (1.1.6)

where the convergence is uniform on every finite interval |z| < R. Moreover,

(. t) = Yolz 1) ; volz 1) + mo(z + 1) —5 mo(z ~ ) — 0, t— oo, (1.1.7)

where the convergence holds in L?*(—R, R) for each R > 0. Thus, the set of stationary
states (¢¥(x),n(x)) = (C,0), where C' € R is any constant, is an attractor. Note that for
positive and negative times the limits (1.1.6) may be different.
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1.2 A string coupled to a nonlinear oscillator

In this section we present the first results on global attraction to stationary states (0.0.7)
for nonlinear Hamiltonian PDEs obtained in [13, 44| (and developed in [50]) for the
nonlinear Lamb system with a point nonlinearity:

{w@:,t) = ¢'(@.t), e R\{0}, (1.2.1)

mij(t) = F(y(t)) +¢'(+0, 1) = ¢'(=0, 1); y(t) = ¢(0, 1),

where m > 0. Solutions 1 (z,t) take the values in R? with d > 1. This system can
formally be written as the nonlinear wave equation

(1+md(x))(x,t) =" (z,t) + d(x)F((0,1)), r € R. (1.2.2)

The problem (1.2.1) describes small crosswise oscillations of an infinite string stretched
parallel to the x-axis; a particleof mass m > 0 is attached to the string at the point x = 0;
F(y) is an external (nonlinear) force perpendicular to the string, the force subjects the
particle(see Fig. 1.1)

Figure 1.1: String coupled to an oscillator.

The system (1.2.1) has been introduced originally by H. Lamb [51] in the linear case
when F(y) = —w?y. The Lamb system with nonlinear force F(y) has been considered in
[12] where the questions of irreversibility and nonrecurrence were discussed. The system
was studied further in [43, 44, 50] where the global attraction to stationary states has
been established for the first time, and in [11] where metastable regimes were studied for
the stochastic Lamb system with a white noise.

The Lamb system (1.2.1) is a simplest nontrivial nonlinear time-reversible infinite-
dimensional Hamiltonian system allowing an effective analysis of various questions.

Our main results for this system are as follows. Here we establish the existence of a
finite-dimensional global attractor and establish the nonlinear scattering:

Each finite energy solution decays in long-time limaits
to a sum of a stationary state and a dispersion wave.
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The asymptotics hold in global energy norm. Moreover, in [51, 52] we have established
the asymptotic completeness of the corresponding nonlinear scattering operators.

We consider the Cauchy problem for the system (1.2.1) with the initial conditions

V=0 = Yo(2), Q/.}|t:0 = mo(x), Y|t=0 = po- (1.2.3)

Denote Y (t) = (¢(x,t),¢(z,t),y(t)). Then the Cauchy problem (1.2.1), (1.2.3) can be
written as

Y(t) =F(Y(t) for teR, Y(0)=1Y, (1.2.4)
where Yy = (¢, vo, po), and
F(Y(t)) = (&('J)v@bl/(%t)‘x?éo’ F(w(oﬁt)) + W(Jroat) - W(—Ovt))-

An exact statement of the Cauchy problem will be formulated in next section.

We will establish the scattering asymptotics

Y (t) ~ Sy + W(t) Wy, t — 400 (1.2.5)

where Sy are some stationary states of the system (1.2.1), W(t) is the dynamical group
of the free wave equation, and V. € & are the corresponding scattering states. The
asymptotics (1.2.5) holds if the following limits exist:

U= i ). v = lim ). L= [ mid. (126

Tr——+00 T—r—00 00

1.2.1 Hilbert phase space and dynamics

Let us introduce a Hilbert phase space £ of finite energy states for the system (1.2.1).
Denote by || - || resp. || - ||z the norm in the Hilbert space L? := L*(R,R%) resp.
L*([-R, R],R%), and by E,. := H}(R) ® R? where H}(R) is the Hilbert space with the
norm (1.1.4).

Definition 1.2.1. i) £ is the Hilbert space of triples (1(x), m(z),p) € E. ® L?> ® R? with
finite energy norm

1@, 0,p)lle = 19l + llwll + |pl = [[¥']| 2 + [£O)] + 7]l + |l (1.2.7)
ii) Ep is the space £ endowed with the topology defined by the local energy seminorms
1, 7, p)lle.r = 10l + [£(O) + [I7]|r + p], R >0. (1.2.8)

The space £ is not complete, and convergence in Ep is equivalent to convergence in
the metric

. . r IY1—Yaller
dist[Vy, Vo] =) 2R Y1 — Yalle, . Y. Y, €&, 1.2.9
e = oy e (129)
We assume that

F(y) e C'(RYRY), F(y)=-VV(y) (1.2.10)

V(y) = 400,  |u|l = oc. (1.2.11)
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In this case the system (1.2.1) is formally Hamiltonian with the Hilbert phase space &£
and the Hamiltonian functional

M) =3 [Ir@F + @R+ m 1 Vo) 2)

for (¢, 7, p) € €. We consider solutions 1(z,t) such that Y (t) = (¢(-,1),4(-,1),5(t)) €
C(R,E), where y(t) := 1(0,1).

Let us discuss definition of the Cauchy problem (1.2.1), (1.2.3) for the trajectories
Y(t) € C(R,E). At first, v € C(R% R?) for Y (t) € C(R, ). Hence, the first equation in
(1.2.1) is equivalent to the d’Alembert decomposition

Y(x,t) = fe(x —t) + ge(z +1), F2 >0, (1.2.13)
where
f:l::g:l: € C(Rv Rd)'

Therefore,

P(x,t) = —fl(x—t)+ gz + 1), P(x,t)=fi(x—t)+ g (x+t) for £z >0,
where all the derivatives are understood in the sense of distributions. The assumption
Y (t) € C(R,E) implies

fio g € L, (R, RY).

Now we explain the second equation of (1.2.1).
Definition 1.2.2. In the second equation of (1.2.1) we set

V(0£,t) == fi(—t) + g.(t) € L} (R, RY), (1.2.14)

loc

while the derivative jj(t) of y(t) = ¥(0,t) € C(R,R?) is understood in the sense of distri-
butions.

Note that the functions fi and g4 in (1.2.13) are unique up to an additive constant.
Hence definition (1.2.14) is unambiguous.

Proposition 1.2.3. (¢f. [//]) Let the conditions (1.2.10), (1.2.11) hold, m > 0, and
Yo € £. Then

i) The Cauchy problem (1.2.4) admits a unique solution Y (t) € C(R,E).

it) The map U(t) : Yo — Y (t) is continuous in € and in Ep.

iti) The energy is conserved,

H(Y(t)) = const, teR. (1.2.15)

iv) The a priori bounds hold,
sup [|Y (t)]|e < oo.
teR
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1.2.2 Main results

The stationary states S = (s(z),0,0) € & for the system (1.2.1) are evidently determined:
the set S of all stationary states S € £ is given by

S§={5.=(200): zeZ}, where Z:={z¢cR?: F(z)=0}. (1.2.16)

The next theorem means that the set S is the global point attractor of the system (1.2.1)
in the space Ep.

Theorem 1.2.4. (c¢f. [/5, //]) Let all assumptions of Proposition 1.2.3 hold and an
initial state Yy € £.Then

i) The corresponding solution Y (t) € C(R,E) to the Cauchy problem (1.2.4) attracts to
the set S,

Y(t) 35S, t—too (1.2.17)
in the metric (1.2.9). This means that
dist[Y'(¢),S] :== érégdist[Y(t), S| —0, t — +oo. (1.2.18)

i) Suppose additionally that the set Z is a discrete subset in RY. Then any solution
Y(t) € C(R,E) attracts to some stationary states S+ € S depending on the solution,

V() 8y, t— oo (1.2.19)
as is tllustrated in Figure 1.

Remarks 1.2.5. i) The discreteness of the set Z is essential for the global attraction to
stationary states (1.2.19). For example, let us consider the nonlinearity which vanishes
on a C''-submanifold of R,

F(y) =0, Yel. (1.2.20)
Then in the case m = 0 any smooth function ¢(x,t) with values in [ is the solution to
the system (1.2.1). In particular, for d = 1 and I = [—1, 1] we can take the function

(x,t) = sinlog(|z — t| + 2), (z,t) € R% (1.2.21)

In this case the function (¢(z,t),1(z,t),4(0,t)) € C(R,&) is the solution to equation
(1.2.4) with m = 0, and for this solution the attraction to stationary states (1.2.19)
obviously breaks down. On the other hand, (1.2.17) for this solution holds. For m > 0
similar examples also can be easily constructed, see [14].

ii) The ‘weak convergence’ (1.2.19) and (1.2.11), (1.2.12) imply (0.0.10) by the Fatou
lemma.

Further, let us denote & = {(¢,v,0) € £}, and W (t)(¢¥,v,0) := (W (t)(1), v), 0), where
W (t) is the dynamical group of free wave equation (1.1.1).

Theorem 1.2.6. ([50]) Let all assumptions of Proposition 1.2.3 hold, and additionally,
the finite limits (1.2.6) exist. Then the scattering asymptotics hold

Y (t) =Sy + W)Wy +7r4(t) (1.2.22)

with Sy € §, and some asymptotic states Vy € &; the remainder is small in the global
energy norm (1.2.7):
lr()lle = 0, t — =£o0. (1.2.23)

In [51, 52] the asymptotic completeness of the corresponding nonlinear scattering
operator S : W_ +— W, has been proved for equation (1.2.1) in the case m = 0.
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1.2.3 Well-posedness

Recall briefly the proof of Proposition 1.2.3 from [11] since we need some constructions
later, in the proofs of Theorems 1.2.4 and 1.2.6.

The construction of solutions relies on the d’Alembert representation (1.2.13). For
+2 > 0 the functions fi(z) and g4 (z) are defined by the d’Alembert formulas

i) | 1

e = O -5 o gule) = P 4 S

/Uo(y)dy, +2>0. (1.2.24)
2 2 ;

These formulas imply that
fi(2). gi(2) € L*(R*,RY) (1.2.25)

since (¢g,v9) € €. The reflected outgoing waves f(z) for z < 0 and g_(z) for z > 0 are
given by

Folt) o= u(t) — g, (1), o (W)=yt)—f (-0, 10  (1226)
due to the gluing conditions y(t) := (0,t) = fi(—t) + g+ (t) = f-(—t) + g_(t). Hence,

y(t —x) + gi(x +1t) — g4 (t — 2), O<z<t
Wz, t) = £>0. (1.2.27)
yt+x)+ f(r—t)—f(—x—1), —t<zx<O0

Substituting these representations into the second equation of (1.2.1), we immediately get
the reduced equation for the oscillator,

mij(t) = F(y(t)) — 2§(t) + 2w (t), ¢t >0; y(0) =vo(0); §(0) =po,  (1.2.28)

where
win(t) = g4 () + f_(=1), >0, (1.2.29)

is the incident wave. Multiplying equation (1.2.28) by y(¢) and integrating, we get the
energy balance

my;(t) +U(y(t) = w +U(y(0)) — 2/0 P2 (s)ds + 2/0 Wn(s)y(s)ds  (1.2.30)
Note that

Wy, € L*(RT,RY) (1.2.31)

by (1.2.25). Hence (1.2.30) and (1.2.11) imply that the Cauchy problem (1.2.28) admits
a unique solution for all ¢ > 0, and the a priori bound holds:

supe.aly(t)] +sup )] + [ oot < B < o (1232
> 0

where B is bounded for bounded norm ||(g, vo, po)|ls. These arguments imply that the

Cauchy problem (1.2.4) admits a unique solution Y (t) = (¢(x,t), ¥ (z,t),y(t)) € C(R,E)
for any Yy € £, where ¢(z,t) is defined by (1.2.13), (1.2.24), and (1.2.27) (see [44]).

The a priori bound (1.2.32) implies that y(t) € C(R¥). Hence y(0) exists and

f+(=0) = f+(0),  g-(=0) = g-(+0) (1.2.33)
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0) 0)
J+(=0) = y(0) — 9+(0) = 02 ;o fe(+0) = 02 (1.2.34)
and 0 0
g-(-0) =0 g (0 = y(0) - -0y = 2LV (1.2.35)
by (1.2.26) and (1.2.24).
Corollary 1.2.7. (1.2.32) and (1.2.26) imply that
fl e L*(R™,RY), g € L*(R" RY) (1.2.36)
by (1.2.25). Hence, (1.2.33) implies that
fl, g € L*(R,RY. (1.2.37)

The formulas (1.2.24) and (1.2.27) determine the solution ¢ (x,t) uniquely, and Y (¢) :=
(Y(x,t),¥(x,t),1(0,t)) € C(R,E) due to (1.2.37). Finally, the energy conservation
(1.2.15) follows by differentiation, see [11]. Now Proposition 1.2.3 is proved.

t
Remark 1.2.8. In the energy balance (1.2.30) the integral 2/ y?(s)ds is the energy
0

radiated by the oscillator over the time interval [0,1].

1.2.4 A relaxation for reduced equation

The following lemma on relaxation for the reduced equation plays a crucial role in the
proofs of Theorem 1.2.4 and Theorem 1.2.6. Let us denote Z = {(z,0) € R¢xR?: z € Z}.

Lemma 1.2.9. Let all assumptions of Theorem 1.2.4 hold. Then
i) For every solution y(t) of the equation (1.2.28)

(y(t),y(t) = 2, t— o0, (1.2.38)

ii) Let, additionally, Z be a discrete subset in R%. Then there exists a point (2,0) € Z
such that

(y(t),9(t) = (2,0), t— oco.

Proof. Obviously, ii) follows from 4). Let us check that i) follows from (1.2.32). Namely,
(1.2.38) is equivalent to the system

yit) — Z, t— oo, (1.2.39)
y(t) — 0, t— o0. (1.2.40)

e First, let us prove (1.2.40). Assume the contrary, that
[9(tk) =€ >0 (1.2.41)

for a sequence t; — oo. Integrating the equation (1.2.28), we get that

m(y(t)—y(s)):/tF(y(T))dT—2/ty'(T)dT—l—2/ (Ve 54> 0. (1.2.42)
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Let us estimate each of three integrals in the RHS. The first is O(|t — s|) since y(7) is a
bounded function by (1.2.32). The second and third integrals are O(|t — s|*/2) by (1.2.32),
(1.2.31) and the Cauchy-Schwartz inequality. Hence, (1.2.42) implies that y(¢) is a Holder
function of degree 1/2, i.e.

9(t) — y(s)| < C|t — s|'/, s,t>0, [|t—s| <L

Therefore, / 7 (t)dt = oo by (1.2.41) which contradicts (1.2.32).
0

e Now we can prove (1.2.39). Again assume the contrary. Then
F(y(ty)) = F #0

for a sequence t; — oo since y(t) is a bounded function. Moreover, (1.2.40) implies the
uniform convergence o
Fly(r)) = F, |r =t <T

for any 7> 0. Now (1.2.42) and (1.2.40), (1.2.31) imply that
m(y(ty +T) —y(ty — T)) = 2TF +o(1),  t; — 00,

which contradicts (1.2.40) since F # 0. O

1.2.5 Examples

Let us illustrate Lemma 1.2.9 by an example. For simplicity let us assume that
Yo(z) = Cy, wvo(x) =0, qquad £ x > 1y

with some Cy € R and ry > 0. Then (1.2.29) implies that w(t) = 0 for t > o and (1.2.28)
is an autonomous equation for ¢ > ro. In the phase plane (y, ) the orbits of the reduced
equation (1.2.28) are determined by the following system:

y(t) = v(t), mo(t) = F(y(t)) — 2v(t), t>rp. (1.2.43)
Let us compare this system with a free oscillator which is not coupled to the string,
Y=, mv = F(y). (1.2.44)

There are simple relationships between phase portraits of these two systems.

A These system have the same stationary points.

B The vertical component v of the phase velocity vector of (1.2.43) is less than that of
(1.2.44) if v > 0, and is greater if v < 0. The horizontal components of these vectors are
equal.

C Hence the orbits of (1.2.43) intersect those of (1.2.44) from above in the halfplane v > 0
and from below in the halfplane v < 0. Let us consider for instance a nondegenerate
potential of Ginzburg-Landau type

Viy) = i(ﬁ —1)%, yeR (1.2.45)

It satisfies conditions (1.2.10) and (1.2.11). Then the system (1.2.44) has the following
orbits:
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Figure 1.2: Hamiltonian system

e closed curves corresponding to periodic solutions,

e two separatrices both leaving and entering the point (0, 0),

e three stationary points: a saddle at the point (0,0) and two centers at the points
(£1,0), see Fig. 1.2.5. Taking into account the property C, we see that for the system
(1.2.43) with potential (1.2.45):

e the points (£1,0) are stable foci,

e the point (0,0) is a saddle, see Fig. 1.2.5.

Figure 1.3: System with a friction.

1.2.6 Convergence to global attractor

Now we can prove Theorem 1.2.4. It suffices to prove it for t — oc.

Lemma 1.2.10. Let all the assumptions of Theorem 1.2.4 hold. Then Y (t) LS as
t — oo.



1.2. A STRING COUPLED TO A NONLINEAR OSCILLATOR 25

Proof. 1t suffices to construct z(t) € Z for t > 0 such that
1Y (t) = S.|lr = 0 as t = oo.
The convergence (1.2.39) means that there exists a function z(t) € Z, ¢t > 0, such that
ly(t) — z(t)| — 0, t — oo. (1.2.46)
By definitions (1.2.8) and (1.2.16),

1Y (6) = Sallr = 19/ O lr + [£(0,8) = 2(0)] + 19 )llr + [5(1)]-

Here both norms ||...|[g — 0 due to (1.2.13), (1.2.25), (1.2.36) and (1.2.37). Therefore,
(1.2.46) and (1.2.40) complete the proof. O

Now Theorem 1.2.4 i) is proved. Then Theorem 1.2.4 ii) follows since the set S,
isomorphic to Z, is discrete.

Remark 1.2.11. The bound (1.2.32) is provided by the friction term in the reduced equa-
tion (1.2.28) for the nonlinear oscillator. The friction means the energy radiation by the
oscillator, and the integral in (1.2.32) represents the energy radiated to infinity. Thus,
our proof of Theorem 1.2.4 relies on the energy radiation to infinity.

1.2.7 The transitivity of the transitions

The next lemma shows that the transitions of type (0.0.8) exist for any two stationary
states Si.

Lemma 1.2.12. Let conditions of Theorem 1.2.J hold. Then for every two stationary
states S+ € S there exist solutions Y (t) € C(R,E) to the system (1.7.13), intertwining
Sy in the sense (1.2.19).

Proof. Let Sy = (s+(x),0,0) with sy (z) = 24 € Z. It is possible to provide the transition
S_ — S, in different ways. We choose one of them, which is possibly most obvious.
Namely, we construct a solution Y (¢) = (u(-,t),u(-,t),y(t)) € C(R,E) to (1.7.13) such
that
z_ for t< -1,
y(t) :=u(0,t) = { o for 151, (1.2.47)

We extend y(t) for t € (—1,1) arbitrarily so that y € C?(R,R?). Then we set g, (z) = z_
and determine f_ by (1.2.28):

mift) = F(u(t) + 20 () (1)), 1€ R (1.2.48)
Then f’(z) € C(R,R?). Since F(z1) = 0, we have
ff(=t)=0 for t<—1 andfor ¢>1. (1.2.49)

To determine f_ uniquely, we may require that
fo(=t)=2_ for t<—1. (1.2.50)

Then the reflected waves g_ and f, are determined by (1.2.26).
Since y(t), f_(—t), and g, (t) are constant for large |t|, fi(—t), g_(¢) are also constant
for large |t|. Then for u(x,t) defined by (1.2.27), the function

Y(t) = (u(-,t),u(-t),u(0,1)) € C(R, €)
is a solution to (1.2.1), and (1.2.19) holds. O
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Remark 1.2.13. Physically, the inequality z, # z_ means the capture of radiation by
the oscillator if V' (z,) > V(z_), or the emission of radiation by the oscillator if V' (z,) <
Vi(z-).
1.2.8 Divergent wave
Here we prove Theorem 1.2.6. First, let us construct the divergent wave
W)V, = (Wou (2, 1), Wour (2, 1),0), t>0.

Here wou4(x, t) is a finite energy solution to the free d’Alembert equation. Let us set

Wout (2, 1) = Co+ fy(z —t) + g_(z + 1), (1.2.51)

where the constant Cy will be chosen below. It remains to check (1.2.22) and (1.2.23) for
t — oo that means the representation

(W, ), (2, ), 9(E)) = (54(2),0,0) + (Wour (2, ), Wour (1), 0) + 7 (£), >0,

where
sy(z) =24 := lim y(t), (1.2.52)
t—+o00
and
I (O)lle = 0, ¢ — +oo. (1.2.53)

By definition of the norm (1.2.7), (1.2.53) is equivalent to

H’l//(,t) - wgut<'7t>HL2(R,Rd)+ W(va — R+ Wout(07t>|
(1.2.54)

+ (1) = Wour (5 ) | 2@y — 0, ¢ — 00

since §(t) — 0 by (1.2.40).
Step 1) Let us start with the second term in the LHS of (1.2.54). Since ¢(0,t) = y(t) — z4,
it suffices to prove that

Wout (0,) = Co + fo(—t) +9g-(t) = 0, t— +o0. (1.2.55)

First, (1.2.6) and (1.2.24) imply that

limf(—t)zﬁ—1 7oov(y)dy limg(t)zﬁjLl Oov(y)dy (1.2.56)
to0’ 2 2/, ’ t5to0” t 2 "2), ST

Second, we have by (1.2.26) and (1.2.52) that

fm fo(=t) =24 = lim gy (t);  lim g (t) =2, — lim f(=2).

t—+o0 t——+o0 t—o00

Substituting (1.2.56), we obtain

li t) = %r L[~ d
tggof+(—) = Z+—7—§ ; Uo(y) Y,

. B T B
dm g-(t) =z -+ 3 i vo(y)dy.
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Hence, (1.2.55) holds if we choose

Foyg
LTI 2z, (1.2.57)

Cy :
0= 9 T g 7

where Ij is defined in (1.2.6).

Step ii) Now, let us consider the first term in the LHS of (1.2.54). It suffices to prove for
example that
H¢I(7t) —w, ('7t)||L2(R+,R’1) — 0, . — o0.

out

Using (1.2.51) and the d’Alembert representation (1.2.13) for > 0, we get
V(@,t) = Wou(, ) = g (z+1) —gl(z+1), x>t

Finally, (1.2.25) and (1.2.36) imply that

g (@+8) = g (@ + OlEagipey < C / gz + ) + g (@ + D] do
_ c/ 19,2 + 19 ()] dz = 0. 1 = oo
t

Step 4ii) The third term in the LHS of (1.2.54) can be handled similarly. Theorem 1.2.6
is proved.
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1.3 String coupled to several nonlinear oscillators

Here we present the results [15], which extend the results of previous section 1.2 to the
case of a string with several nonlinear oscillators:

D, ) =" (@, 6) + Y0z — mp) Fu(d(ap, 1), R

This equation reduces to a system of N ordinary differential equations with delay. Its
study required new approach relying on a special analysis of a relazation of all trajectories.

1.3.1 Introduction

Let @ = {z1,...,xn} be a finite set of N points x; € R. We establish global attraction
to stationary states (0.0.7) for all finite energy solutions to the system of equation

U(a,t) =" (2,t), reR\Q (1.3.1)
together with the gluing conditions at the points z; € @,

¢($k + 07t) = ¢(xk - Oat)
(1.3.2)

0 = Fk(w(iﬁk,t)) + w,(l'k + O,t) — ¢,(£Ek — O, t)

In the case N = 1 this system coincides with the Lamb system (1.2.1) with m = 0.
The solutions 1(z,t) take the values in R? with d > 1. Note that the system (1.3.1) is
formally equivalent to the one-dimensional nonlinear wave equation with the nonlinear
term concentrated at the set @ (cr. (1.2.2)),

Yo, t) =" (2, 6) + Y (x — 2p)Fu(db(an, ), x€R. (1.3.3)

k=1

Physically, the system (1.3.1), (1.3.2) describes small crosswise oscillations of a string
which is subject to constraint forces F} at the points x;, the forces are perpendicular to
the string. For example, Fy(y) = —w?y if the string is attached to a linear spring at the
point xy, see Fig. 1.4. But in general the functions Fj(y) are nonlinear.

We introduce the Hilbert phase space £ of finite energy states for the system (1.3.1),
(1.3.2).

Definition 1.3.1. i) £ = E.® L? is the Hilbert space of pairs (v(z),w(x)), with the norm

(W, m)lle = [[¥]le. + Il (1.3.4)
iii) Ep is the space € endowed with the topology defined by the seminorms
1@, ™)z = 1V'|r + [¥0)| + [|I7]lr, R > 0. (1.3.5)

We assume the following conditions,

all £, € CY(RYRY), F(v) = =V Vi(t))

inf,cra Vi(y) > —o0, Vk=1,...,N . (1.3.6)

Vi(y) = 400 as |y| = oo for some k=1,..., N
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Figure 1.4: String coupled to nonlinear oscillators

Then the system (1.3.1), (1.3.2) is formally Hamiltonian with the Hilbert phase space
£ and the Hamiltonian functional

Hwm) =5 [In@F + 1 @Fd+ Y @), mes (13

We consider solutions Y (¢) = (¢(-,t),%(-,t)) € C(R,E) and we write the system (1.3.1),
(1.3.2) in the form

Y(t)=F(Y()), teR. (1.3.8)
Let us discuss the definition of the Cauchy problem for the functions Y (¢) € C(R, ). The
first equation of (1.3.2) makes sense and holds automatically because ¢ € C'(R?, R?) by the
Sobolev embedding theorem due to Y (t) € C(R,E). The equation (1.3.1) is understood

in the sense of distributions of (z,t) € [R\ @] x R. Hence this equation is equivalent to
the d’Alembert decompositions for every k=1,..., N + 1,

U(x,t) = felr —t) + gr(x + 1), r € Ay = (vgp_1,25), tER, (1.3.9)

where fi, gr € C(R,R?) due to ¢ € C(R? R?), and we denote ¢ := —oco and x5, = +o0.
Hence, for all k =1,..., N and (z,t) € A, x R

Ve, t) = frlz —t) + gp(z +1), d(x,t) = —file —t) + gz +1), (1.3.10)

where all derivatives are understood in the sense of distributions. The assumption Y (t) €
C(R, &) implies
(), () € Lipo(R,RY), VE=1,...,N +1. (1.3.11)

loc

We now explain the second equation of (1.3.2).

Definition 1.3.2. In the second equation of (1.3.2) for every k =1,..., N

V(xp —0,t) == filzy—1t)+g.(v, +1t) € L2 (R,RY)
(1.3.12)
ek +0,8) = fip(we —1) + g (wr + 1) € L, (R,RY)

loc
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Note that the functions f; and g in (1.3.9) are unique up to an additive constant. So
the definition (1.3.12) is unambiguous.

1.3.2 Main results
We start with the existence of the dynamics.

Proposition 1.3.3. Let d > 1 and assumptions (1.3.6) hold. Then
i) For every initial state Y (0) € € equation (1.5.8) has a unique solution Y (t) € C(R,E).

it) The mapping W (t) : Y(0) — Y (t) is continuous in € and in Ep for every t € R.
iti) The energy (1.3.7) is conserved,

H(Y (t)) = const, t e R. (1.3.13)
This proposition will be proved in the next section.

Definition 1.3.4. S denotes the set of all stationary states S = (s(x),0) € & of the
system (1.3.8).

The next proposition gives a criterion for the set S be a nonempty discrete subset of

Ep.

Proposition 1.3.5. Let conditions (1.3.6) hold, d = 1, and all functions Fy(y) with
k=1,...,N be real analytic on R. Then S is a discrete subset of Ep.

The main result of this section means that the set S is the global attractor of the
system (1.3.8) in the topology of the space Ep.

Theorem 1.3.6. Let d > 1, assumptions (1.3.6) hold and an initial state Y (0) € E.
Then
i) the corresponding solution Y (t) € C(R,E) of equation (1.5.8), attracts to the set S in
the sense (1.2.18)

V() 258, t— oo (1.3.14)

it) Let, moreover, d = 1, and all functions Fy(yx) be real analytic on R. Then any solution
Y (t) € C(R,E) attracts to some stationary states Sy € S depending on the solution,

Y(t) 25 8,, t— oo (1.3.15)

Remarks 1.3.7. i) The assertion ii) of this theorem follows from i) due to Proposition
1.8.5.

ii) The convergence (1.3.15) and (1.3.7), (1.3.6) imply (0.0.10) by Fatou theorem.

1.3.3 Well-posedness and a priori estimates

Proof of Proposition 1.3.3. The solution Y (t) € C'(R, &) to (1.3.8) can be constructed
by the d’Alembert representations (1.3.9) similarly to the case N = 1, considered in
Section 1.2. However for N > 1 we need to find repeatedly reflected waves from all points
x with k =1,..., N. The energy conservation (1.3.13) follows by methods of [11| using
the d’Alembert representations (1.3.9). O

Let us show that the energy conservation implies the following a priori estimate which
we will need in the proof of Theorem 1.3.6.
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Proposition 1.3.8. Let the conditions (1.3.6) hold. Then for every solution Y (t) € C(R,
E) of (1.3.8) all functions yx(t) := Y (xg,t), are bounded:

sup |yx(t)| < o0, k=1,...,N. (1.3.16)
teR

Proof. We prove in fact a slightly stronger statement. Namely, denote y, = yx(¢) = ¢ (xy)
and 7y =7(¢¥) = (y1,...,yn) for v» € E.. Denote by U the potential energy functional:

0 N
UWOEHWMDI%/ (@) de+ Y Vilys), ¥ € B (1.3.17)
o k=1
Then (1.3.16) follows from
UW) = oo as [g(¥)] — oo (1.3.18)

To prove this it suffices to show that

sup [g(¢)| < oo (1.3.19)
UY)SE

for every E € R. First, all potentials Vj, are bounded below by (1.3.6). Hence,

sup / [0/ (z)|*dx = D < oo. (1.3.20)
UW)<E J —c0

Second, the Cauchy-Schwartz inequality gives for every k, 7 =1,..., N,

sup |yr —yj| = sup ]/ Y (x) dx| < |y — x;|V2DY2, (1.3.21)
UW)<E UW0)SE Jay
Therefore, (1.3.19) follows from the last condition of (1.3.6). O

1.3.4 Stationary states

In this section we prove Proposition 1.3.5. Substituting ¢(x,t) = s(z) to (1.3.1) we obtain
that §”(z) =0 for z € R\ @. Hence,

s(x) =agr + b, for x€ A= (xp_1,21), k=1,...,N+1, (1.3.22)
where xy := —0co and zy,; := +00. The condition s’ € L*(R) implies
a; = anN+1 = 0. (1323)

Substituting (1.3.22) to equations (1.3.2), we obtain that

QT + bk =Y = Qp41Tk —+ bk+1
, k=1,...,N. (1.3.24)
0 = Fi(yr) + aps1 — ax

Hence, equations (1.3.23) imply that the function (1.3.22) is uniquely defined by its values
yr = s(zx) at the points xy, k= 1,... N:

_ Y — Yr—1

ay
L

s bk = Y — ATk, k= 1,...,N. (1325)
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Here yo := 11, Iy :== ) — 21 for kK =2,... N, and [; := 1 (for instance). For unknown
Yk, k=1,..., N, the system (1.3.24) is equivalent to

Fi(ye) + Sl =0 U T Wl g 1, N (1.3.26)
I Ir

Since s(z) € C?(A}), the variation DU(s) exists and
N
—DU(s) = s"(x) + Y _(s'(xx +0) = 5'(zx — 0) = VVi(yp))d (2 — ).
k=1
Therefore, the system (1.3.1), (1.3.2) for stationary states implies the variation equation
DU(s) = 0. (1.3.27)
Proof of Proposition 1.3.5 Let us define the function in RY

Un(ys, ..., yn) = U(s), (1.3.28)

where s = s(z) is the stationary solution (1.3.22) with a; and by, defined by (1.3.25). Then
(1.3.17) implies

N N
1 Yk — Yk—1|?
. = - — =11 Vi . 1.3.29
Un(y, - yn) 22) L e+ > Vilur) ( )
k=2 k=1
Now (1.3.27) gives for stationary solutions
ou
Xy, yn) =0, k=1,...,N. (1.3.30)
Oy,
On the other hand, (1.3.18) implies,
Uy, .- yn) >0 as |(y1,...,yn)| — o0. (1.3.31)
Hence, Uy gets a minimal value at a certain point (yi,...,yny) € BRY, so S # 0.

Take yo(A) = y1(A) = A € R. Then we can define uniquely y2(A),...,yn(A) in a
sequel according to formulas (1.3.26) with &k = 1,..., N — 1. Therefore the continuous
map I; : Er — R? defined by

Li((x),7(x)) = (1)
is an isomorphism on S. Hence, Proposition 1.3.5 obviously follows from the next lemma.
Lemma 1.3.9. 7, := IS is a discrete subset of R.

Proof. All functions y, () are real analytic on R for £k = 2,..., N. The last equation of
(1.3.24) with k = N gives

ans1 = ay — Fy(yn) = w — Fx(yw). (1.3.32)
N
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The vector {yx(\) : k = 1,..., N} defines the stationary solution s,(z) via (1.3.25),
(1.3.22) if and only if ay;1 = 0. Thus we get the following equation for A € Z;

B yn(A) —ynv—1(N)

Iy

The map A — T'(A) is real analytic on A € R. Hence, the set Z; of all solutions to (1.3.33)
is either discrete set in R or Z; = R.

Let us show that the case Z; = R is impossible under conditions (1.3.6) even if the
functions F}, are not real analytic. Assume the converse: Z; = R. Then

Un(y1(N), ..., yn(N)) = const, AeR. (1.3.34)

Indeed, since F}, € C'(R), we have yx(\) € C'(R) for all k =1,..., N. Then by (1.3.30)

we obtain:

Wy
AUN (N, ... yn (A Z ay],j =0, AeR. (1.3.35)

On the other hand, (1.3.29) implies

Un (N, - yn(N) = ‘y’f ) = e (1.3.36)

Uk
k 2

Therefore, (1.3.34) and the middle condition (1.3.6) imply that the first sum on the right
hand side of (1.3.36) is bounded for A € R. Hence,

y(A) > 00 as |lyt(A)| =[N\ = o0, VE=2,... N. (1.3.37)

However, then the second sum in the right hand side of (1.3.29) tends to infinity as
|A| = oo due to the last condition of (1.3.6). Hence,

Un (i (A), ..o yn (X)) — oo as || = oo, (1.3.38)

that contradicts to (1.3.34). O

1.3.5 Examples

In this section we consider examples of systems (1.3.1) with d = 1.

Example 1.3.10. Let each potential Vj(y) be a polynomial of an even degree py +1 > 2
with positive leading coefficient. Then all functions Fy(y) = —VVi(y) are polynomials
of degrees pr > 1 and all conditions of Proposition 1.3.5 hold. By (1.3.26) each function
yr(N), i > 2 is a polynomial of degrees less or equals to the product p; ...pg_;. Hence the
equation (1.3.33) has no more than p := p;...py roots A € R, and the set S has no more
than p points.

Next examples show that if the potentials Vj do not satisfy either some of conditions
(1.3.6) or the analyticity condition, then the set S can be non-discrete.
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y
................ A
0 +1
1 § X
o~
VR S

Figure 1.5: Stationary states

Example 1.3.11. The middle and the last conditions of (1.3.6) break down for the system
(1.3.1) with N =2, 1 = =1, 25 = 1, and

Vily) =-%, k=12 (1.3.39)

Then Fi(y) = y is the force repulsing from the equilibrium position y = 0. In this case
the system (1.3.1) has a continuum of solutions of the type (see Fig. 1.5)

A r < —1,
sx(z) =< =Xz, —-1<z<1, (1.3.40)
-\, x> 1.

Here y; = s)x(—1) = A is an arbitrary real number, so Y3 = R. The potentials V(y) are
real-analytic.

The last condition of (1.3.6) can be formally provided by introduction of the elastic
force F3(y) = —y with the potential V3(y) = y?/2 at the point 3 = 0. Then the functions
(1.3.40) remain stationary solutions to the new system involving the three forces since
sx(0) = 0 for all A € R. So the first and last conditions of (1.3.6) and the analyticity
condition hold, but the middle condition of (1.3.6) breaks down and the set S is not
discrete.

Example 1.3.12. The last condition (1.3.6) breaks down for the system with Vj(y) = Cj
for all k. In this case

Fi(y) =0, yeR
Then s)(xz) = A for € R is the stationary solution to the system (1.3.1) for any A € R.
Thus, Y7 = R as in previous example. The first and the middle conditions of (1.3.6) and
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the analyticity condition hold, but the last condition of (1.3.6) breaks down and the set
S is not discrete.

Example 1.3.13. Now let us neglect the analyticity condition. Consider potentials Vi (y)
such that:

i) Vi(y) € C*(R) satisfy all conditions (1.3.6).
ii) Vi(y) — o0 as |y| — oo for every k =1,..., N.
iii) Vi(y) = Cy for y € [a, b] where a < b. Then

Fe(y) =0, y € la,b], Vk=1,... N. (1.3.41)

It is clear that such functions Vj, exist and are not analytic. Hence, the functions sy(z) = A
are stationary solutions to the system (1.3.1), if A € [a, b]. Thus, the set S is not discrete,
though all conditions (1.3.6) hold. Let us note however, that ¥; # R here in accordance
with Lemma 1.3.9.

Remark 1.3.14. In Examples 1.3.12 and 1.3.13 the global attraction (1.3.14) holds while
(1.3.15) breaks down. Namely, each function ¢ (z,t) with values in the interval [a,b] is a
solution to the system (1.3.1). It is easy to construct such solution with (¢, ) € C(R, &).
For example, in the case a = —1 and b = 1, we can take the function (1.2.21).

1.3.6 Long-time asymptotics

In this section we prove Theorem 1.3.6.

Compact attracting set and global attraction
First, we construct a finite-dimensional attracting set A. The set consists of piece-wise
linear functions (1.3.22). Namely, for any a = {(az, b)) € R**: k=1,...,N+1} €
(R2)N+1 Jet us denote

Vo () = agz + by, x €Ny, k=1...,N+1, (1.3.42)
and

A = {a € (RPN ahy (2, — 0) = Yo (2 +0), k=1,...,N;a; = ayy; = 0}.

Then (4 (),0) € € for every a € Ag.
Definition 1.3.15. A= {S, = (¥a(2),0): a € Ag}.

Obviously, A is a locally compact subset in €. We prove next lemma in the following
section.

Lemma 1.3.16. Let all assumptions of Theorem 1.3.6 hold. Then
Y(t) S5 A t— oo (1.3.43)

Let us deduce Theorem 1.3.6 from this lemma.
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Definition 1.3.17. Denote by w(Y') omega-set of the trajectory Y (t) in the topology of
the space Ep: Y € w(Y) if and only if

Y(ty) 25 Y (1.3.44)
for some sequence t — oo.
The following lemma implies (1.3.14).

Lemma 1.3.18. i) w(Y) # 0 and i) w(Y) C S.

Proof. 1) Lemma 1.3.16 means that there exists a function «a(t) € C[0, 00; A¢) such that
for every R > 0
1Y (#) = Sallr = 0 as ¢ — +oo. (1.3.45)

Here Sa@) = (Yaq),0) and ¥q) () is defined by (1.3.42) with o = a(t) = {(ax(t), bi(t)) €
R*: k=1,...,N+1}.

The orbit {Sau : ¢t > 0} is precompact in £ by the bounds (1.3.16). Hence, the
limit (1.3.45) implies that the orbit {Y'(¢) : ¢ > 0} with ¢ > 0 also is precompact in Ep.
Therefore, w(Y") # (.

i) w(Y) C Aby (1.3.43). Moreover, the set w(Y’) is invariant with respect to dynamical
group W (t) due to the continuity of W (t) in £r. Hence, for every Y € w(Y) there exists
a Cl-curve t — a(t) € Ap such that W(t)Y = Suq). Then Sau(®) = (Yaq)(),0) is a
solution to the system (1.3.8). In particular, 0;1)au (x) = 0. Therefore, a(t) = a and
Y=5,€8. O

1.3.7 Attraction to a compact set

It remains to prove Lemma 1.3.16. It suffices to construct a function a(t) € C|0, oo; Ag)
satisfying (1.3.45).

We may assume without loss of generality that x; = 0. Then 9,)(0) = b1(t), and
(1.3.45) according to the definition of the norm (1.3.5) means that

R R
/ ]w’(x,t)—w;(t)(x)]2dx+/RW(x,t)]deJr]w((),t)—bl(t)] 50, t— o0, (1.3.46)

R

We choose by (t) = yi1(t) for t > 0. Then (1.3.46) for R > max(|z;|, |xx|) becomes

x] Tp R
[ weoras 37 e - a@Pdeos [ eoP
-R 2<G<N ¥ Th—1 XN
R .
+ / [(x,t)[*dr — 0 as t — +oo. (1.3.47)
-R

It remains to check this convergence with appropriate a(t).

1.3.8 Relaxation

To prove (1.3.47), we introduce an appropriate notion of relazation. We define the Sobolev
norm | - ||z of the space H'(—R, R) as usual:

0% = 12 (@)% + 12(2)II%. (1.3.48)
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Definition 1.3.19. i) A function z(x) € L2 (RT) is called relazing in L* if there exists

loc

a function Z(t) such that for every R >0

lz(-+t) —zZ@®)|%2 =0 as t— +oo. (1.3.49)

We denote this by z(t) K Z(t) ast — 4o00.
i) A function z(t) € H. (RT) is called relazing in H' if there exists a function Z(t)
such that for every R > 0

Ilz(- +t) =Z(t)|]r = 0 as t— +oc. (1.3.50)

We denote this relation by z(t) L Z(t) ast — +o0.

The following properties of the relaxation are evident.
RO. We may assume Z(t) = z(¢) in (1.3.50) without loss of generality.
R1. If the function z(t) is relaxing in H!, then it is relaxing stabilizing in L? as well.
R2. For the function z(¢) be relaxing in L? it suffices that

/OO |2(t)[*dt < oc. (1.3.51)

2
In this case we may set Z(t) = 0, i.e. 2(t) K 0ast— +oo.
R3. For the function z(¢) be relaxing in H' it suffices that

/ |2/ (t)2dt < oc. (1.3.52)
0
Indeed, (1.3.52) implies by the Cauchy-Schwartz inequality for |z| < R
T+t
2(z +t) — z(t)| = | / 2 (s)ds| < RY?|||12/(- + DN = 0ast— 400, (1.3.53)
t

R4. If the function z(t) is relaxing in H', then its derivative z/(¢) is relaxing in L? and

2'(t) K0ast— +oo according to R2.
t+hy
R5. Conversely, if z(t) is relaxing in L?, then the integral y(¢) = / z(s) ds is relaxing
t+h_
in H' for any hy € R, and we may take

y(t) = (hy — ho)Z(2). (1.3.54)

R6. If 2(t) ~ Z(t) as t = +oo in L? (or in H'), then z(t + h) ~ Z(¢) in L* (or in H') for

every h € R.

R7. The set of all functions z(¢) relaxing in L? (or in H') is a vector space, and z;(t) +

2(t) ~ Z1(t) + Z2(t), if 2;(t) ~ Z;(t), j = 1,2.

RS. Let F(-) € C1(R) and y(t) € Cy(R*). Then y(t) < 5(t) implies F(y(t)) & FF(t)).
In the next section we establish the relaxation of the Cauchy data of the solution

Y(z,t) on the lines x = z;, £ 0,

Ye(t) = Y(xp,t) and 25 (t) =/ (v £0,¢), t€R, k=1,...,N. (1.3.55)
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Lemma 1.3.20. All the functions y,(t), k = 1,..., N, are relaxing in H' and all the
1 2
functions z,:ct(t), k=1,...,N, are relazing in L?>. Moreover, yi, yni1 L0 and zf, zf,ﬂ £

0 ast— +oo.

Let us show that this Lemma, d’Alembert representation (1.3.9) and the properties
RO-RS8 of the relaxation imply (1.3.47). We will prove (1.3.47) for k > 2 (the case k = 1 is
quite similar). D’Alembert representation (1.3.9) leads to well known d’Alembert formula
for z) < x < xp4q

yk<t — (x — l’k)) + yk(t + (m — xk)) 1 /t+(x—xk) .

U(x,t) = 5 +3 zi (s) ds. (1.3.56)

—(z—=zg)
Therefore

—p(t = (& —xp)) + 4, (L + (2 — )

V) = ;

+z,j(t +(x—ay) + 2 (t— (z— xk))

5 (1.3.57)

Hence, Lemma 1.3.20 and R7, R6, R4 imply (1.3.47) with ax(t) = —z; ().

1.3.9 Scattering of energy to infinity

Here we analyse the energy scattering to infinity which will be applied for the proof of
Lemma 1.3.20 in the next section.

Lemma 1.3.21. The following bound holds
/0 (19 @OF + 27 (OF + [ (O + |28, (D)%) dt < oo (1.3.58)

Proof. The d’Alembert representations (1.3.9) with & = 1 and & = N + 1 imply that
(1.3.58) is equivalent to

/ (Ifi(@r = OF +gi(z1 + ) + | fy @y =) + gy (@n +1)*) dt < oo. (1.3.59)
0

The integrals for the incident waves fi(xy —t) and gy, ,(zvy +t)" are finite due to the
d’Alembert formulas (1.2.24)

fila) =90l e,
Ina(x) = %T(a:) + §7To($)a T > Iy,

where (9, m) = Y (0) € £ To derive (1.3.59) for g1, fy,,; we introduce the energy
functional for Y = (¢(x),m(x)) € € in the interval A = [z1, zx],

[ [m@P + @] o+ Y Vi), where = wla). (1360

1 k=1
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Let us calculate the energy flow from A: (1.3.1) and (1.3.9) with £ =1 and N + 1 imply
for initial data (g, m) € &,

CHav ) = ou|
dt’ ™ =210 (1.3.61)

= filz1 = O = g1z + P + g1 (ov + 1 = [fyalan — .

Integrating, we get the energy balance,
t
HalY () + [ (gh(ar+ 9P + | Fiaon = 9)P)ds
0
t
= Ha(Y(0)) +/ (1f1(x1 = 8)° + |ghos(@n + 5)[°) ds, teR. (1.3.62)
0

Then the bounds (1.3.59) for ¢/, fy; follows from the same bounds (1.3.59) for fi, gy.1
because infyes Ha(Y) > —oo due to the middle condition of (1.3.6). O

Remark 1.3.22. The integral of the right hand side of (1.3.61) over time interval [0, ]
is the energy radiated outside (cf. Remark 1.2.8).

1.3.10 Proof of relaxation

We prove Lemma 1.3.20 by induction in k.
ad k=1 and k= N + 1. (1.3.58) implies the needed relaxation of y;(t), yn+1(t) and
of 27 (t), z3.1(t) according to R3 and to R2 respectively. Then the relaxation of z{(t)
and zy,,(t) follows by R7 and R8 from the third equation of (1.3.1) with k& = 1, N, that
is
S — (1) = —F(w(t), teR (1.3.63
taking into account the estimates (1.3.16).

ad k = 2 Let us prove the relaxation of y5(¢) and z5 (¢). First, (1.3.56) with £ = 2 and
T = x9 implies

t—l) +yi(t+1l) 1 [
yg(t) = @D([L’Q,t) = yl( 2) 9 yl( 2) + 5/ ZT(S) dS, l2 = |$2 — [L’1|. (1364)
t

—ly

Therefore R5 and R6 imply the relaxation of y»(¢) in H'. At last we take derivatives in
(1.3.56) and get

t—1lo) + it + 1) n 2 (4 b))+ 27 (t—1p)

- o o _yl(
2y (1) = ¢/ (22 — 0,1) = 5 5

(1.3.65)

Therefore R2, R6 and R7 imply the relaxation of z, (¢) in L?. The proof of Lemma
1.3.20 can be completed by induction.
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1.4 Space-localised nonlinearity

In this section we present the result [16] on global attraction to stationary states for
nonlinear wave equations with general nonlinearity

P(a,t) =" (x,t) + f(z,(x,t)), r eR. (1.4.1)
where f(z,1) = x(z)F(¢¥), F(¢) = =VU (%) for ¢ € R and

Uy) e C*RY,  x € CE(R), (1.42)
W) 20, x(x) £0. (1.4.3)

We will consider the Cauchy problem for equation (1.4.1) with initial conditions
¥(2,0) = Yo(w), (x,0)=m(z), zER (1.4.4)

The equation (1.4.1) can be written as the dynamical system
Yt)=F(Y(), teR (1.4.5)
with Y () = (¥(t),(t)). This equation also can be written as the Hamiltonian system

(1.1.2) with Hamiltonian functional

H(yp,m) = %/[I?T(x)l2 + (@) + x(@)U(W(x, ) de,  (d,7) €E, (1.4.6)

where the Hilbert phase space £ is defined in Definition 1.3.1. We assume that the
potential U is confining, i.e.

U) —oo, | = 0. (1.4.7)

Denote by £r the space £ endowed with seminorms (1.3.5).

Proposition 1.4.1. Let d > 1 and assumptions (1.4.2), (1.4.3) and (1.4.7) hold. Then
i) For every initial state Y (0) € € equation (1.4.5) has a unique solution Y (t) € C(R,E).

it) The mapping W (t) : Y(0) — Y (t) is continuous in € and in Ep for every t € R.
iwi) The energy (1.4.6) is conserved,
H(Y(t)) = const, t eR. (1.4.8)

Definition 1.4.2. S denotes the set of all stationary states S = (s(x),0) € & for the
equation (1.4.1).

The functions s(z) satisfy the stationary equation
s"(x) + f(z,s(z)) =0, r €R. (1.4.9)

The next proposition gives a criterion for the set S be a nonempty discrete subset of the
space Ep. Denote by U the potential energy functional:

Uw) = 1,0 = [ G @F + U de. b e B (1.4.10)
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Proposition 1.4.3. Let conditions (1.4.2), (1.4.3) and (1.4.7) hold, and moreover, let
d =1 and the function F(y) be real analytic on R. Then S is a discrete subset of Ep.

The main result of [16] is the following theorem, which is illustrated by the Figure 1.

Theorem 1.4.4. i) Let conditions (1.4.2), (1.4.3) and (1.4.7) hold and Y (0) € £. Then
the corresponding solution Y (t) = (¢(t), 7(t)) € C(R,E) to equation (1.4.5) attracts to S
in the sense (1.2.18),

V()25 S, t— oo (1.4.11)

ii) Suppose additionally that d = 1 and that the function F() is real-analytic for ¢ € R.
Then for any solution Y (t) = (¢¥(t),n(t)) € C(R,E) to equation (1.4.5)

Y(t) 8. eS8, t— foo. (1.4.12)

Remarks 1.4.5. i) The assertion ii) of this theorem follows from i) due to Proposition
1.4.3.
it) The convergence (1.4.11) and (1.4.6), (1.4.2), (1.4.3), (1.4.7) imply (0.0.10) by Fatou

theorem.

1.4.1 Plan of the proof

It suffices to consider only the case ¢ — oco. Our proofs of global attraction (1.4.11) and
(1.4.12) rely on a novel method of omega-limit trajectories which is a development of the
method of omega-limit points used in [15], see previous section 1.3. Later on this method
played a central role in the theory of global attractors for U(1)-invariant PDEs [63]-74].

By (1.4.2) we have
supp x C A := [—a, a] (1.4.13)

for some a > 0. Conditions (1.4.3) and (1.4.7) imply the finiteness of the energy radiated
from the segment A. Hence, similarly to (1.3.58),

/ [(=a, ) + [ (=a, ) + [ (a, t)]* + [¢' (a, ) P]dt < oo (1.4.14)
0
This means, roughly, that

¥(xa,t) ~ Cy, Y (xa,t) ~ 0, t — 0. (1.4.15)

More precisely, the functions ¢(+a,t) and ¢’(ta,t) are slowly varying for large times, so
their shifts form compact families. Namely, from an arbitrary sequence s, — 0o, one can
choose a subsequence sy — 0o such that for any T > 0 the following uniform convergence
holds,

Y(xa,t+sp) - Cy for tel0,T], k' — oo, (1.4.16)

where the constants Cy depend on the subsequence. It remains to prove that for any
T>0

Pz, t+sp) = Si(x)eS for te€[0,T] and x € [—a,al, k' — oo, (1.4.17)

where the convergence holds in C([0,T]; H'[—a,a]). In other words, each omega-limit
trajectory is a stationary state.



42 CHAPTER 1. GLOBAL ATTRACTION TO STATIONARY STATES

To deduce (1.4.17) from (1.4.16), we need, roughly speaking, to justify the well-
posedness of the boundary value problem for a nonlinear differential equation (1.4.1)
in the half-strip —a < z < a, t > 0, with the Cauchy boundary conditions (1.4.15) on the
sides * = #+a. Then the convergence (1.4.16) of boundary values implies the convergence
(1.4.17) of the solution inside the strip.

Our main idea is to use evident symmetry of the wave equation with respect to in-
terchange of variables x and ¢ with a simultaneous change of the sign of the potential U,
that is (1.4.1) can be written as

V' (z,t) = P(x,t) — f(z, (2, t)). (1.4.18)

However, in this equation with the ‘time’ x the condition (1.4.7) makes new potential —U
unbounded from below! Consequently, this dynamics with x as the time variable is not
correct on the interval |z| < a.

For example, in the case U(t)) = ¥*, the equation (1.4.1) for solutions of type ¢ (z,t) =
Y(x) is " (x) — 493(x) = 0. Solutions of this ordinary differential equation with finite
Cauchy initial data at = —a can become infinite at any point « € (—a, a). However, in
our situation local well-posedness is sufficient due to a priori bounds, which follow from
the energy conservation (1.4.8) in view of the conditions (1.4.2), (1.4.3) and (1.4.7).

Remark 1.4.6. The discreteness of the set S is essential for the asymptotics (1.4.12).
For example, convergence (1.4.12) fails for the solution ¢ (z,t) = sin[log(|z — ¢| + 2)] in
the case when d = 1 and F'(¢) =0 for |[¢] < 1.

1.4.2 Well-posedness and a priori estimates

Proposition 1.4.1 follows by classical technique [12]. The energy conservation (1.3.13)
implies a priori estimates
sup [|Y (t)]|e < o0 (1.4.19)
teR

due to the conditions (1.4.3) and (1.4.7). We need however a finer characterization of the
properties of the solutions.

Proposition 1.4.7. Let the assumptions (1.4.2), (1.4.3), and (1.4.7) hold. Then
i) The mapping W (t) is Lipshitz-continuous in Ep, and for every R, T > 0

IW(6)Ys — W()Yalln < LllVi = Vallnsr for [t <T. (1.4.20)

where Ly is bounded for bounded norms ||Y1||rsr, || Yol rat-

ii) For solutions Y (t) = (¥(t),¥(t)) € C(R,E) the a priori estimate holds

[(x,t)| < blz) == a+ B/|z], (z,t) € R, (1.4.21)

where a and 5 are bounded for bounded energy H(Y (0));

i) U(z,-) is a continuous function of v € R with values in H} (R)), and ¥'(x,-) is a
continuous function of x € R with values in L7, (R));

w) For a.a. x € R and any t € R

/t (0@, )2 + [0 (2, )2 + [, 7)[2)dr < e < oo. (1.4.22)
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Proof. ad i) For solutions Y (t) € C(R, ) to the nonlinear equation (1.4.1) the Duhamel
representation holds (see [3])

WY (0) = WoY O+ [ Wolt=9)1-Co)ds, £r.5) = 0.7 (o b0z (1429
Here Wy (t) denotes the dynamical group corresponding to the linear equation (1.4.1) with
flz,u) =0, ie. '

Wo(t)(1(0),7(0)) = (¥(t), (1)),
where ¢ (z,t) is given by the d’Alembert formula (1.1.6). This formula implies the Lip-

schitz continuity (1.4.20) for Wy(¢). Then for W (t) the same continuity follows from
(1.4.23) by (1.4.2) and (1.4.19).

ad 1) The bound (1.4.19) implies that

= sup/h/J z,t)|*dr < oo, (1.4.24)

teR

and D is bounded for bounded energy H(Y'(0)). Therefore, by the Cauchy-Schwartz
inequality

w(e.t) = 00,01 = | [ | < VDV (@R (1.4.25)

At last, sup,cp |u(0,t)| < oo by the bound (1.4.19). Now (1.4.25) implies (1.4.21).

ad i) and iv) For |x| > a the claimed properties follow similarly to (1.4.14). To
prove them for |z| < a rewrite the equation (1.4.1) as (1.4.18) and apply the integral
representation of the type (1.4.23),

Z(x) = Wola +a)Z /Wox— ()dy, Z(@) = () (2, ). (14.26)

The claimed properties for the first term on the right hand side follow from (1.4.14), and
for the integral term these properties follow from (1.4.2) and estimates (1.4.21). O

1.4.3 Stationary states

We prove Proposition 1.4.3 by a suitable modification of the arguments from the proof of
Proposition 1.3.5. The stationary equation (1.4.9) and conditions (1.4.2) imply that all
stationary solutions s(z) are smooth and

s(z) = s(+a), +r>a (1.4.27)
since s'(z) € L*(R). Hence, the variation DU(s) exists and
DU(s) = —s"(x) + f(z, s(x)).
Therefore, equation (1.4.1) for stationary states implies the variational equation
DU(s) = 0. (1.4.28)
The identities (1.4.27) imply that the continuous map I : £ — R defined by
1((x), 7(x)) = ¥(—a)

is a homeomorphism on §. Hence, Proposition 1.4.3 obviously follows from the next
lemma.
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Lemma 1.4.8. 7 := IS is a discrete subset of R.

Proof. We should prove that Z has no limit points. Let us assume contrary, that there
exists an infinite subsequence

2, € 2, 2, —+Z € Z, k — oo. (1.4.29)
All stationary states satisfy the boundary value problem

sh(x) + f(x,sx(z)) =0 x € [—a,al
(1.4.30)
sx(—a) = A, sh(=a) =0

Let us denote by A the set of all A € R such that the solution to (1.4.30) exists. We
extend s)(x) to |z| > a by constants,

sy = sx(£a) for £z > a. (1.4.31)

Then Sy = (s,,0) € € for every A € A, though generally S\ ¢ S.
Let us define the map T': A — R by

T(N) :=s\(a—0). (1.4.32)
Then
Z={xeA: T() =0}, (1.4.33)
and (1.4.29) implies that
T(zZ)=T(z) =0, k=1,.... (1.4.34)
The set A is an open subset of R, hence
A=UA,, (1.4.35)
where A; are open intervals. We have Z € A, = A; with some [. Let us show that
A, =R (1.4.36)
Namely, the map T is real analytic on A,, and hence, (1.4.29) and (1.4.34) imply that
T\ =0, A €A, (1.4.37)
since A, is open and connected subset of R. Hence, definition (1.4.33) implies that
A, C Z. (1.4.38)
Now (1.4.28) implies that
U(s\) = (DU(sy),0xsx) = 0, A€ A, (1.4.39)
Hence,
U(sy) = U(sz), A€ A, (1.4.40)

However, this identity implies that the set S, := {S\ : A € A,} is bounded in &€ by
conditions (1.4.2) and (1.4.3). Hence, S, is precompact in C(R,R x R). Its closure in
C(R,R x R) obviously belongs to S, and hence,

A, CA,. (1.4.41)

Now (1.4.36) follows. Moreover, now (1.4.38) implies that Z = R which contradicts to
the boundedness of S, in £. This contradiction completes the proof of Lemma 1.4.8. [
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1.4.4 Long-time asymptotics

We prove the Theorem 1.4.4.

Compact attracting set

Let us construct a compact attracting set A for the considered trajectory Y (). Let b > 0
denote some constant to be chosen later.

Definition 1.4.9. A,:={S\=(sx(2),0) € £ : A€ A,|sx(z)| < b for |z| < a}.

Ay is a compact set in Er due to the equation (1.4.9). We prove the next lemma in
the following section.

Lemma 1.4.10. Let assumptions of Theorem 1.4.4 hold. Then
Y(t) 5 A=A,  t— oo, (1.4.42)

if the constant b is sufficiently large.

Proof of Theorem 1.3 i)

The next lemma implies the attraction to stationary states (1.4.11).
Lemma 1.4.11. i) w(Y) # 0 and 1) w(Y) C S.

Proof. 1) Lemma 1.4.10 means that there exists a function A(t) € C]0,00) such that for
every R > 0

1Y (t) = Sxppllg = 0 as ¢ — +oo. (1.4.43)

Here S\ = (Sa@),0) where sy¢)(2) is defined by (1.4.30) and (1.4.31).
The orbit {Sy«) : t > 0} is precompact in Ep. Hence, the limit (1.4.43) implies that
the orbit {Y(¢) : ¢t > 0} with ¢ > 0 also is precompact in Eg. Therefore, w(Y) # 0.

ii) w(Y) C A by (1.4.42). Moreover, the set w(Y) is invariant with respect to W(t)
due to the continuity of W (t) in £p. Hence, for every Y € Q(Y) there exists a Cl-curve
t — A(t) € R such that W(¢)Y = Syq). Then Sy is the solution to (1.4.5). In particular,
0ySx@y = 0. Therefore, A(t) = A and Y=25,€e8. O

1.4.5 Attraction to a compact set

We deduce Lemma 1.4.10 from the following lemma on ‘attraction in the mean’, which
we prove in the next section. Let us denote for b, R > 0

por(t) = inf ||Y(t) — S||gr fort € R. (1.4.44)
SeA,
Lemma 1.4.12. For sufficiently large b > 0 and every R >0

l/ph@ﬁ<m. (1.4.45)
0
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Proof of Lemma 1.4.10. Let us fix a metric p(-,-) on &£, defining the topology of Er.
We prove (1.4.42) ad absurdum: let us us assume that there exist € > 0 and a sequence
t. — 00, such that

p(Y(ty), A) >eforall k=1,2,.... (1.4.46)

We will show that this is impossible and this completes the proof of Lemma 1.4.10. We
may assume that t; + 1 <t for every k. Now (1.4.45) implies by Fatou theorem,

1 o]
/ oR(8)d0 < o0, where op(6) = 3 pi(t +6). (1.4.47)
0 1

Therefore, or(#) < oo for every € in a subset O(R) C [0, 1] with / dx = 1. Then for
O(R)
every R > 0

pr(ty +6) — 0 as k — oo for § € © := N O(R). (1.4.48)

Hence Y (t; + 6) £y A as k — oo for every § € © C [0,1], and [ dxr = 1. Hence for

e
every 6 € O the compactness of A in & implies that for some sequence k() — oo,

Y (teo) +0) <55 V(0) € Aas k(f) > 00, OO, (1.4.49)
Then the continuity of maps W (—6) in & implies also
Y (tro) 5 W(—0)Y () as k(f) — 00, 6 €O. (1.4.50)

On the other hand, the compactness of A in £ implies that there exists a sequence 0; € ©
such that 0; — 0 as j — oo and

Y(0;) 5 v € Aas j — oo. (1.4.51)
Now the uniform Lipshitz continuity (1.4.20) of W (—6) with 6 € [0, 1] and the convergence
W(-6,)Y* Er v as j — oo imply,

W(—0,)Y(0;) <5 V™ as j — oo. (1.4.52)
However this convergence together with (1.4.50) for § = 0, contradict (1.4.46). O

1.4.6 Attraction in the mean

We prove Lemma 1.4.12. It suffices to construct for sufficiently large b > 0 a function
Suty = (Su(),0) € Ay defined for ¢ > T' with sufficiently large 7" > 0 such that for every
R >0,

/ 1Y (t) — Syl Rdt < oc. (1.4.53)

We will establish this inequalityTwith
pu(t) =y_(n) :=v(—a,n), n<t<n+l, (1.4.54)
where n = 0,1,... and n > T. We may change the seminorm | - ||z from (1.3.5) by an

equivalent seminorm with [i)(—a)| instead of |¢)(0)|. Then (1.4.53) means for R > a that

L (] 1060 = s @P + 1960 = sy @F + (e O )ds
lz|<a

+b(—a,t) — p(t)]* + / (|0 (, 1) % + | (x, t)|2)d;1:> dt < oo. (1.4.55)

a<|z|<R
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Energy scattering to infinity
The bound (1.4.14) can be written as

/ (9= + [z (OF + g+ (O + 21 ()]*) dt < o0, (1.4.56)
0
where y1(t) = ¥(%a,t) and z.(t) = ¢'(+a,t). This follows similarly to (1.3.58) from
d’Alembert representation

U(x,t) = fe(t—x)+g+(t+2), *z>a, teR, (1.4.57)

and from finiteness of the energy flow from the segment A := [—a, al, differentiating the
energy functional

%MyyiA[W%”4lwgﬂ+tmmmmidm Y = ((z),v(z)) € E. (1.4.58)

Now (1.4.56) implies that

[e'e) o] 0 1
| wta-ufde = [l -y (@)Fde <3 [ 1i-(rs) s < oo, (1459)
0 0 n=0 "0
Furthermore, similarly to (1.4.56)
/(W@MHMMMW&SC<%, o<z <R (1.4.60)
0

Hence, the last integral of (1.4.55) is finite. It remains to prove the finiteness of the first
integral of (1.4.55):

/TOO ( / (10" (2, 1) = sy (@) > + [0 (2, 1) = s ()] + |¢(:c,t)\2)dx)dt <oo (1.4.61)
lz|<a

for sufficiently large 7" > 0. We will deduce (1.4.61) from (1.4.56) in the next section.

Nonlinear Goursat problem

We consider the Goursat problem for the nonlinear wave equation (1.4.18) with the Cauchy
data on the lines x = const:

gb”(&:,t) = (b(x?t) - f(x,<;§(a:,t)),

Plo=r = u(t), ¢'lo=r = v(t)

where £ > 0. Our assumptions (1.4.2), (1.4.3) provide that the Cauchy problem (1.4.1),
(1.4.4) is well posed globally in . On the other hand, the nonlinear Goursat problem
(1.4.62) generally is not well posed globally in = € R.

We will establish a Lipschitz continuity of the maps

G(T’ I) : (u(>7v(>) = (Qb(x’ '),QZS/(ZE, ))7 LS [T7T +5]

in suitable norms for initial data (u(-),v(-)) close to (¢(r,-),¢'(r,-)), where € > 0 does
not depend on r € [—a,a]. This continuity holds “along” the considered global solution
Y(z,t) due to the a priori bounds (1.4.19). Using this continuity, we will deduce (1.4.61)
from (1.4.56).

Let o denote an arbitrary segment in R of the length |o|.

,teER, zelrr+eg, (1.4.62)



48 CHAPTER 1. GLOBAL ATTRACTION TO STATIONARY STATES

Definition 1.4.13. &(0) := H'(0) ® L*(0), is the Hilbert space of functions (u(t),v(t))
with the norm
It = Nl + el + ol < oo (1.4.63)

Now proposition 1.4.7 iii) and iv) imply that for any segment o C R
Zy(r) == ((r,), ¢ (r, )]s € E(0) for a.a. r € R

and
||Zg(r)||§(a) < Celo| for a.a. r € R. (1.4.64)

Let ¢;(x,t) with j = 1,2 be two solutions of the nonlinear Goursat problem (1.4.62) for z €
[r,7+¢) where £ > 0, such that X;(z) := (¢(z,-), ¢'(z,-)) € C(r,r+e; HL . (R)® LE (R)).

loc

For such solutions the Goursat problem (1.4.62) is equivalent to the integral identity of
type (1.4.26),

X(a) = Wole = 0%, (0) = [ Wolo =)0, f0. 6500 Dy, v €l +2) (1469

For any segment o = [t1,t5] and small € > 0 denote o, := [t; +¢,t2 — €.
Lemma 1.4.14. Let assumptions (1.4.2), (1.4.3) hold, and

max |¢;(x,t)| < B<oo,  j=1,2. (1.4.66)

x€[r,r+e],teR
Then for any segment o C R with |o| > 2¢
15 @) = Xo(@)llew,_p < LBIX () = Xa)lewys € lrr+e),  (1467)
where the Lipshitz constant L(B) does not depend on the segment o.
Proof. By conditions (1.4.2)

M(B) := max |Vyf(z,¢)] < oc. (1.4.68)

z€R,[Y|<B

Hence,

1f (v, ¢1(y, ) = f (Y, p2(ys Dl 2200,y < M(B)| X1 (y) = Xa(W)lle(0); ¥ € [r,7 + ). (1.4.69)

Moreover, the dynamical group Wy(y) admits classical estimate
IWo(2) X lle@y < I Xlle@), 2 €[0,]0l/2), X € &(0).

Now the integral equation (1.4.65) implies the integral inequality

m(z) < m(r) + M(B)/ m(y)dy, x € [r,r+e), (1.4.70)
where
m(z) = [ Xi(2) = Xo(2)le (o, -
Hence, the bounds (1.4.67) follow by the Gronwall inequality. O

Now we can prove the existence of solutions of (1.4.30).
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Lemma 1.4.15. For sufficiently large t > 0 the problem (1.4.30) with \ = y_(t) admits
a unique solution sy(x).

Proof. First, the solution exists for x € [—a, —a + ¢] with sufficiently small ¢ > 0 which
depends on t. This local solution can be extended to all = € [—a, a] if the a priori bounds

hold
lsx(z)] < C, x € [—a,al. (1.4.71)

This bounds follow for A = A(t) := y_(¢) with large ¢ by application of Lemma 1.4.14
to the following two solutions ¢;(z,t) of the nonlinear Goursat problem (1.4.62) with
r=—a

¢1($,t) = W%t), ¢2(£L’,t) = S)\(iL’).
We will prove the bounds (1.4.71) with any C' > By, where

By:= max |Y(z,t)] (1.4.72)

z€[—a,a],teR

The key fact is the following convergence of the Cauchy data of these two solutions
I((=a,t+-), ¢ (=a,t + ) = (sx0(=a), 0)[le@) = 0, ¢ —= oo (1.4.73)

for any segment o C R. This convergence follows from (1.4.56). Now Lemma 1.4.14
implies that

[(6(=a+ .+ )8 (—a,t+ ) = (sr(—a +2) sho(—a+ sy = 0, ¢ =0
if we take |o| > 2¢. Hence, by the Sobolev embedding theorem,
|[U(—a+e,t+-) —sxpy(—a+¢)|e@) — 0, t — o0. (1.4.74)
Therefore, the a priori bounds (1.4.71) hold. O

Proof of the attraction in the mean

Now (1.4.61) follows by the same arguments. Namely, Lemma 1.4.14 implies that for any
e € [0, 2a]

[(W(—a+et+-), ¢ (—atet+)) — (sup(—a+e),s,u(—a+e))lew.

< L(C)HW(—OM t+ ')»W(—aﬂf + )) - (Su(t)(_a)a O)HS(O')? t>T
for sufficiently large 7' > 0 and p(t) defined by (1.4.54). Hence,

I(W(=a+et+-) = sun(—a+ o)ty + ¥ (—atet+:) = s,u(—at+e)lz,

< LOMIY(=at+) = sup(=a)lline) + W (—at +)iae),  t=T  (1.4.75)

Choosing here t = n, 0. = [0, 1] and summing up over n > N > T, we obtain

/Noo(lib(fcat)|2+|¢(%t)—Su(t>(af)|2+!1/)’(96715)—8L(t)($)|2)dt <oo,  x€[-a,a] (1.4.76)

since the sum of the right hand sides is finite by (1.4.56). Moreover, this last sum is
bounded, and hence, integrating over x € [—a, a], we obtain (1.4.61).

Now Lemma 1.4.12 is proved.
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1.5 Wave-particle system

In [17], the first result on global attraction to stationary states (0.0.7) is obtained for
three-dimensional real scalar wave field coupled to a relativistic particle. The scalar field
satisfies 3D wave equation

D(x,t) = Ap(a,t) — pla — q(t)), r € R (1.5.1)

where p € C5°(R3) is a fixed function representing the charge density of the particle, and
q(t) € R? is the particleposition. The particle motion obeys the Hamiltonian equation
with relativistic kinetic energy /1 + p?:

p(t)

q(t) = Tp?(t)’

p(t) = -VV(q /V@ZJ z, t)p(x —q(t)) d. (1.5.2)

Here —VV/(q) is external force corresponding to real potential V' (¢), and the integral term
is a self-force. Thus, wave function v is generated by charged particle, and plays the role
of a potential acting on the particle, along with the external potential V' (q).

The system (1.5.1)—(1.5.2) was introduced by H. Spohn, see [55] for discussion of
physical relevance of this model. This system can formally be represented in Hamiltonian
form

=D H, 7=—-DyH, ¢t)=DH, p=—DMH (1.5.3)

with Hamiltonian (energy)

’H(l/},w,q,p):%/ﬂﬂ( 2+ | Vep(a) dx+/¢ p(—q) de++/T+ P +V(g). (15.4)

By || - || we denote the norm in the Hilbert space L? := L*(R?), and || - ||z denotes the
norm in L2(Bg), where By being the ball |z| < R. Let H' := H*(R?) be the completion
of the space C§°(R?) in the norm ||V (z)]|.

Definition 1.5.1. i) £ := H'@ L2@R36R? is the Hilbert phase space of tetrads (Y, 7, q,p)
with finite norm

(.7, q,p)lle = IVO[ + |7l + [g] + |p-
i) €, for o € R is the space of Y = (¢, m,q,p) € & with ¢ € C*(R?) and 7 € C*(R?)
satisfying the estimate

V()| + [m ()] + [2|([VV(z)| + [Va(z)]) = O(z[77),  |z| = . (1.5.5)

iii) Ep is the space € with metric of type (1.2.9), where the corresponding seminorms are

defined as
1,7 ¢, p)lle,r = VY[R + ¥R + [7llr + la] + |p|- (1.5.6)

Obviously, the energy (1.5.4) is a continuous functional on &, and &, C & for o > 3/2.
The convergence in Er is equivalent to the convergence in every seminorm (1.5.6). We
assume the external potential be confining:

V(g) — oo, lg| — o0. (1.5.7)

In this case the Hamiltonian (1.5.4) is bounded below:

1
inf H(Y)=Vo+ 5(p, A™1p), (1.5.8)

Ye&
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where
Vo := inf V(q) > —o0. (1.5.9)

g€eR3

The following lemma is proved in [17, Lemma 2.1].

Lemma 1.5.2. Let V(q) € C*(R?) satisfies the condition (1.5.9). Then for any initial
state Y (0) € € there exists a unique finite energy solution Y (t) = (¢ (t), 7(t), q(t),p(t)) €
C(R,E), and

i) for every t € R the map W (t) : Yo +— Y (t) is continuous both on € and on Ep;

i) the energy H(Y (t)) is conserved, i.e.

HY (1) =H(Yo) for teR; (1.5.10)
iii) a priori estimates hold
supl([[ Ve (£) || + [|w (#)]I] < oo, sup[§(f)] =7 < 1; (1.5.11)
teR teR

) if (1.5.7) holds, then also

sup |q(t)| = gy < o0. (1.5.12)
teR

Remark 1.5.3. In the case of point particlep(x) = 0(z), the system (1.5.1)-(1.5.2) is
incorrect, since in this case any solution of the wave equation (1.5.1) is singular at the
point x = ¢(t), and, accordingly, the integral in (1.5.2) is not defined. Energy functional
(1.5.4) in this case is not bounded from below, because the last term in (1.5.8) equals
—o00. Indeed, in the Fourier transform, this term has the form

oty =- [ P g,

where p(k) = 1. This is the famous ‘ultraviolet divergence.” Thus, the self-energy of
point charge is infinite, that suggested Abraham to introduce the model of an ‘extended
electron’ with a continuous charge density p(x) [203, 204].

Denote Z = {q € R? : VV(q) = 0}. It is easy to verify that stationary states of the
system (1.5.1)—(1.5.2) have the form S, = (¢,,0, ¢,0), where ¢ € Z and Ay, (z) = p(x—q).
Therefore, 1,(z) is the Coulomb potential

() = 1/p(y—q)dy

Car ) eyl
Respectively, the set of all stationary states of this system is
S:={5,:q€ Z}.

If the set Z is discrete in R3, then the set S is also discrete in € and in £r. Finally,
assume that the “form-factor” p satisfies the Wiener condition

plk) = /e“%(x) dx # 0, k€ R®. (1.5.13)
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Remark 1.5.4. The Wiener condition means a strong coupling of scalar wave field ¢ (x)
to the particle. It is a suitable version of the ‘Fermi Golden Rule" for the system (1.5.1)—
(1.5.2): the perturbation p(z — ¢) is not orthogonal to all eigenfunctions of continuous
spectrum of the Laplacian A.

For simplicity of the exposition we assume that
pECFR?),  pla)=0 for |2 >R, p(z) = p(|z]). (1.5.14)
The main result of [17] is as follows.

Theorem 1.5.5. i) Let the conditions (1.5.7) and (1.5.13) hold, and o > 3/2. Then
for any initial state Y (0) = (¢o,m0,qo,p0) € &, the corresponding solution Y (t) =
(¥(t),m(t),q(t),p(t)) € C(R,E) to the system (1.5.1)—(1.5.2) attracts to the set of sta-
tionary states:

V()28  t— too, (1.5.15)
where attraction holds in the metric (1.2.9) defined with the seminorms(1.5.6).

ii) Let, additionally, the set Z be discrete in R®. Then

Y(t) £ 8, €8, t— too. (1.5.16)
The key point in the proof of this theorem is the relaxation of the acceleration
i(t) >0,  t— +oo. (1.5.17)

This relaxation has long been known in Classical Electrodynamics as ‘radiation damping’.
Namely, the Liénard-Wiechert formulas for retarded potentials suggest that a particlewith
a non-zero acceleration radiates energy to infinity. This radiation cannot last forever,
because the total energy of the solution is finite. These arguments result in the conclusion
(1.5.17) that can be found in any textbook on Classical Electrodynamics.

However, rigorous proof is not so obvious and it was done for the first time in [17]. The
proof relies on calculation of total energy amount radiated to infinity using the Liénard—
Wiechert formulas. The central point is the representation of this amount in the form of
a convolution and subsequent application of the Wiener Tauberian theorem.

Below we give a streamlined version of this proof.

Remark 1.5.6. i) The condition (1.5.7) is not necessary for relaxation (1.5.17). The
relaxation also takes place under the condition (1.5.9) (see Remark 1.5.9).

ii) The Wiener condition (1.5.13) also is not necessary for relaxation (1.5.17). For
example, (1.5.17) obviously holds in the case when V(xz) = 0 and p(z) = 0. More
generally, such relaxation also holds when V(z) = 0 and the norm ||p|| is sufficiently
small, see (2.2.1).

1.5.1 Liénard—Wiechert asymptotics

Let us recall long range asymptotics of the Liénard—Wiechert potentials established in

[17, 18]. Denote by ¥, (z,t) the retarded potential
1 [dy 0t —|v—
e e e T N (R AT
47 |z — y

and set m,(z,t) = ¥,(z,t). Denote T, := Gy + R,.
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Lemma 1.5.7. The following asymptotics hold

(2, 2] + 1) = T(w(x), t)|z[~ + O(|z]7?)
,x) — o0 (1.5.19)
Vi (z, |2 + 1) = —w(@)T(w(z), )]z~ + O(|z[7?)

uniformly in t € [T, T] for any T > T,. Here w(x) = z/|x|, and T(w(z),t) is given in
(1.5.21).

Proof. The integrand of (1.5.18) vanishes for |y| > 7,. Then |z —y| <t for t — |z| > T,
and (1.5.18) implies

Vi (a,t) = / Y ply —qlt — e — ) it — o — yl) + Ol )

dr|z —y
= —w(z)m(x,t) + (9(|x|_2), t—|z| > T,

r—y

|z =y
asymptotics (1.5.19) for m, only. We have

because n = = w(z) + O(|z|™") for bounded |y|. Hence, it suffices to prove

1 .
mot) == [ @y o Vely ) i) Tt le—gl (1520
Am|z —y|
Replacing t by |z| 4 t in definition of 7, we obtain
T=lr|+t—|r—yl=t+w@) - y+O0(z| ) =7+0(z|™"), T=t+w-y,

since

vy yP
ol = b=yl = fol = VI =22y TP ~ el (T = 5

) =wl@)-y+ 0l ™).

Hence (1.5.20) implies (1.5.19) with

1 -
T(w, 1) =~ /d?’y Vp(y = q(7)) - (7). (1.5.21)
O
1.5.2 Free wave equation
Consider now the solution ¢ (z,t) of free wave equation with initial conditions
Y (x,0) = Yo(x), Ux(z,0)=m(z), T € R (1.5.22)
The Kirchhoff formula gives
1 0 1
t)=— d? = |— d? . 1.5.2
o) =g [y g (g [ Punw) (15.23)

Here S;(z) is the sphere {y : |y — x| = t}. Denote mx(z,t) = vk (x, t).
Lemma 1.5.8. Let Yy € &,. Then for any R > 0 and any 15 > T1 > 0

R+T5
/ dt/ &z <|7TK(x,t)|2 + |V¢K(x,t)|2) < I < oo (1.5.24)
OBRr

R+Ty
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Proof. Formula (1.5.23) implies

_i 2 i 2 i 2
VwK(x,t)—47T sld z V7TO(;r;—|—tz)—i—47T Sld 2 Vwo(x+tz)+47r sld 2 Vo (Vipg(x+tz)-2).

Here Sy := 51(0). From (1.5.5) it follows that

1
Vg (z,t)] < C’Zts/ d*z |z +tz|771F
s=0 51

1

) L (= ey o=t = o o)),

= (0 +5—=1)[z]
Therefore,
R+T; R+T; (t 4 RP2 4 (1 — B
t+ R)22 4 (t — )% .
/ i / 22| V(. D)2 < C / [ : (- By ar
R+Th OBRr R+Th
R+T> A2 A2
< — - _ —20’< .
<0 / dt[<1+t> +<1 t) +1](t R)¥ <Iy<oc
R+Ty
The integral with Vg (z,t) can be estimated similarly. O

1.5.3 Scattering of energy to infinity

Now we obtain a bound on the total energy radiated to infinity which we will represent
as a ‘radiation integral’.

This integral has to be bounded a priori by (1.5.11). Indeed, the energy Hg(t) at time
t € R in the ball Bp is defined by

1

Halt)=5 | (a0 + VoG, 0F )+ T 20 +V(a(0)+ [ da vt ola—a(t)

Consider the energy Ir(17,T5) radiated from the ball Br during the time interval [T}, T5]
with 75 > T7 > O:
Ir(Th,T5) = Hr(T\) — Hr(T3).

This energy is bounded a priori, because by (1.5.11) the energy Hg(7}) is bounded from
above, while H(75) is bounded from below. Thus,

IR(Tl,Tg) < I < oo, (1525)
where I does not depend on T}, T; and R. Further, one has

%HR(t) = /83R &’z w(z)  w(z, )V (z,t), t> R

Hence, (1.5.25) implies

R4T,
/ dt / d*r w(z) - w(z, t)Vip(x,t) < I.
OBRr

R+Ty
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The solution admits the splitting © = 7, + 7, ¥ = 9, + ¥k, and hence,
R+T5
/ dt / d*r w(z) - (7, VY, + 1V, + m.Vog + 1 Vibg) < 1
R+Ty O0BRr

Lemmas 1.5.7 and 1.5.8 together with the Cauchy-Schwarz inequality imply
T
/ dt / dCw|m(w, )] < I, + TO(R™), T>1T,,
T Sl

where [; < oo does not depend on 7" and R. Taking the limit R — oo and then 7' — oo
we obtain the finiteness of the energy radiated to infinity:

/ dt/ d*w[T(w, t)]* < 0. (1.5.26)
0 S1

1.5.4 Convolution representation and relaxation of acceleration
Applying a partial integration in (1.5.21), we obtain

1
_ . 3 Ry 3 =\ L (=
T(w,t) = /d y Vply —q(7)) - 4(7) /d y Vyply —a(@) - dM)y—— = — a0
_\ 0 G (T) 1 / — w - G(7)
=— | d —q(7 = [ & —q(F (+.5.27
/ y p(y —aq( ))ayal—wq(?) 1 | Ly rly—dl ))< GO )

The function 7(w,t) is globally Lipschitz continuous in w and ¢ due to (1.5.11) Hence,
(1.5.26) implies

lim 7 (w, ) = 0 (1.5.28)

t—o00

uniformly in w € 5. Denote r(t) = w - q(t), s = w -y, plgs) = /dqldqu(ql,qg,q;z,) and

decompose the y-integration in (1.5.27) along and transversal to w. Then we obtain the
convolution

T = sp(s—r S f(t+8)
= 7ot — (1 —r(r —T(T) = p(t — =px*
= /d pt = (1 —r(7))) 0 i) /dﬁp(t 0)9.,(0) = p * gu (1)

Here 8 = 0(7) = 7 — r(7) is a nondegenerate diffeomorphism of R since » <7 < 1 due to
(1.5.11), and
(7 (0
o= )
(1 =7(7(6)))

Let us extend ¢(t) = 0 for t < 0. Then p * g, (t) is defined for all ¢, and coincides with
T(w, t) for sufficiently large ¢t. Hence, (1.5.28) reads as a convolution limit

(1.5.29)

tlg&p * g, (t) = 0. (1.5.30)
Moreover, g/,(0) is bounded by (1.5.11). Therefore, (1.5.30) and the Wiener condition
(1.5.13) imply
elim g.(0) =0, we S (1.5.31)
— 00
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by Pitt’s extension of the Wiener Tauberian theorem, cf. |18, Thm. 9.7(b)]. Hence, (1.5.29)
implies

tlgrolo g(t) = 0. (1.5.32)
since 6(t) — 0o as t — oo. Finally,
tlglolo q(t) =0, (1.5.33)

since [q(t)| < G, due to (1.5.11).

Remark 1.5.9. (i) We have used condition (1.5.7) in the proof of (1.5.25). However,
(1.5.9) at this point is also sufficient. Hence, the relaxation (1.5.32) holds also under
condition (1.5.9).

(ii) For point charge p(z) = §(x), (1.5.30) implies (1.5.31) directly.

(iii) Condition (1.5.13) is necessary for the implication (1.5.31)=>(1.5.32). Indeed, if
(1.5.13) is violated, then p,(£) = 0 for some ¢ € R, and with the choice g(#) = exp(i£0)
we have p, * g(t) = 0 whereas g does not decay to zero.

1.5.5 A compact attracting set

Here we show that the set

A=1{S,: ¢eR |q| <7} (1.5.34)
is3an attracting subset. It is compact in £ since A is homeomorphic to a closed ball in
R®.
Lemma 1.5.10. The following attraction holds,

Y(t) S5 At — oo (1.5.35)
Proof. We need to check that for every R > 0
distr(Y (¢), A) = [p(t)] + |7 (t)[

+ inf (la(®) = al + [9() = ¥ulla + V@) - ¥)lla) 0 (15.56)

as t — +o0o We estimate each summand separately.
i) |p(t)] — 0 as t — oo by (1.5.32).
ii) ‘ilnf lg(t) — ¢q| =0 for any ¢t € R by (1.5.11).
q/<qo
iii) (1.5.18) implies for t > R+ T, and |z| < R
1

m(z,t)]| < C  max |4(7 Py ———|Vp(y — q(t — |z —y|))|.

e < O ] [y Vot ot e =)
The integral in the RHS is bounded uniformly in ¢ > R + 7T, and x € Bg. Hence,
|7-(t)]|lr — 0 as t — oo by (1.5.33). Then also ||7(t)||zr — O.
iv) We can replace ¢ with ¢(t) in the last line of (1.5.36). Then for t > R+7T, and |z| < R,
one has

ol t) = o) = = |y (ol gt~ 1o ) — oty —att)

by (1.5.18). Moreover, p(y—q(t—|x—y|))—p(y—q(t)) — 0 as t — oo uniformly in x € Bg
due to (1.5.33). Hence, ||¢,(t) — ¥qu)llr — 0 as t = oco. Then also |[¢(t) — Ygu)llr — 0.
Finally, ||V (1(t) — %q@))||r can be estimated in a similar way. O
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1.5.6 Global attraction to stationary states

Now we complete the proof of Theorem 1.5.5.
i) Let Y(t) € C(R, &) be any finite energy solution to the system (1.5.1)—(1.5.2). If the
attraction (1.5.15) does not hold, there is a sequence t;, — oo for which

dist(Y(t),8) > 6 >0, k=1,2,... (1.5.37)
Since A is a compact set in Ep, (1.5.35) implies that
Y(tw) Y ed K —oo (1.5.38)

for some subsequence k' — oo. It remains to check that Y = S,, € S with some ¢, € Z,
since this contradicts (1.5.37).

First, Y = S, with some |q| < g, by the definition (1.5.34). Similarly, by the
continuity of the map W (t) in &,

W)Y (te) = Yt +1) <5 W)Y = Souy, K — oo, (1.5.39)

1
Finally, for Sg() to be a solution to the system (1.5.1)-(1.5.2), there must be Q(t) = 0.
Therefore, Q(t) = ¢. € Zand Y =5, € S.

i1) If the set Z is discrete in R3, then solitary manifold S is discrete in Ep. U
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1.6 Maxwell-Lorentz equations: radiation damping

In [18] global attraction to stationary states similar to (1.5.15), (1.5.16) was established
for the Maxwell-Lorentz equations with charged relativistic particle:

( E(z,t) = rot B(z,t) — 4p(z — q), B(x,t) = —rot E(x, t)

div E(z,t) = p(x —q),  divB(z,t) =0, d(ﬁzm . (1.6.1)

p(t) Z/[E(x, )+ B (@, t)+ 4(t) A (B(a, t)+ B™ (z,1))]p(x— q(t)) dx
Here p(x — q) is the particle charge density, ¢p(z — ¢q) is the corresponding current den-
sity, and E®* = —V¢™*(z) and B™* = —rot A™(x) are external static Maxwell fields.
Similarly to (1.5.7), we assume that effective scalar potential is confining:

Vig) = /gzﬁe"t(m)p(x —q)dxr — o0, lg] — oo. (1.6.2)

This system describes Classical Electrodynamics with‘extended electron’ introduced by
M. Abraham [203, 2041]. In the case of a point electron, when p(x) = §(x), such system
is not well defined. Indeed, in this case, any solutions E(z,t) and B(x,t) of the Maxwell
equations (the first line of (1.6.1)) are singular for = = ¢(t), and, accordingly, the integral
in the last equation (1.6.1) does not exist.

This system may be formally presented in Hamiltonian form, if the fields are expressed
in terms of potentials E(x,t) = —V(x,t) — A(x,t), B(z,t) = —rot A(x,t). The corre-
sponding Hamiltonian functional reads

H o= BB+ (B B+V()+ V1T

2

— %/[EQ(xHB?( ) dx +V(g) + 1+ (1.6.3)
The Hilbert phase space of finite energy states is defined as £ := L? @ L? ® R® ¢ R3.
Under the condition (1.6.2) a solution Y (t) = (E(x,t), B(z,t),q(t),p(t)) € C(R,&) of
finite energy exists and is unique for any initial state Y (0) € €.

The Hamiltonian (1.6.3) is conserved along solutions, what provides a priori estimates,
which play an important role in proving global attraction of the type (1.5.15), (1.5.16)
in [18]. The key role in the proof is played again by relaxation of acceleration (1.5.17),
which is derived by a suitable generalisation of our methods [17]: the expression of energy
radiated to infinity via Liénard-Wiechert retarded potentials, its representation in the
form of a convolution and the use of the Wiener Tauberian theorem.

In Classical Electrodynamics the radiation damping (1.5.17) is traditionally derived
from the Larmor and Liénard formulas for radiation power of a point particle (see formulas
(14.22) and (14.24) of |212]), but this approach ignores field feedback although it plays
the key role in the relaxation of the acceleration. The main problem is that this reverse
field reaction for point particles is infinite. A rigorous sense of these classical calculations
was first found in [17, 18] for the Abraham model of ‘extended electron’ under the Wiener
condition (1.5.13). A detailed discussion can be found in [55].
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1.7 Wave equations with concentrated nonlinearities

Here we prove the result of [53] on global attraction to to stationary states for 3D wave
equation with point coupling to an U(1)-invariant nonlinear oscillator. This goal is in-
spired by fundamental mathematical problem of an interaction of point particles with the
fields.

Point interaction models were considered since 1930 in the papers of E. Wigner, H.
Bethe and R. Peierls, E. Fermiand others (see [93] for a detailed survey) and of Dirac [96].
Rigorous mathematical results were obtained since 1960 by Ya. B. Zeldovich, F. Berezin,
L. Faddeev, F.H.J. Cornish, D. Yafaev, E. Zeidler and others [94, 95, 97, 99, |, and
since 2000 by D. Noja, A. Posilicano, and others |98, , 921.

We consider real wave field ¥ (x,t) coupled to a nonlinear oscillator
U, t) = Ay(x, 1) + ((8)d(x)
lim (¢ (2, t) — ¢(t)G(x)) = F(((t))

x—0

reR? teR, (1.7.1)

where G(z) = 1 is the Green function of the operator —A in R3. Nonlinear function
7|z

F(¢) admits a potential:
F(Q)=U(), C€R, UeC*R). (1.7.2)
We assume that the potential is confining, i.e.,

U() = o0, (— Fo0. (1.7.3)

The system (1.7.1) admits stationary solutions ¢, = ¢G(z) € L} (R?), where ¢ € Q :=

loc

{g € R: F(q) = 0}. We assume that the set ) is nonempty and does not contain intervals,
ie.,

[a,0]  Q (1.7.4)

for any a < b.
As before, || -|| and || - ||z denote the norms in L? = L*(R?) and in L*(Bg) respectively,
and H' = H'(R?) is the completion of the space C§°(R?) in the norm ||V (x)||. Denote

H? = H*R®) :={fe H', Afel?, tekR
We define the function sets

D ={y € L*: (2) = Ureg(2) + CG(2), threg € H*, CER, limihey(x) = F(Q)}

and
D ={r e L*(R®) : 7(x) = Tyeg(2) + nG(2), Ty € H', n€R}.

Obviously, D C D.
Definition 1.7.1. D is the Hilbert manifold of states ¥ = (¢, 7) € D x D.

First, we prove global well-posedness for the system (1.7.1) established in [95].
Theorem 1.7.2. Let conditions (1.7.2) and (1.7.3) hold. Then
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(i) For every initial data Wo = (19, m9) € D the system (1.7.1) has a unique solution
U(t) = ((t), 4(t) € C(R,D).

(ii) The energy is conserved:
HOU() = L (WO + Vg () + U(C(D) = const, R (175

(111) The following a priori bound holds
()] < C(Fp), teR (1.7.6)

Proof. 1t suffices to prove the theorem for ¢ > 0.
Step i) First we consider free wave equation with initial data from D:

@Z}f (Iv t) = A¢f(xv t)’ <¢f(0)7 7#f(o)) = (1/}0’ 7T0> = (@ZJO,reg) WO,Teg) + (COGa nOG) 6(?77 7)

where (Yo,reg Toreg) € H?@ H.
Lemma 1.7.3. There exists a unique solution ;(t) € C([0;00),L}.(R?)) to (1.7.7).
Moreover, for any t > 0 there exists the limit

A(t) == algi_r)ré¢f(x,t) € (0, 00),

and
A(t) € L2 [0, 00). (1.7.8)

loc

Proof. We split ¢¢(x,t) as

¢f(xvt) = 77Z)f77“€9(x’t) + g<x7t)7

where 9¢,., and g are solutions to free wave equation with initial data (g eg, To,req) and
(CoG, noG), respectively. First, ¢f,., € C([0,00), H %) by the energy conservation. Hence,
lim U reg(, 1) exists for any ¢t > 0 since H2(R3) C C(R?).

Let us obtain an explicit formula for g. Note, that the function h(x,t) = g(x,t) —
(Co + not)G(z) satisfies

h(z,t) = Ah(z,t) — (¢ + not)d(z),  h(x,0) =0, h(x,0)=0. (1.7.9)
The unique solution to (1.7.9) is spherical wave :
ot — |=|)
_ _ > 0. 7.

Here 6 is the Heaviside function. Hence,

gl,t) = h(z,t) + (Co + not) G()

0t — |z (Co + ot — =) Co+mot
- - ot # LB ¢ G(0,00), 11, (R)),

and then
Mo

dm
Finally, ¥ ,.,(0,1) € L?,.([0,00)) by [53, Lemma 3.4]. Hence, (1.7.8) follows. O

loc

il_}ﬂég(:c,t): , t>0.
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Step i) Now we prove local well-posedness. We modify the nonlinearity F' so that it
becomes Lipschitz-continuous. Define

A(Wo) = sup{|¢]: ¢ € R, U(¢) < H(Wo)}-

We may pick a modified potential function U (¢) € C*(R), so that

. (1.7.11)
U(¢) > H(Vo), [¢]> A(Po),
and the function F(¢) = U’(¢) is Lipschitz-continuous:
IF(G) — F(Q)| <0G —Gl, G,&eR.
The following lemma is trivial.
Lemma 1.7.4. For small 7 > 0 the Cauchy problem
1 . .
40+ FE0) = A0, C0)=6 (17.12)
has a unique solution ¢ € C[0,7].
Denote ot — |2])
— |z
1/)5(t,£(3) = TMC(t—‘l’D, t e [O,T],

with ¢ from Lemma 1.7.4.
Lemma 1.7.5. The function ¢ (z,t) = s(x,t) + Ys(z,t) is a unique solution to the
system

[ () = Ag(a,t) + ((8)d()

lim(y(z,1) = ((H)G(x) = F(C(1) | =eR® telor], (1.7.13)

xz—0

[ ¥(2,0) = o(x), (x,0) = m(z)

satisfying the condition

(v(t),¥(t) € D, tel0,7]. (1.7.14)
Proof. Initial conditions of (1.7.13) follow from (1.7.7). Further,

lim (0, 2)~ C(DG() =M (0)+ i (PEZFEVCZID SOy Loy~ preqy)

20 20 47|z 47| z|

Thus, the second equation of (1.7.13) is satisfied. At last,

b=y +1hg = Aby + Mpg + €0 = Aip + (6

and 1 solves the first equation of (1.7.13) then.
It remains to check (1.7.14). Note, that the function ¢,¢4(z,t) = ¢(z,t) —((t)G1(z) =
Ureg(7,1) + C()(G(z) — G1(7)), where Gy (z) = G(x)e~1#|, satisfies

Qbreg(xv t) = A%eg(% t) + (C(t) - C(t»Gl (ZL’)



62 CHAPTER 1. GLOBAL ATTRACTION TO STATIONARY STATES

with initial data from H? @ H'. Moreover, (1.7.8) and (1.7.12) imply that ¢ € L*([0, 7]).
Hence,
(Preg(w,1), reg(x,1)) € H* @ H', 1 €[0,7]

by |53, Lemma 3.2|. Therefore,
7vbreg(x7t) - w(Ia t) - C(t)G(ZE) - @reg(xat) + C(t)<G1<JI) - G@/’))

satisfies (peg(t), Ureg(t)) € H2 @ H', t € [0,7], and (1.7.14) holds then. i
It remains to prove the uniqueness. Suppose now that there exists another solution ¢ =

ereg“f‘é:G to the system (1.7.13), with (1/:, @ZNJ) € D. Then, by reversing the above argument,
the second equation of (1.7.13) implies that ¢ solves the Cauchy problem (1.7.12). The
uniqueness of the solution of (1.7.12) implies that ¢ = ¢. Then, defining

vsita) = D ey e o,

47 ||

for @Ef = zE — 1)g one obtains

QZf - 1; - "%S = A@Ereg - (A¢S + Ca) = A(&ng - (¢S - CG)) = A&fa

ie. ﬂf solves the Cauchy problem (1.7.7). Hence, Q/N}f = 1y by the uniqueness of the
solution to (1.7.7), and hence, 1) = 1. O

According to |53, Lemma 3.7]
Hp(U(t) = WO + [ Vbreg (1)1 + T(((1)) = const, t € [0,7]. (1.7.15)

Now we are able to prove Theorem 1.7.2 on the global well-posedness. First, note that

UC(t) =U((t), telo,7]. (1.7.16)

Indeed, Hp(¥o) > U(Co) by the definition of energy in (1.7.5). Therefore, [(o| < A(¥y),
and then U(¢y) = U(&o), Hp(Wo) = Hr(Pg). Further,

He(Wo) = Ha(P(t) > UC(1), tel0,7],
and (1.7.11) implies that
C(t)] < A(Wo), te(0,7]. (1.7.17)

Now we can replace F by F in Lemma 1.7.5 and in (1.7.15). The solution W(t) =
(1(t),1)(t)) € D constructed in Lemma 1.7.5 exists for 0 < t < 7, where the time span 7
in Lemma 1.7.4 depends only on A(¥g). Hence, the bound (1.7.17) at ¢t = 7 allows us to
extend the solution ¥ to the time interval [7,27]. We proceed by induction to obtain the
solution for all ¢ > 0. Theorem 1.7.2 is proved. O]

The main result of [53] is as follows.

Theorem 1.7.6. Let U(z,t) = (¢(x,t),9(x, 1)) be a solution to (1.7.1) with initial data
from D. Then
U(z,t) = (¥ge, 0), t— oo,

where gz € Q and the convergence holds in L} (R?) & L2 (R?).
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Proof. 1t suffices to prove this theorem for t — +o00 only. By Lemma 1.7.5, the solution
Y(x,t) to (1.7.1) with initial data (i, m) € D, can be represented as the sum

(1) = (o t) + s t), ¢ 0, (1.7.18)

where dispersive component | ;(z,t) is a unique solution to (1.7.7), and singular component
g(z,t) is a unique solution to the following Cauchy problem

bs(@,t) = Apg(a,t) + C(H)d(x), s(x,0) =0, ts(x,0)=0. (1.7.19)

Here ((t) € C}([0,00)) is a unique solution to

SE) +FED) =20, 0)=6 (1.7.20)

Now we can prove local decay of 1 f(x,t).

Lemma 1.7.7. For any R > 0, the following convergence holds

H(l/ff(t)a 12)f(t))‘ —0, t—o00. (1.7.21)

HZ%(Br)®H'(BR)

Here Bg is the ball of radius R.
Proof. We represent the initial data (¢, ) = (Voreg, Toreq) + (GG, M0G) € D as

(Y0, m0) = (¢0, Po) + (CoxG, noxG),

where a cut-of function y € C5°(R3) satisfies

1, |z| <1,
(z) = { ; ;m{ =0 (1.7.22)

Let us show that
(¢o, po) € H* ® H'.

Indeed,
(¢0, po) = (o — CoxG, ™ — moxG) € L* ® L.
On the other hand,
(()007 pO) = (wo,reg + gO(]- - X)G7 T0,reg + 770(1 - X)G) € EI2 ) EII-

Now we split the dispersion component v ¢(z,t) as

@Z)f(x’t) ch(:v,t)—{—gp(;(m,t), t >0,

where ¢ and @ are defined as solutions to the free wave equation with initial data (¢o, po)
and (CoxG,noxG), respectively, and study the decay properties of pg and .
First, by the strong Huygens principle

wa(x,t) =0 for |z| <t—2.

Indeed, @g(z,t) = Cmbg(:ic, t) + note(z, t), where g(x,t) is the solution to the free wave
equation with initial data (0, x¥G) € H' & L?, and vg(z,t) satisfies the strong Huygens
principle by Theorem XI.87 of [10], v. III.
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It remains to check that

[((2), @(t))HH%BR)@Hl(BR) —0, t—o00, VR>O, (1.7.23)

For » > 1 denote x, = x(x/r), where x(z) is a cut-off function (1.7.22). Denote ¢y =
(0, m0). Let u,.(t) and v,(t) be solutions to free wave equations with the initial data x,¢g
and (1 — x,)¢o, respectively, so that ¢(t) = u,(t) +v.(t). By the strong Huygens principle

up(x,t) =0 for t > |x|+ 2r.
To conclude (1.7.23), it remains to note that

10 (). (D Lo o) < CRNwD) ) g = CRIA = X )boll g
< CR)I(L = xr) ool r2am (1.7.24)
by the energy conservation for the free wave equation. We also use the Sobolev embedding

theorem H'(R3) C LS(R3). The right-hand side of (1.7.24) could be made arbitrarily small
if » > 1 is sufficiently large. O

Due to (1.7.18) and (1.7.21), for the proof of Theorem 1.7.6 it suffices to verify the
convergence of 1g(z,t) to stationary states:

Lemma 1.7.8. Let g(z,t) and ((t) be solutions to (1.7.19) and (1.7.20), respectively.
Then .
(Ws(t), ¥s(t)) = (Yge, 0), T — 00,

where qi. € Q and the convergence holds in L} .(R*) & L2, .(R?).

loc
Proof. The unique solution to (1.7.19) is the spherical wave
0t — |x)

cf. (1.7.9)—(1.7.10). Then a priori bound (1.7.6) and equation (1.7.20) imply that
(0s(t),Us(t)) € L*(Br) ® L*(Bg), 0<R<t.

First, we prove the convergence of ((¢). From (1.7.6) it follows that ((t) has the upper
and lower limits:

lim, . C(t) =a, limy_,((t) = 0. (1.7.26)

Suppose that a < b. Then the trajectory ((t) oscillates between a and b. Assumption
(1.7.4) implies that F'(¢y) # 0 for some (y € (a,b). For the concreteness, let us assume
that F'((p) > 0. The convergence (1.7.21) implies that

A(t) = f(0,t) — 0, t — 0. (1.7.27)
Hence, for sufficiently large T we have
—F(() +A(t) <0, t>T.

Then for ¢t > T the transition of the trajectory from left to right through the point (j is
impossible by (1.7.20). Therefore, a = b = ¢, where ¢, € @ since F(qy) = 0 by (1.7.20).
Hence (1.7.26) implies

C(t) = qy, t— o0, (1.7.28)
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Further,
Ot —|z|) =1, t— o0 (1.7.29)

uniformly in |z| < R. Then (1.7.25) and (1.7.28) imply that
Ps(t) = ¢+ G, t— oo,

where the convergence holds in L? (R?). It remains to verify the convergence of ¢g(t).

We have ”
@Z}S(ff;t) = ﬂ{’(t —|z]), |z| <t.

47 |x|
From (1.7.20), (1.7.27) and (1.7.28) it follows that {(t) — 0 as t — oo. Then
Ps(t) =0, t—o00

. 2
in L.

(R?) by (1.7.29).

This completes the proof of Theorem 1.7.6.
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1.8 Comparison with dissipative systems

All above results on global attraction to stationary states refer to ‘generic’ systems with
a trivial symmetry group. These systems are characterized by a suitable discreteness of
attractors, by Wiener condition, etc.

Global attraction to stationary states (0.0.7) resembles similar asymptotics (0.0.1) for
dissipative systems. However, there are a number of fundamental differences:
I. In dissipative systems
e the (point) global attractor always consists of stationary states;
e the global attraction (0.0.7) to stationary states is due to the energy absorption;
e the global attraction (0.0.1) holds only as t — +o00;
e this attraction can hold n bounded and unbounded domains,

e this attraction is due to the absorption of energy and holds mainly in suitable global
norms;

e such global attraction to stationary states also holds for all finite-dimensional dissipative
systems.

IT. On the other hand, in Hamiltonian systems

e the global attractor may differ from the set of stationary states, as will be seen below;

e the global attraction (0.0.7) to stationary states is due to the radiation of energy to
infinity, which plays the role of energy absorption;

e this attraction takes place both as t — oo, and as t — —o0;
e this attraction holds only in unbounded domains;
e the attraction holds only in local seminorms;

e the attraction to a proper subset cannot hold for finite-dimensional Hamiltonian systems
due to energy conservation.



Chapter 2

Global Attraction to Solitons

In this chapter we present the first results [57, 60| on global attraction to solitons (0.0.12)
for the scalar wave field coupled to the charged relativistic particle. This result was
extended in [58, 59] to similar system with the Maxwell field.

67
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2.1 'Translation-invariant wave-particle system

In [57] the system (1.5.1)—(1.5.2) was considered in the case of zero potential V' (z) = 0:

¢($7t) = Aw(xvt) o p(x - q(t))7 x € R’
o(t) : (2.1.1)
1+ p2(t)

itt) 50 =~ [ Vole,pta — alt) da
which can be written in the Hamiltonianform (1.5.3). The Hamiltonian of this system
is given by (1.5.4) with V' = 0, and it is conserved along trajectories. By Lemma 1.5.2
with V(x) = 0, global solutions exist for all initial data Y (0) € £, and a priori estimates
(1.5.11) hold.

This system is translation-invariant, so the corresponding full momentum
P=p-— /ﬂ(x)v¢(x) dx (2.1.2)

is also conserved. Respectively, the system (2.1.1) admits traveling-wave type solutions
(solitons)

Uy(x —a—vt), q(t) =a+vt, p, =v/V1—12 (2.1.3)

where v,a € R3, and |v| < 1. The solitons are easily determined: for |v| < 1 there is a
unique function 1, which makes (2.1.3) a solution to (2.1.1),

wnle) = = [ dylar |ty - 2y + My - 2)1) (o) 2.14)

where we set A = /1 —v? and @ = ) + 2, where zy|jv and z; Lv for z € R?. Indeed,
substituting (2.1.3) into the wave equation of (2.1.1), we get the stationary equation

(v V)5u(2) = At(z) — pla). (2.1.5)
Through the Fourier transform
bo(k) = =p(k)/ (K = (v k)?), (2.1.6)

which implies (2.1.4). The set of all solitons forms 6-dimensional solitary manifold in the
Hilbert phase space &:

S={Sa= W(r—a), m(x—a),a, p,): v,acR |v|<1}, (2.1.7)

where 7, := —vV1),. Recall that the spaces £ and &, and the corresponding norms were
introduced in Definition 1.5.1. The following theorem is the main result of [57].

Theorem 2.1.1. Let the Wiener condition (1.5.13) hold and o > 3/2. Then for any
initial state Y (0) € &,, the corresponding solution Y (t) = (¢(t),w(t),q(t),p(t)) of the
system (2.1.1) converges to the solitary manifold S in the following sense:

G(t) =0, 4q(t) — vy, t — +oo, (2.1.8)

(6(, 1), 0, 1)) = (g (7 — 4(8)), T (2 — a(8)) + (s (0, 8), 56 (2, 8), (2.1.9)

where the remainder decreases locally in the comoving frame: for each R > 0

IVre(q(t) + 2, t)|| g+ |re(q(t) + 2, ) ||g + ||s<(q(t) +z,8)||g — 0,  t— +oo. (2.1.10)
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The theorem means that, in particular,
Y(x,t) ~ y(z — vt + 04(t)), where Oi(t) =0, t— oo, (2.1.11)

The proof [57] relies on a) relaxation of acceleration (1.5.17) in the case V' = 0 (see
Remark 1.5.9 i)), and b) on the canonical change of variables to the comoving frame.
The key role is played by the fact that the soliton S, , minimises the Hamiltonian (1.5.4)
(in the case V = 0) with a fixed total momentum (2.1.2), which implies orbital stability
of solitons, see [103, 104]. In addition, the proof essentially relies on the strong Huygens
principle for the three-dimensional wave equation.

Before entering into more precise and technical discussion, it may be useful to give
general idea of our strategy. As was mentioned above, the total momentum (2.1.2) is
conserved because of translation invariance.

We transform the system (2.1.1) to new variables (¥ (z),I1(z), Q, P) = (¢¥(q+x), 7(q+
x),q, P(1,q,m, p)). The key role in our strategy is played by the fact that this transforma-
tion is canonical, which is proved in Section 2.1.4. Through this canonical transformation
one obtains the new Hamiltonian

Hp(U, 1) = H(, 7, ¢, p)
_ / B <%|H(:f;)|2+%|V\P(1’)|2+‘1’($)P(1’)> + [1—{— <P—|—/ 2 T1(x) V\I’(ZL')>2}1./2

Since @ is the cyclic coordinate (i.e., the Hamiltonian Hp does not depend on @), we
may regard P as a fixed parameter and consider the reduced system for (¥, II) only. Let
us define

mo(z)=— - Vi), (x), P(v):pv+/ Bz v - Vipy () Voo (), po = v/(1—0?)12. (2.1.12)

We will prove that (,,7,) is the unique critical point and moreover, global minimum of
Hpw) - Thus, if initial data is close to (1, m,), then corresponding solution must remain
close forever by conservation of energy, which translates into the orbital stability of the
solitons. Here we follow the ideas of the D. Bambusi and L. Galgani paper [102], were
the orbital stability of solitons for the Maxwell-Lorentz equations was proved for the first
time. For a general class of nonlinear wave equations with symmetries such approach to
orbital stability of the solitons was developed in [103, 104].

However, the orbital stability by itself is not enough. It only ensures that initial
states, close to a soliton, remain so, but does not yield the convergence of ¢(¢) in (2.1.8),
and even less the asymptotics (2.1.9), (2.1.10). Thus we need an additional, not quite
obvious argument which combines the relaxation (1.5.17) with the orbital stability in
order to establish the soliton-like asymptotics (2.1.8), (2.1.9), (2.1.10). As one essential
input we will use the strong Huygens principle for wave equation.

2.1.1 Canonical transformation and reduced system

Since the total momentum is conserved, it is natural to use P as a new coordinate. To
maintain the symplectic structure we have to complete this coordinate to a canonical
transformation of the Hilbert phase space £.
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Definition 2.1.2. Let the transform T : £ — £ be defined by

T:Y=(mqp) =Y =(¥(2),1(2),Q,P) = (Y(q+x),m(qg +x),q, P4, q, T,p)) : |
2.1.13
where P(1,q,m,p) is the total momentum (2.1.2).

Remarks 2.1.3. i) The map T is continuous on £ and Fréchet-differentiable at points
Y=(v, q, 7, p) with sufficiently smooth ¢ (z), 7(x), but it is not everywhere differentiable.
ii) In the T-coordinates the solitons Y, ,(t) = (¢, (x —a—vt), m,(x —a—vt), ¢ = a+vt, p,)
become stationary except for the coordinate @,

TY, .(t) = (Yu(z), mp(2),a + vt, P(v)) (2.1.14)
with the total momentum P(v) of the soliton defined in (2.1.12).
Denote HT(Y) = H(T™'Y) for Y = (¥, 11,Q, P) € £. Then

H(U,IL,Q, P) = Hp(V, 1) = H(¥(z — Q),l(x — Q),Q, P+ / dx(z) VU(x))

~ [ @ [P+ 5 IVe@R + wp@] + (14 [P+ [ Erne veE]?)

The functionals H? and H are Fréchet-differentiable on the Hilbert phase space &.

Proposition 2.1.4. Let Y(t) € C(R,E) be a solution to the system (2.1.1). Then
YI(t) = TY(t) = ((t),11(¢), (1), p(1)) € C(R,E)

18 a solution to the Hamiltonian system

I T T T
{\II_DHH , II=—DyH (2.1.15)

Q= DpH", P=-DoH"

Proof. The equations for U, II and @ can be checked by direct computation, while the
one for P follows from conservation of the total momentum (2.1.2) since the Hamiltonian
HT does not depend on Q. n

Remark 2.1.5. Formally, Proposition 2.1.J follows from the fact that T is a canonical
transform, see Section 2.1.4.

Recall that @ is a cyclic coordinate. Hence, the system (2.1.15) is equivalent to a
reduced Hamiltonian system for ¥ and II only, which can be written as

U =DpHp, Il=—DyHp. (2.1.16)

Due to (2.1.14), the soliton (¢,,m,) is a stationary solution to (2.1.16) with P = P(v).
Moreover, for every fixed P € R3, the functional Hp is Fréchet-differentiable on the
Hilbert phase space F = H' @ L?. Hence, (2.1.16) implies that the soliton is a critical
point of Hp(,) on F . The next lemma demonstrates that (¢,,7,) is a global minimum of
H P(v) on F.
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Lemma 2.1.6. i) For every v € R?* with |v| < 1 the functional Hp(, has the lower bound

!v|

M) (BT =Hpg (1, 1) =~ ([ V(=) [P+T=m ), (¥, € F. (2:1.17)

i) Hpw) has no other critical pomts on F except the point (1, m,).
Proof. i) Denoting ¥ — 1), = ¢ and Il — 7, = 7, we have

Hpw) (Yo t+t0, Ty +7) = Hp) (Yo, T) = /dgfv(m(ﬂc)ﬂ(x)JrV%(x) - Vip(x)+p(x)y(x))

+ / &z (V@) + 7)) + (1 + (po +m))? = (14 p))'2, (2.1.18)

N | —

where p, = P(v) + / d*x 7,(x) Vb, (), and

m = / d*x (7(z) Voo (x) + 7, (z) Vo(z) + 7(2) V().

1/2

Taking into account that v = (1 + p?)~'/?p,, we obtain

HP(U)(wU + 1/)7 Ty + 7T) - HP(U) (1/11)7 7Tv)
1

=5 [ Ealr@P + 1Vo@P) + (4522 [ Panla)pe Vo)
—(L+p)) Py -m 4 (L4 (po +m)*) > = (1+p})' /2.

It is easy to check that the expression in the third line is nonnegative. Then the lower

bound (2.1.17) follows by using |(1 4 p?)~/?p,| = |v] .

i) If (W,11) € F is a critical point for Hp(,), then it satisfies

0=1I(x) + (L +5°) "% VU(z), 0=—AV(z)+ p(z) — (1 +5°)"/*p- VI(z),

where p = P(v) + / d*xTI(x) V®(z). This system is equivalent to equation (2.1.5) for
solitons in the case of the velocity & = (1 + #?)"/2p. Hence, ¥ = o5, Il = m; and
P(0) = P(v).

It remains to check that ¥ = v. Indeed, for the total momentum P(v) of the soliton
solution (2.1.3), the Parseval identity and (2.1.6) imply

Hence, P(v) = s(|v|)v with »(|v[) > 0, and for v # 0 one has
|v] 3, |0 K)p(k)P
PO = ==+ Gy M/d e k))

Since |P(v)| = #(|v|)|v| is a monotone increasing function of |v| € [0, 1), we conclude that
v =. [l

Remark 2.1.7. Proposition 2.1.4 is not really needed for the proof of Theorem 2.1.1.
However, the Proposition together with (2.1.14) and (2.1.16) show that (¢, 7,) is a critical
point and suggest an investigation of the stability through a lower bound as in (2.1.17). In
Section 2.1.4 we sketch the derivation of Proposition 2.1.4 for sufficiently smooth solutions
based only on the invariance of symplectic structure. We expect that a similar proposition
holds for other translation invariant systems similar to (2.1.1).
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2.1.2 Orbital stability of solitons

We follow [102] deducing orbital stability from the conservation of the Hamiltonian Hp
together with its lower bound (2.1.17). For |v| < 1 denote
0=0(v) = [[¢*(@) = vulz = ") + [7°(x) = mo(z = )| + Ip" = pu] - (2.1.19)

Lemma 2.1.8. Let Y(t) = (¢(t),7(t),q(t),p(t)) € C(R,E) be a solution to (2.1.1) with
an initial state Y (0) = Y9 = (¢°, 79, ¢°, p°) € €. Then for every e > 0 there exists a §. > 0
such that

10(q(t) + ,t) — (@) || + I (q(t) + z,t) — m(x)]| + [p(t) —po| <&, teR (2.1.20)
provided § < 6,.

Proof. Denote by P° the total momentum of the considered solution Y (t). There exists a
soliton solution (2.1.3) corresponding to some velocity v with the same total momentum

P(0) = P°. Then (2.1.19) implies that |P° — P(v)| = |P(0) — P(v)| = O(4). Hence also
|0 —v| = O(9) and
160(2) — (= )| + 7°(@) — 7oz — @) + |6 — o] = O(6) .

Therefore, denoting (V°, Q°, T1°, P%) = TY?, we have

Hpe) (P, 11°) — Hpe) (Vs , ps) = O(5?). (2.1.21)
Total momentum and energy conservation imply that for (U(t), Q(t),I1(t), P°) = TY (t)

Hpw (¥ (), (1) = H(TY () = Hpe)(P°,11°) for t € R.
Hence (2.1.21) and (2.1.17) with ? instead of v imply
() = ol + [[TL(E) — mal| = O() (2.1.22)

uniformly in ¢ € R. On the other hand, total momentum conservation implies

p(t) = P(0) + (II(t), V(1)) for t € R.

Therefore (2.1.22) leads to

p(t) — ps| = O(9) (2.1.23)
uniformly in ¢ € R. Finally (2.1.22), (2.1.23) together imply (2.1.20) because |0 — v| =
O(9) . O

2.1.3 Strong Huygens principle and soliton asymptotics

We combine the relaxation of the acceleration and orbital stability with the Strong Huy-
gens principle to prove Theorem 2.1.1.

Proposition 2.1.9. Let the assumptions of Theorem 2.1.1 be fulfilled. Then for every
d > 0 there exist a t, = t.(0) and a solution Y,(t) = (Yu(,t), m(x,1),q.(t), p:(t)) €
C([ts,0),E) to the system (2.1.1) such that
i) Yi(t) coincides with Y (t) in the future cone,
()= q(t) for t>t,, (2.1.24)
Uu(z,t) = Pz, t)  for |x—q(ty)] <t—t.. (2.1.25)

i) Yi(t.) is close to a soliton Y, , with some v and a,

1Ya(t,) — Yialle < 6. (2.1.26)
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Proof. The Kirchhoff formula gives

V(@ t) = Y(,t) + ¥o(z,t),  zER’ >0,

where
aat) = = [ oty =t =l = o) (2.1.27)
Tx7 - 47T|x_y|f)y q X y 9 b
Yo(x,t) = = d? (0)+2 QL/“ d*y(y,0) (2.1.28)
0 ’ - 47Tt St(x) ymy, 8t 47Tt St(x) y Y ' o

Here S;(x) denotes the sphere |y — x| = t. Let us assume for simplicity that initial fields
vanish. General case can be easily reduced to this situation using the strong Huygens
principle. We will comment on this reduction at the end of the proof.

In the case of zero initial data the solution reduces to the retarded potential:

Uz, t) =Y. (x,t), xR t>0.

We construct the solution Y, (t) as a modification of Y (). First, we modify the trajectory
q(t). The relaxation of acceleration (2.1.8) means that for any ¢ > 0 there exist t. > 0
such that

()] <e, t>t..

Hence, the trajectory for large times locally tends to a straight line, i.e., for any fixed
T>0

q(t) = q(te) + (t — t)q(t:) + r(te,t), where t én?)iﬂ |r(te,t)| = 0, t. — 0.
E Este

Denote A\.(t) := q(t.) + ¢(t.)(t — t.) and define modified trajectory as

o A(t), t<t. (2129
(1) = : 1.
! q(t), t> 1.
Then
() 0, t <t
gs\l) = .
q(t), t>t.
The next step we define the modified field as retarded potential of type (2.1.27)
d*y 3
Vu(2,t) = — | —————ply—q(t—|r—y|), z€R’ teR (2.1.30)
drle —y|

Lemma 2.1.10. The right hand side of (2.1.30) depends on the trajectory q.(T) only from
a bounded interval of time T € [t — T'(x,t),t], where

Ryt Jr—q(t)

T(x,t) : 1 7

(2.1.31)

Here v =sup|q(t)| <1 by (1.5.11).

teR
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Proof. This lemma is obvious geometrically, and its formal proof also is easy. The inegrand
of (2.1.30) vanishes for |y — ¢.(t — |x — y|)| > R, by (1.5.14). Therefore, the integral is
spreaded over the region |y — ¢.(t — |v —y|)| < R,, which implies |y — g, (¢) + ¢.(t) — q.(t —
|z —y|)| < R,. Hence,

Y = ¢.()] < Ry + vz —yl.

On the other hand, |z — y| < |z — ¢.(t)| + |y — ¢.()|, and hence,

v —a. ()] 2 =z — ¢.(O)| + |z — yl.
Therefore,
—lz —q.(t)| + [z —y[ < R, +V[z -y,
which implies
R, + |z — q.(t)]
1-7 '
Now the lemma is proved. O

lz—y| <

The potential (2.1.30) satisfies the wave equation
Vo, t) = Aipy(z,1) — plz — qu(t)), z€R3 teR,
We should still prove equations for the trajectory g, (¢):

ps(t)

G(t) = —F——m 0

with sufficiently large ¢, > t.. Let us note that the integral here is spreaded over the ball
|z —q.(t)] < R,. Now Lemma 2.1.10 implies that ¢, (z,t) depends on the trajectory ¢.(7)
only from a bounded interval 7 € [t — T, t], where

pu(t) = — / V. (z, t)p(x — q.(t)) dx, t >t (2.1.32)

- 2R,

1—7

Let us define t, :=t. + T. Then by Lemma 2.1.10

Uiz, t) = (. t), t>t., |o—q) <R,

since ¢.(t) = q(t) for t > t, — T = t. by (2.1.29). Hence, equations (2.1.32) hold for ¢.(¢)
as well as for ¢(t).

It remains to prove (2.1.26). The key observation is that outside the cone K. :=
{(x,t) € R*: |z —q(t.)| < t—t.} the retarded potential (2.1.30) coincides with the soliton
Yy alx,t), where v = ¢(t.) and a = ¢(t.) by our definition (2.1.29). In particular,

Y(x,te) = Yyo(z —a —vty), v —q(t)|>t.—t.=T.

In the ball |z — q(t.)| < T the coincidence generally does not hold, but the difference
of the left hand side with the right hand side converges to zero as ¢ — 0 uniformly for
|z — q(t.)| < T, and such uniform convergence holds for the gradient of the difference.
This follows from the integral representation (2.1.30) by Lemma 2.1.10 since

L(1) — At *t_)\at 0, 0
te(t*—rgl“%ﬁ*)7t*)[|q () = A(O)] +1¢: () = A ()] = £ —
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by the relaxation of acceleration (2.1.8). It is important that T'(z,?.) is bounded for
|z —q(t.)| < T by (2.1.31). This proves Proposition 2.1.9 in the case of zero initial data.
The next step is the proof for initial data with bounded support:

Y(x,0) = m(z,0) =0, |z| > Ry.

Now we apply the strong Huygens principle: in this case the potential (2.1.28) vanishes
in a future cone,
wo(l‘,t>:0, |ZE| <t—R0.

However, the estimate |G(t)| <7 < 1 implies that the trajectory (¢q(t),t) lies in this cone
for all ¢ > ty. Hence, the solution for ¢ > ¢, again reduces to the retarded potential and
the needed conclusion follows.

Finally, arbitrary finite energy initial data admits a splitting in two summands: the
first vanishing for |x| > Ry and the second vanishing for |x| < Ry — 1. The energy of the
second summand is arbitrarily small for large Ry, and the energy of the corresponding
potential (2.1.28) is conserved in time since it is a solution to free wave equation. Hence,
its role is negligible for sufficiently large Rj. O

Now we can prove our main result.
Proof of Theorem 2.1.1 For every ¢ > 0 there exists ¢ > 0 such that (2.1.26) implies
by Lemma 2.1.8,

904 (qu(t) + 2, ) — P (2)]] + || (qu(t) + 2, 8) — T () || + |G (t) — v] < € for t > ¢,

R
Therefore, (2.1.24) and (2.1.25) imply that for every R > 0 and t > t, + T—%

1(q(t) + 2, 1) = Vo(@)lr + lI(q(t) + 2, ) = 7o(2)]|r + 14(t) — v]
= [[9:(gu(t) + 2, 8) = (@)l r + |1me(gu(t) + 2,8) — mo(@)[[R + [u(t) —v] <.

Since £ > 0 is arbitrary, we conclude (2.1.10). Theorem 2.1.1 is proved.

2.1.4 Invariance of symplectic structure

The canonical equivalence of the Hamiltoniansystems (2.1.1) and (2.1.15) can be seen
from the Lagrangian viewpoint. We remain at the formal level. For a complete mathe-
matical justification we would have to develop some theory of infinite dimensional Hamil-
toniansystems which is beyond the scope of this book.

By definition we have HT(V,I1,Q,P) = H(¢, 7, q,p) with the arguments related
through the transformation 7". To each Hamiltonian we associate a Lagrangian through
the Legendre transformation

L,ah,q.q) = (m)) +p-G—H@, 7 q,p), =DM, ¢=DH,
LT0,0,Q,Q) = LW +P-Q—-HT(V,II,Q,P), ¥=DyH', Q=DpH".

These Legendre transforms are well defined because the Hamiltonian functionals are con-
vex in the momenta.

Lemma 2.1.11. The following indentity holds,

LY(¥,¥,Q,Q) = L(¥, v, q,9).
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Proof. Clearly we have to check the invariance of the canonical form,
LYY +P-Q=(m)+p-q. (2.1.33)

For this purpose we substitute

M(z) = =(q+a), U(z) = d(g+2)+q-Vilg+o)
Po—p- [0V Q=

Then the left hand side of (2.1.33) becomes

(m(a+2),d(q+2) +¢- V(g +a) + (p— (n(2), Vi(x)) -4 = (m,0) +p- 4.
The lemma is proved. O

This lemma implies that he corresponding action functionals are identical when trans-
formed by T'. Hence, finally, the two Hamiltonian systems (2.1.1) and (2.1.15) are equiva-
lent since dynamical trajectories are stationary points of the respective action functionals.

2.1.5 Translation-invariant Maxwell-Lorentz system

In [58] asymptotics of type (2.1.8)—(2.1.10) were extended to the Maxwell-Lorentz transla-
tion-invariant system (1.6.1) without external fields. In this case, the Hamiltonian coin-
cides with (1.6.3) where V(z) = 0. The extension of methods [57] to this case required a
new detailed analysis of the corresponding Hamiltonian structure which is necessary for
the canonical transformation. Now the key role in applying strong Huygens principle is
played by new estimates of long-time decay for oscillations of energy and total momentum
for solutions of perturbed Maxwell-Lorentz system (estimates (4.24)-(4.25) in [58]).
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2.2 The case of weak coupling

In [60] the soliton asymptotic of type (2.1.8)—(2.1.10) for the system (1.5.1)—(1.5.2) was
proved in a stronger form for the case of a weak coupling

ol r2@s) < 1. (2.2.1)

Namely, in [60] initial fields are considered with decay |x|~%/?7¢, where ¢ > 0 (condition
(2.2) in [60]) provided that VV'(q) = 0 for |q| > const. Under these assumptions, more
strong decay holds,

G| < C+ ), teR (2.2.2)

for ‘outgoing solutions’ that satisfy the condition
lq(t)] — oo, t — +o0. (2.2.3)

With these assumptions asymptotics (2.1.8)—(2.1.10) can be significantly strengthen: now

4(t) = vx, (W2, 1), 7(2, 1)) = (Pos (2-9(1)), T (2=4(0))) FW () P (r (2, 1), 54(2, 1)),

where ‘dispersion waves’ W (t)®y are solutions of a free wave equation shown on Fig.
2.1.

Figure 2.1: Soliton and dispersion waves

Now the remainder converges to zero in global energy norm:
IVre(a(®), Ol + llr=(a(®), Ol + s (q(t), )| = 0, = oo

This progress compared with local decay (2.1.10) is due to the fact that we identified a
dispersion wave W (¢)®, under the condition of smallness (2.2.1). This identification is
possible due to the rapid decay (2.2.2), in difference with (1.5.17).

All solitons propagate with velocities v < 1, and therefore they are spatially separated
for large time from the dispersion waves W (¢)®,., which propagate with unit velocity (Fig.

2.1).
The proofs rely on integral Duhamel representation and on rapid dispersion decay
of solutions to free wave equation. Similar results were obtained in [126] for a system

of type (1.5.1)—(1.5.2) with the Klein-Gordon equation, and in [59] for the Maxwell-
Lorentz equations (1.6.1) with the same smallness condition (2.2.3) under assumption
that E**(z) = B**(z) = 0 for |z| > const. In [91], this result was extended to the
Maxwell-Lorentz equations of type (1.6.1) with a rotating charge.
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Remark 2.2.1. The results of |60, 91] imply A. Soffer’s ‘Grand Conjecture’ [161, p. 460|
in a moving frame for translation -invariant systems under the condition of smallness
(2.2.1).

Open problem. Global attraction to solitons for the relativistically-invariant nonlinear
wave equations

U(x,t) = —A(z,t) + f(Y(z,t)), rz e R"” (2.2.4)

is still an open problem. Numerical simulations [01] for the case n = 1 confirm the
asymptotics (0.0.13) for a broad class of the nonlinearities, see Chapter 6.



Chapter 3

Global Attraction to Stationary Orbits

In this chapter we present with details the first results on global attraction to stationary
orbits (0.0.15) obtained in [65]-[67]. The results concern the global attraction for 1D
Klein—Gordon equation coupled to a nonlinear oscillator.

Besides the formal proof, we give in Section 3.9 an informal explanation of the non-
linear radiation mechanism.

In conclusion, we specify the general conjecture (0.0.6) which summarises all results
on global attractors of Chapters 1, 2 and 3 (see Section 3.10).

79
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3.1 Nonlinear Klein—Gordon equation

The first results on global attraction to stationary orbits (0.0.15) were established in
[65]-]67] for the Klein—-Gordon equation coupled to nonlinear oscillator

Bl t) = ¢ (@) — mP(e, 1) + 6@ F(H(0,1),  zER (3.11)
Asymptotics (0.0.6) for this equation means the single-frequency asymptotics (0.0.15),
Y(w,t) ~ Py(x)e t — +oo. (3.1.2)

We consider complex solutions, identifying complex values ©» € C with the real vectors
(¢1,19) € R?, where ¢; = Re v and v, = Im 9. Suppose that F' € C'(R? R?) and

F¥)=-VU®), veC, (3.1.3)

where U is a real function and V := (0;, ;). In this case the equation (3.1.1) is formally
equivalent to the Hamiltonian system (1.1.2) in the Hilbert phase space £ := H'(R) &
L?*(R). The Hamiltonian functional is

o = [ [IF@F + W @F + mu@)P] do+ V@), @mes Gy

Let us write (3.1.1) in the vector form as
Y(t)=F(Y(t), teR, (3.1.5)
where Y (t) = (4(t),4(t)). We assume that

1}}2%(](2/1) > —00. (3.1.6)

In this case, a finite energy solution Y (t) € C'(R, &) exists and is unique for any initial
state Y (0) € £. The a priori bound

Stlelﬂg[W(t)HL?(R) YO m @) < oo (3.1.7)

holds due to conservation of the energy (3.1.4). Note that the confining condition of type
(1.5.7) is no longer necessary, since conservation of energy (3.1.4) with m > 0 ensures the
boundedness of solutions.

Further, we assume the U(1)-invariance of the potential:

Uw)=u(ly]), +eC (3.1.8)
Then the differentiation in (3.1.3) gives us that
F(p) =a(lY)y,  »eC, (3.1.9)
and therefore
F(e%) =e’F(y), HeR. (3.1.10)

By ‘stationary orbits’ we mean solutions of the form

P(x,t) = ()e ! (3.1.11)
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with w € R and 1, € H'(R). Each stationary orbit corresponds to some solution of the
equation

— Wiy (x) = Y (2) — m*h,(x) + 3(2) F(¥u(0)),  z€R, (3.1.12)
which is the nonlinear eigenvalue problem . Solutions v, € H'(R) of this equation have

the form
V() =Ce e, x:=vVm2—w?>0,

and the constant C' satisfies the nonlinear algebraic equation 2»C' = F(C'). Hence, the
solutions v, exist for w in some subset Q2 C R lying in the spectral gap [—m,m]. We
denote the corresponding solitary manifold by S:

S = {(e",, —iwey,) € E 1w e Q, 60,27} (3.1.13)

Finally, suppose that the equation (3.1.1) is strictly nonlinear:

U(y) = u(l4]?) Zuﬂwﬂ uy >0, N>2 (3.1.14)

For example, the well-known Ginzburg—Landau potential U(v¢)) = alip| — bly)| satisfies all
the conditions (3.1.6), (3.1.8), and (3.1.14) for all a,b > 0.

Definition 3.1.1. i) & C H. (R*) @ L} (R?) is the space £ endowed with the seminorms

loc loc

||Y||€7R = HYHHl(—R,R) + ||YHL2(—R,R)a R = 1, 2, Ce (3115)

ii) Convergence in Er is equivalent to convergence in every seminorm (3.1.15).

It is important that convergence in £ is equivalent to convergence in the metric of
type (1.2.9),

Y1 — Ys|ler
dist[Y1, V2] § o~k ” : Y1,Y, € €. 3.1.16
ist[Y1, Ya] L+ [V — Yaller’ 1, 12 ( )

Theorem 3.1.2. Let the conditions (3.1.3), (3.1.6), (3.1.8) and (3.1.14) hold. Then any
finite energy solution Y (t) = ((t),¥(t)) € C(R,E) of (3.1.5) is attracted to the solitary
manifold (see Fig. 2):

Er

Y(t)— S, t — oo, (3.1.17)

where the attraction is in the sense of (1.2.18).

Generalizations and open questions

Generalizations: The global attraction to stationary orbits (3.1.17) was extended in
[68] to the 1D Klein—Gordon equation coupled to N nonlinear oscillators

bz, t) =" (2, t) —m ¢+25 & — 24)Fr((z, 1)), x € R, (3.1.18)
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and in |64, 69, 70] it was extended to the nonlinear Klein-Gordon and Dirac equations
with a non-local interaction in R™ with n > 3

’(/)(‘%t) = A¢(xvt)_m2¢+Zp($_$k)Fk(<¢("t)7p('_xk»)v (3'1'19)

k=1
W t) = (—ia- Y+ Bm)e + p@) P (1), 9), (3.1.20)
under the Wiener condition (1.5.13). Here a« = (a1,...,a;,) and § = ap are Dirac

matrices.

Recently, the global attraction to stationary orbits (3.1.17) was extended in [72, 53, 73]
to the 3D wave and Klein-Gordon equations with concentrated nonlinearities, and in 7]
it was extended to the 1D Dirac equation coupled to a nonlinear oscillator.

In addition, the global attraction to stationary orbits (3.1.17) was extended in [03]
to nonlinear space-time discrete Hamiltonian equations that are discrete approximations
of equations of type (3.1.19), that is, they are the corresponding difference schemes.
The proof relies on a new version in [71] of the Titchmarsh convolution theorem for
distributions on a circle.

Open questions:

L. Global attraction (3.1.2) to stationary orbits with fixed frequencies w. has not yet been
proved.

II. Global attraction to stationary orbits for nonlinear Schrédinger equations has also not
been proved. In particular, such global attraction is not proved for the 1D Schrodinger
equation coupled to a nonlinear oscillator

ip(z,t) = =" (z,t) + §(x) F(¢(0,1)), r €R. (3.1.21)

The main difficulty is the infinite ‘spectral gap’ (—o0,0) (see Remark 3.8.2).

IT1. Global attraction to stationary orbits is still an open problem for the relativistically-
invariant nonlinear Klein-Gordon equations (2.2.4) in the case when f(¢) = —VU ()
with U(1)-invariant potential U(v) = u(|¢)|).
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3.2 Omega-limit trajectories

The proof of Theorem 3.1.2 is based on the general strategy of omega-limit trajectories
first introduced in [65], and developed further in [66]-[74] and [63, 64].

Definition 3.2.1. An omega-limit trajectory for a given function Y (t) € C(R,E) is any
limit function Z(t) such that

Y(t+s) 25 Z(), teR, (3.2.1)

as Sj—>OO.

Definition 3.2.2. A function Y (t) € C(R, &) is omega-compact if for any sequence s; —
oo there exists a subsequence s;; — oo such that (3.2.1) holds.

These concepts are useful in view of the following lemma, which lies at the basis of
our approach.

Lemma 3.2.3. Suppose that any solution Y (t) € C(R,E) of (3.1.5) is omega-compact,
and any omega-limit trajectory is a stationary orbit:

Z(x,t) = (P (x)e” ™", —iwih, (z)e ™", (3.2.2)

where w € R. Then the attraction (3.1.17) holds for each solution Y (t) € C(R,E) of
(3.1.5).

Proof. We need to show that
tlggo dist(Y'(¢),S) = 0.
Assume by contradiction that there exists a sequence s; — oo such that
dist(Y'(s;),S8) > 6 >0 VjeN. (3.2.3)

According to the omega-compactness of the solution Y, the convergence (3.2.1) holds for
some subsequence s;; — 0o and some stationary orbit (3.2.2):

Y(t+s) 25 Z(t), teR (3.2.4)

But this convergence with ¢ = 0 contradicts (3.2.3), since Z(0) € S by definition (3.1.13).
[

For the proof of Theorem 3.1.2 it now suffices to check the conditions of Lemma 3.2.3:

I. Each solution Y (t) € C(R, &) of (3.1.5) is omega-compact.
II. Any omega-limit trajectory is a stationary orbit (3.2.2).

We check these conditions by analyzing the Fourier transform of solutions with respect
to time. The main steps of the proof are as follows:

(1) Spectral representation for solutions of the nonlinear equation (3.1.1):

b(t) = — / e () do.

2
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By the spectrum of a solution ¢ (t) := 9(-,t) we mean the support of its spectral density
¥(+), which is a tempered distribution of w € R with values in H'.

(2) The absolute continuity of the spectral density ¥(w) on the continuous spectrum
(—00, —m) U (m, 00) of the free Klein-Gordon equation. This is a nonlinear analogue
of the Kato theorem on the absence of embedded eigenvalues.

(3) The omega-compactness of each solution.
(4) The reduction of the spectrum of each omega-limit trajectory to a subset of the spectral
gap [=m,m].

(5) Reduction of this spectrum to a single point using the Titchmarsh convolution theorem.

Below we follow this program, referring at some points to the papers [65] and [67] for
technically important properties of quasimeasures.
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3.3 The limiting absorption principle

It suffices to prove the global attraction to stationary orbits (3.1.17) only for positive times.
For simplicity we consider only the solution 1 (x,t) to equation (3.1.1) corresponding to
zero initial data:

Y(x,0) =0,  t(z,0)=0. (3.3.1)
The general case of non-zero initial data can be reduced to this case by a trivial subtraction
of the dispersion wave which is solution of the free Klein—-Gordon equation with given
initial data |65, 67]. We extend ¢ (x,t) and f(t) := F(¢(0,t)) by zero for t <0

_ | ¥(z,t), t>0, [ f®), t>o,
bl t) = { R O T A (33.2)
From (3.1.1) and (3.3.1) it follows that these functions satisfy the equation
772)'4-(:57 t) = iIl—(xa t) - m2¢+(%t) + (5([E‘)f+<t>, (I‘,t) S R2 (333>

in the distribution sense.

The Fourier—Laplace transform with respect to time. For tempered distributions
g(t), we let g(w) denote their Fourier transform, which is defined for g € C§°(R) by

g(w) = / e“'g(t) dt, weR.
R

The a priori estimates (3.1.7) imply that ¢, (z,t) and f, () are bounded functions of ¢ € R
with values in the Sobolev space H!'(R) and in C, respectively. Therefore, their Fourier
transforms are (by definition) quasimeasures with values in H'(R) and in C, respectively
[1]. Moreover, these Fourier transforms can be extended from the real axis to analytic
functions in the upper complex half-plane C* := {w € C : Imw > 0} with values in
H'(R) and in C respectively:

b (2,w) = /0 etp(a ) dt, Ty (w) = /0 G, we .

Further, we have the following convergence of tempered distributions with values in H*
and C, respectively:

6_8t¢+(;p’t) —)77[)_,_(1',25), e_stf-l-(t) _>f+(t)7 e—=>0+.
Hence, their Fourier transforms also converge in the same sense:
by (2,0 + ig) = Py (z,w), frlw+ie) = fi(w), e—=>0+. (3.3.4)

The analytic functions ¢, (z,w) and f(w) grow (in norm) no faster than |[Imw|™! as
Imw — 0+ in view of (3.1.7). Hence, their boundary values at w € R are tempered
distributions of small singularity: they are the second-order derivatives of continuous
functions, as in the case of fi(w) = i/(w — wp) with wy € R, which corresponds to

fr(t) = 0(t)e™"0t.
The limiting absorption principle. By (3.3.1), in terms of the Fourier transform the
equation (3.3.3) becomes the stationary Helmholtz equation

— Wiy (v,w) = P (2,w) — m* (z,w) + 5(2) fi (W), z e R (3.3.5)
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This equation has two linearly independent solutions, but only one of them admits an
analytic continuation to the upper complex half-plane Im w > 0 with values in H'(R):

oik(w)z]

2ik(w)’

Vi (z,w) = —f+(w)

Im w > 0. (3.3.6)

Here k(w) := vw? — m?, where the branch has a positive imaginary part for Im w > 0.
For the other branch this function grows exponentially as |x| — o0o. Such an argument
in the selection of solutions of stationary Helmholtz equations is known as the limiting
absorption principle in diffraction theory [189, 10].

Spectral representation. We rewrite (3.3.6) in the form
Vo (x,w) = d(w)e* @l Imw >0, where «(t) := 1, (0,1). (3.3.7)

It is a non-trivial fact that the identity (3.3.7) between analytic functions keeps its struc-
ture for their restrictions to the real axis, which are tempered distributions:

Vo (2, w4 10) = (w4 i0)er @Okl e R, (3.3.8)

where ¥ (-,w + i0) and @(w + i0) are the corresponding quasimeasures with values in
H'(R) and C, respectively. The problem is that the factor M,(w) := e*@+Oll j5 not
smooth with respect to w at the points w = +m. Correspondingly, the identity (3.3.8)
must be justified, based on quasimeasure theory [67].

Finally, the inversion of the Fourier transform can be written as
L - . —iwt L . ik(w+i0)|z| —iwt
Qﬁ-&-(w7t) :2_<7/)+<-T>W+Zo)a€ > :2—<a(w+z())e , € >7 z,t € R, (339)
T T

where (-,-) is a bilinear duality between distributions and smooth bounded functions.
The right-hand side exists by Theorem 3.4.1, see below.
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3.4 A non-linear analogue of Kato’s theorem

It turns out that the properties of the quasimeasures &(w + i0) with |w| < m and that
with |w| > m differ significantly. This is because the set {iw : |w| > m} is the continuous

spectrum of the generator
0 1
A=
(0 0);

which is the generator of the free Klein-Gordon equation. The following theorem plays
a key role in the proof of our main Theorem 3.1.2. It is a nonlinear analogue of Kato’s
theorem on the absence of embedded eigenvalues in the continuous spectrum (see Remark
3.4.4 below). Let ¥ := {w € R : |w| > m}. Below we will also write &(w) and k(w)
instead of &(w + ¢0) and k(w + i0) for w € R.

Theorem 3.4.1. (see |67, Proposition 3.2|). Let the conditions (3.1.3), (3.1.6), and
(3.1.8) hold, and let Y(t) € C(R,&) be any finite-energy solution of (3.1.5). Then the

corresponding tempered distribution &(w) is absolutely continuous on X. Moreover, o €
LY(X2) and

/E () 2 |w k()| do < 0. (3.4.1)

Proof. We first explain the main idea of the proof. By (3.3.9), the function ¢ (z,t) is
formally a ‘linear combination’ of the functions e™*!*l with the amplitudes #(w):

1

Vy(z,t) = — / 2(w)e*@lelg =it g, r € R.
2 R
For w € ¥ the functions e**@*l have an infinite L?(R)-norm, while v, (-, ) has a finite

L*(R)-norm. This is possible only if the amplitude is absolutely continuous on ¥.. This
idea is suggested by the Fourier integral f(x) = / e~ %% g(k)dk, which belongs to L*(R)
if and only if g € L?*(R). For example, if one tooE Z(w) = 6(w — wp) with wy € X, then
¥4 (-,t) would have infinite L*norm.

The rigorous proof relies on estimates of Paley-Wiener type. Namely, the Parseval

identity and (3.1.7) imply that

o
const

/Hzﬁ(-,w+z’5)H%l<R) dw:27r/eZEtHer(-,t)H%l(R) dt < £ 0. (34.2)
R 0

On the other hand, we can estimate exactly the integral on the left-hand side of (3.4.2).
Indeed, according to (3.3.9),

V(- w +ie) = a(w + de)e@rilal,

Consequently, (3.4.2) gives us that
5/R |a(w + i5)|2||eik(w+i5)|x|||§{1(R) dw < const, e >0. (3.4.3)

Here is a crucial observation about the asymptotics of the norm of e*@+@©l*l a5 ¢ — 0+,
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Lemma 3.4.2. i) For w € R,

- ki)l 2 _ _ J wk(w), |w[>m
i el M gy =)= { ST )
1/2
where the norm in H'(R) is chosen to be |||l = <||¢’L2||2 + m2||@/)||%2(R)> :
ii) For any 6 > 0 there exists an €5 > 0 such that for |w| > m+ 0 and € € (0,¢54),
gHeik(w+is)|$|H§{1(R) > @ (3.4.5)

Proof. Let us compute the H'(R)-norm using the Fourier representation. Namely, setting
k. = k(w +ie) so that Im k. > 0, we get F,_,, [e™*I] = 2ik. /(k? — k?) for k € R. Hence,
by the Parseval identity and the Cauchy theorem on residues

B 2\k€|2/ (k2 + m?)dk
R

i 2 _jep i

ike|z] ]2
e HHl(]R) 12— 1562

£

(k2 + m2)k;] |

Substituting here k? = (w + ig)* — m?, we get that

(w + 1€)*k(w + ig)

. 4 1
e CHEIE, o) = —Re , €>0, weR, w#0

The limits (3.4.4) now follow, since the function k(w) is real for |w| > m but is purely
imaginary for |w| < m. Therefore, the second assertion of the lemma also follows, since
n(w) > 0 for |w| > m, and n(w) ~ |w|? for |w| — co. O

Remark 3.4.3. Clearly, n(w) = 0 for |w| < m without any calculations, since in that case
the function e*@Il decays exponentially in 2, and hence, the H'(R)-norm of e**+i)lzl
remains finite as ¢ — 0+.

Substituting (3.4.5) into (3.4.3), we get that
/ & (w + ig)|Pwk(w) dw < 2C, 0 <e<ey, (3.4.6)
)

with the same C as in (3.4.3), and with the region 35 := {w € R : |w| > m + d}. We
conclude that for each 6 > 0 the set of functions

ge(w) = aw + ie)|wk(w)|1/2, e € (0,e5),

is bounded in the Hilbert space L?(3s), so by the Banach Theorem it is weakly compact.
Hence, convergence of the distributions (3.3.4) implies weak convergence in L?(¥;):

ge — 9, e — 0+,

where the limit function g(w) coincides with the distribution 2(w)|wk(w)|"/? restricted to

Y. It remains to note that the norms of g in L*(Xs) with all ¢ > 0 are bounded in view of
(3.4.6), and this implies (3.4.1). Finally, &(w) € L'(X) by (3.4.1) and the Cauchy-Schwarz

inequality. O]

Remark 3.4.4. Theorem 3.4.1 is a nonlinear analogue of the Kato theorem on the absence
of embedded eigenvalues in the continuous spectrum. Indeed, solutions of type ¥, (x)e™ %!
become 1, (x)[mid(w — wy) + U.p.i(le*)] in the Fourier-Laplace transform, and this is

forbidden for |w,| > m by Theorem 3.4.1.
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3.5 Splitting into dispersion and bound components

Theorem 3.4.1 presupposes a splitting of the solutions (3.3.9) into a ‘dispersion component’
and a ‘bound component’:

Yi(z,t) = % E(1 — ((w))a(w)er@lelgmiwt gy, 4 %@(w)@(w)eik(w)lr’ et
= Yg(x,t) + Yy(w, 1), t >0, r € R, (3.5.1)

where
((w) € CF(R), and ((w)=1 for we[-m—1m+1].

Note that ¥4(x,t) is a dispersion wave, because

Ya(x,t) = % /(1 — ((w))e ™ a(w)e* @l gy — 0, t— o0
2

according to the Riemann—Lebesgue theorem, since a € L'(X) by Theorem 3.4.1. More-
over, it is easy to prove that

(wd(" t)7¢d('a t)) — 0, t— 00 (352)

in the metric (3.1.16). Therefore, it remains to prove the attraction (3.1.17) for Yj(t) :=
(Yo, ),y (-, 1)) instead of Y (t):

Y,(t) — S, t — o0. (3.5.3)
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3.6 Omega-compactness

Here we establish the omega-compactness of the trajectory Y;(t), which is necessary for
the application of Lemma 3.2.3. First, we note that the bound component ¢,(z,t) is a
smooth function for x # 0, and

IOy (z,t) = %(((w)(zk(w) sgn ) a(w)e*@lel (—jw)lem™h ¢t >0, 240  (3.6.1)

for any 5,0 = 0,1,.... These formulas must be justified, since the function k(w) is not
smooth at the points w = £m. The needed justification is done in [65, 67] by a suitable
development of the theory of quasimeasures. These formulae imply the boundedness of
each derivative.

Lemma 3.6.1. (see |67, Proposition 4.1]). For all j,1 =0,1,2,...

sup sup |20, (z, )| < oo. (3.6.2)
z#0 teR

Proof. Note that in general the distribution &(w) is not a finite measure, since we only
know that a(t) := 1,(0,¢) is a bounded function by (3.3.7) and (3.1.7). To prove the
lemma, it suffices to check that

C(w)(ik(w) sgn 2)’ ™ (—iw)! = g, (w),

where the function g¢,(-) belongs to a bounded subset of L'(R) for z # 0 and ¢ € R.
This implies the lemma, since by the Parseval identity the right-hand side of (3.6.1) is the

convolution

(alt = 5), ga(5)),
where «(t) is a bounded function. O
Remark 3.6.2. All the properties of quasimeasures used are justified in [65, 67] by similar

arguments relying on the Parseval identity.

By the Ascoli-Arzela theorem, for any sequence s; — oo there is a subsequence s;; —
oo such that 4 '
POy (w, 550 +t) — PO B(x,t), w#0, tER (3.6.3)

for any j,I =0, ..., and this convergence is uniform on |z|+ |t| < R with any R > 0. The
estimates (3.6.2) imply that

sup |00l B(z, )| < oo. (3.6.4)

(z,t)ER2

Corollary 3.6.3. Each solution Y (t) € C(R, ) to (3.1.5) is omega-compact. This follows
from (3.5.1), (3.5.2), and (3.6.3).
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3.7 Reduction of spectrum to the spectral gap

The convergence of the functions (3.6.3) implies the convergence of their Fourier trans-
forms:

Oy, w)e %" — Bz, w), Ve eR (3.7.1)

in the sense of tempered distributions of w € R.

Lemma 3.7.1. For any z € R
B(z,w) =0, lw| > m. (3.7.2)
Proof. The convergence (3.7.1) and the representation (3.6.1) with j = = 0 imply that
C(w)a(w)eF@lele=sir _ Bz w), Ve e R (3.7.3)

in the sense of tempered distributions of w € R. Moreover, this convergence takes place
in the stronger Ascoli-Arzela topology in the space of quasimeasures [67]. In addition,
the function e~*l=l ig a multiplier in the space of quasimeasures with this topology by
Lemma B.3 of [67]). Therefore, (3.7.3) implies that

C(w)a(w)e™ ™5 — F(w) = Bz, w)e *@lel Ve e R (3.7.4)

in the same topology of quasimeasures. Applying the same lemma again, we obtain

1 | |
o= (w)e™elel em), - (2,t) R (3.7.5)
T

Blz,t) =

Note that
8(0,t) = (1) (3.7.6)
Finally, the key observation is that (3.7.4) and Theorem 3.4.1 imply that

supp ¥ C [—m, m] (3.7.7)

by the Riemann-Lebesgue theorem. O]
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3.8 Reduction of spectrum to a single point

The question arises of the available means for verifying the representation (3.2.2) for
omega-limit trajectories. We have no formulae for solutions of equation (3.1.1), and so
the only hope is to use the nonlinear equation itself.

Equation for omega-limit trajectories and spectral inclusion

The key observation, albeit simple, is that §(z,t) is a solution of the original nonlinear
equation (3.1.1) for all t € R, despite the fact that ¢, (x,t) is a solution of the equation
(3.1.1) only for ¢ > 0, due to (3.3.2).

Lemma 3.8.1. The function B(x,t) satisfies the equation (3.1.1):

B(x,t) = B'(x,t) —m?*B(z,t) + §(x)F(B(0, 1)), (z,t) € R?. (3.8.1)

Proof. This lemma follows by (3.5.2) and (3.6.3) in the limit as s;; — oo in the equation
(3.1.1) for ¢ (x, sy +t) = Ya(x, s; +t) + Yp(z, s +t) with s +¢ > 0. O

Applying the Fourier transform to the equation (3.8.1), we now get the corresponding
stationary nonlinear Helmholtz equation

— W B(z,w) = B (z,w) —m*B(z,w) + d(2) f(w),  (v,w)€R? (3.8.2)

where we define f(t) := F(5(0,t)) = F(y(t)) in accordance with (3.7.6). From (3.1.9),
we get that

f@) = ally@)Dy(t) = Ay (),  A@) :=ally@)]), teR

Finally, in the Fourier transform we get the convolution f = A%, which exists by (3.7.7).
Respectively, (3.8.2) is now

—wB(w,w) = 0" (z,w) = m*B(z,w) + 6(2)[A*](w),  (v,w) €R®
This identity implies the key spectral inclusion
supp A * 4 C supp 7, (3.8.3)

because supp 3(z,-) C supp 7 and supp 3'(z,-) C supp 7 in view of the representation
(3.7.5).

We will derive below (3.2.2) from this inclusion, using a fundamental result of Har-
monic Analysis — the Titchmarsh convolution theorem .

Titchmarsh convolution theorem

In 1926 E. C. Titchmarsh proved a theorem on the distribution of zeros of entire functions
(see [32] and [76, p. 119]), which implies, in particular, the following corollary (see [0,
Theorem 4.3.3]):

Theorem. Let f(w) and g(w) be distributions of w € R with bounded supports. Then

[supp fxg] = [supp f] + [supp g],

where [X] denotes the convex hull of a set X C R.
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Note that in our situation, supp 4 is bounded by (3.7.7). Consequently, supp A s also
bounded, since A(t) := a(]y(¢)]) is a polynomial in |y(t)|* according to (3.1.14). Now the
spectral inclusion (3.8.3) and Titchmarsh theorem imply that

[supp A] + [supp 7] C [supp 7],

whence it immediately follows in turn that [supp A] = {0}. Besides, A(t) = a(y(t)]) is
a bounded function due to (3.6.4), because v(t) = 5(0,t). Therefore, A(w) = Cd(w), and

hence

ayB)=C,  teR.

Now, the strict nonlinearity condition (3.1.14) implies that
@) =Cs  teR

This immediately gives us that supp 4 = {w; } by the same Titchmarsh theorem for the
convolution 7 %% = C36(w). Therefore, J(w) = Cy§(w —w ), and now (3.2.2) follows from
(3.7.5).

Remark 3.8.2. In the case of the nonlinear Schrédinger equation (3.1.21), the Titch-
marsh theorem does not work. The fact is that the continuous spectrum of the operator
—d?/dz? is the half-line [0,00), so now the role of the ‘spectral gap’ is played by the
unbounded interval (—o0,0). Respectively, in this case the spectral inclusion (3.9.1) gives
only that supp 3(z,-) C (—oo, 0), while the Titchmarsh theorem applies only to distribu-
tions with bounded supports.
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3.9 On nonlinear radiation mechanism

Let us explain the informal arguments for global attraction to stationary orbits behind
the formal proof of our main Theorem 3.1.2. The main part of the proof involves the
study of the spectrum of omega-limit trajectories

Bz, t) = lm ¥(x,sy +1).

55100
Theorem 3.4.1 implies the spectral inclusion (3.7.7), which leads to

supp B(z, ) C [—m, m], x €R. (3.9.1)
The Titchmarsh theorem then let us conclude that

supp B(x, ) = {wy}. (3.9.2)

These two inclusions are suggested by the following two informal arguments.
A. Dispersion radiation in the continuous spectrum.

B. Nonlinear inflation of the spectrum and energy transfer from lower to higher harmonics.

A. Dispersion radiation in the continuous spectrum. The inclusion (3.9.1) is due
to the dispersion mechanism, which can be illustrated by the example of energy radiation
in a wave field of a harmonic source with a frequency lying in the continuous spectrum.
Namely, let us consider a one-dimensional linear Klein—-Gordon equation with a harmonic
source

O(x,t) = " (2, t) — m2(x, t) + b(x)e ™, x € R, (3.9.3)
where the amplitude b € L?(R) and the real frequency wy is different from 4m. In this
case the limiting amplitude principle holds [189, 75, 78]

Y(x,t) ~ a(x)e ™", t — oo. (3.9.4)

For the equation (3.9.3), this follows directly by the Fourier-Laplace transform in time
D(w,t) = / et (z, t)dt, reR, Imw>0. (3.9.5)
0

Namely, applying this transform to equation (3.9.3), we get that

() = B (w) — mPP(aw) + )

, reR, Imw >0,
i(w— wp)

where for the simplicity we assume zero initial data. Hence,

D) = - R(w)b _ R(wo +i0)b N R(w)b — R(wo + iO)b7 Imw > 0, (3.9.6)

i(w — wo) i(w — wo) i(w — wo)

where

R(w) :== (H —w?)™
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is the resolvent of the Schrodinger operator H := —d?/dxz? + m?. This resolvent is a
convolution operator with fundamental solution
ezk(w)\x|

— , kE(w) = Vw2 —m2ecCt for weCH,
2ik(w)

asin (3.3.6). The last quotient of (3.9.6) is regular at w = wy, and therefore its contribution
is a dispersion wave, which decays like (3.5.2) in local energy seminorms. Consequently,
the long-time asymptotics of ¢ (xz,t) is determined by the middle quotient in (3.9.6).
Therefore, (3.9.4) holds with the limiting amplitude a(z) = R(wy + i0)b. The Fourier
transform of this limiting amplitude is equal to

B b(k)
k2 +m? — (wo +10)?’

a(k) = ke R.
This formula shows that the properties of the limiting amplitude differ significantly in the
cases |wo| < m and |wg| > m: a(z) € H*(R) for |wo| < m, however,

a(r) € L*(R) for |wo| > m, (3.9.7)

if [b(k)| > ¢ > 0 in a neighborhood of the ‘sphere’ k|2 +m?2 = w2 (which consists of two
points in the 1D case). This means the following.

I. In the case |wy| > m the energy of the solution ¢ (x,t) tends to infinity for large
times according to (3.9.4) and (3.9.7). This means that energy is transmitted from the
harmonic source to the wave field!

IT. Contrary, for |wg| < m the energy of the solution remains bounded, so there is
no radiation.

It is this radiation in the case of |wg| > m that prohibits the presence of harmonics
with such frequencies in omega-limit trajectories. Indeed, any omega-limit trajectory
cannot radiate at all, since total energy is finite and bounded from below, and hence
the radiation cannot last forever. These physical arguments make the inclusion (3.9.1)
plausible, although a rigorous proof of it, as was seen above, requires special arguments.

Recall that the set % := {iwy € R, |wg| > m} coincides with the continuous spectrum
of the generator of the free Klein—-Gordon equation. Radiation in the continuous spectrum
is well known in the theory of waveguides. Namely, a waveguide can transmit only signals
with a frequency |wo| > p, where p is a threshold frequency, which is an edge point of the
continuous spectrum |[77]. In our case, the waveguide occupies the ‘entire space’ x € R and
is described by the nonlinear Klein—-Gordon equation (3.1.1) with the threshold frequency
m.

B. Non-linear inflation of spectrum and energy transfer from lower to higher
harmonics. Let us show that the single-frequency spectrum (3.9.2) is due to inflation
of the spectrum by nonlinear functions. For example, consider the potential U(v)) = [¢|*
Correspondingly, F(¢) = =V;U(¢) = —4[¢|*. We consider the sumi(t) = 1" 4 2!
of two harmonics, whose spectrum is shown in Fig. 3.1:

We substitute this sum into the nonlinearity:

F(t)) ~ (t)(t)v(t) = etemi@teiwet 4 = gilwetDt L A=y —

The spectrum of this expression contains harmonics with the new frequencies w; — A and
wo + A. As a result, all the frequencies w; — A, wy — 24, ... and wy + A, wy +2A, ... also
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Figure 3.2: Non-linear inflation of spectrum.

will appear in the nonlinear dynamics described by (3.1.1) (see Fig. 3.2). Consequently,
these frequencies will appear also in the nonlinear J-function term which plays the role of
a source.

As we already know, these frequencies lying in the continuous spectrum |w| > m will
surely cause energy radiation. This dispersion radiation will continue until the spectrum
of the solution contains at least two different frequencies. It is this fact that prohibits the
presence of two different frequencies in omega-limit trajectories, because total energy is
finite, and thus the radiation cannot continue forever.

However, we underscore that
i) the precise meaning of the arguments "... until the spectrum of the solution contains at
least two different frequencies." is established by our method of omega-limit trajectories;
ii) the inflation of the spectrum by a nonlinearity is justified by the Titchmarsh convolution
theorem.
Nonlinear radiation mechanism. The above arguments physically mean the following
binary nonlinear radiation mechanism:

[. The nonlinearity inflates the spectrum, which means energy transfer from lower to
higher harmonics.
I1. The dispersion radiation carries energy to infinity.

We have for the first time rigorously justified such a nonlinear radiation mechanism
for the nonlinear U(1)-invariant Klein-Gordon and Dirac equations (3.1.1) and (3.1.18)—
(3.1.20). Our numerical experiments demonstrate an analogous radiation mechanism for
relativistically-invariant nonlinear wave equations (see Remark 6.1.1), however a rigorous
proof is still missing.
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3.10 Conjecture on attractors of G-invariant PDEs

Let us specify the conjecture (0.0.6) for generic Hamiltonian G-invariant PDEs in R"
of type (0.0.5) with a Lie symmetry group G acting on suitable Hilbert or Banach phase
space & via a representation 7. The Hamiltonian structure means that

F(V)=JDH(V), J=—J, (3.10.1)
where H denotes the corresponding Hamiltonian functional. The G-invariance means that
F(T(g)V)=T(g)F(¥), vef (3.10.2)

for all ¢ € G. In this case, for any solution W¥(¢) to equations (0.0.5) the trajectory
T(g)¥(t) is also a solution.

Let us note that the theory of elementary particles deals systematically with the
symmetry groups SU(2), SU(3), SU(5), SO(10) and others, and with the group SU(4) x
SU(2) x SU(2) which is the symmetry group of ‘Grand Unification’, see [222].

The conjecture (0.0.6) means that all solutions of type MU with A € gand ¥ € € form
a global attractor for generic G-invariant Hamiltonian nonlinear PDEs of type (0.0.5).

We still should specify the term generic G-invariant equation in Conjecture (0.0.6)
(and in all results of Chapters 1, 2 and 3). Namely, this conjecture means that the
asymptotics (0.0.6) hold for all solutions to an open dense set of G-invariant equations.

In particular, all asymptotics (0.0.7), (0.0.12), (0.0.15) and (0.0.16) hold under appropriate
conditions, which define some ‘open dense subset’ of G-invariant equations with three
types of the symmetry group G. The asymptotics can break down if these conditions fail —
this corresponds to some ‘exceptional equations’: for example, global attraction (3.1.2)
breaks down for the linear Schrédinger equations with at least two different eigenvalues.

The general situation is as follows. Let a Lie group G; be a (proper) subgroup of some
larger Lie group Gs. So, the Gao-invariant equations form an ‘exceptional subset’ among
all Gi-invariant equations, and the corresponding asymptotics (0.0.6) may be completely
different. For example, the trivial group {e} is a subgroup in U(1) and in R", while the
asymptotics (0.0.12) and (0.0.15) may differ significantly from (0.0.7).

Conjecture (0.0.6) is confirmed by all rigorous results [13]-[71] presented in previous
sections of this book. The results concern a list of model equations of type (0.0.5) with the
following four basic symmetry groups: the trivial group {e}, the group of translations R",
the unitary group U(1), and the orthogonal group SO(3). In these cases, the asymptotics
(0.0.6) read as (0.0.7), (0.0.12), (0.0.15), and (0.0.16), respectively.

Conjecture (0.0.6) suggests to define stationary G-orbits for equations (0.0.5) as solu-
tions of type

U(t) =M,  teR, (3.10.3)

where A € g. This definition leads to the corresponding nonlinear eigenvalue problem
F(U) = A\U. (3.10.4)

In particular, for the case of unitary symmetry group U(1) the Lie algebra is g = R, and
A is a real number. On the other hand, for the symmetry group G = SU(3), the generator
A is a skew-Hermitian 3 x 3-matrix.

Empirical evidence. The conjecture (0.0.6) agrees with the Gell-Mann—Ne’eman theory
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of baryons [220, 221]|. Namely, in 1961 Gell-Mann and Ne’eman suggested the symmetry
group SU(3) and other ones for the strong interaction of baryons relying on the discovered
parallelism between empirical data for the baryons, and the ‘Dynkin scheme’ of the Lie
algebra g = su(3) with 8 generators (the famous ‘eightfold way’).

This theory resulted in the scheme of quarks and in the development of Quantum

Chromodynamics [222], and in the prediction of a new baryon with prescribed values of
its mass and decay products. This particle (the Q™ -hyperon) was promptly discovered
experimentally [223].

The elementary particles seem to describe long-time asymptotics of quantum fields.
Hence, this empirical correspondence between the baryons and generators of the Lie al-
gebra of the symmetry group presumably gives an evidence in favour of our general con-
jecture on attractors (0.0.6).



Chapter 4

Asymptotic Stability of Solitons

More precisely we should phrase ‘asymptotic stability of solitary manifolds’ which means
a local attraction, i.e. for states sufficiently close to such manifold.

In Sections 4.1 and 4.2 we describe general strategies introduced by A. Soffer and M.
Weinstein, and by V.S. Buslaev and G. Perelman for proving such local attraction,

In Sections 4.3 and 4.4 we give a brief survey of related results.

In final Section 4.5 we give a concise and streamlined proof of the result [113] illus-
trating general strategy of V.S. Buslaev and G. Perelman in the case of 1D Schroédinger
equation coupled to a nonlinear oscillator.

99
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4.1 Orthogonal projection

This strategy arose in 1985-1992 in the pioneering work of A. Soffer and M. Weinstein [162,

, 171], see the review [1G1]. The results concern nonlinear U(1)-invariant Schrodinger
equations with real potential V (x)
(e, t) = —AG(r,8) + V(@) (e, t) + Mo(w OPg(z,t),  zeR",  (411)

where A € R, p=3or4,n=2orn =3, and ¢¥(x,t) € C. The corresponding Hamiltonian
functional reads

H= [ GIV6F + 3V@I@P + @] do.

For A = 0, the equation (4.1.1) is linear. It is assumed that the discrete spectrum of the
short range Schrédinger operator H := —A + V (z) is a single point w, < 0, and the point
zero is neither an eigenvalue nor a resonance for H. Let ¢,(x) denote the corresponding
ground state:

Hoo(r) = wedu(). (4.1.2)

Then Co,(z)e” ™+t are periodic solutions for all complex constants C'. Corresponding
phase curves are circles, filling the complex plane.

For nonlinear equations (4.1.1) with a small real A # 0, it turns out that a wonderful
bifurcation occurs: small neighborhood of the zero of the complex plane turns into an
analytic invariant solitary manifold & which is still filled with invariant circles which are
trajectories of stationary orbits of type (3.1.11),

Y(x,t) = 1, (x)e ™ (4.1.3)
whose frequencies w are close to w;.
Remark 4.1.1. Now all these solutions v, (x)e™" are called as ground states.

The main result of [162, 163] (see also [155]) is long-time attraction to one of these
ground states for any solution of equation (4.1.1) with sufficiently small A > 0 in the case
of small initial data:

P, t) = Yo (x)e ™ +ro(z,t), (4.1.4)
where the remainder decay in weighted norms: for o > 2

1{z) " re(, t) || L2@ny — 0O, t — +o0,

where (z) := (1+ |z|)'/2. The proof relies on linearisation of the dynamics and decompo-
sition of solutions into two components

(1) = e (W) + (1)),
with the orthogonality condition [162, (3.2) and (3.4)]:
(Yuie, ¢(1)) = 0. (4.1.5)
This orthogonality and dynamics (4.1.1) imply the modulation equations for w(t) and (),
t
where 7(t) := O(t) —/ w(s)ds (see (3.2) and (3.9a)—(3.9b) from [162]). The orthogo-

0
nality (4.1.5) implies that the component ¢(¢) lies in the continuous spectral space of the
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Schrodinger operator H(wp) := —A + V + A, [P, which leads to time-decay of ¢(t) (see
[162, (4.2a) and (4.2b)]). Finally, this decay implies the convergence w(t) — wy and the
asymptotics (4.1.4).

These results and methods were further developed in numerous works for nonlinear
Schrodinger, wave and Klein-Gordon equations with potentials under various spectral
assumptions on linearised dynamics, see |

) ) Y Y Y Y ]'
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4.2 Symplectic projection

Genuine breakthrough in the theory of asymptotic stability was achieved in 1990-2003 by

V.S. Buslaev, G. Perelman and C. Sulem [110, , |, who first extended asymptotics
of type (4.1.4) to 1D translation-invariant Schrodinger equation
i@, t) = —'(@,t) — F(a,t),  z€R (12.1)

without smallness conditions on the nonlinearity and initial data.

The equation is assumed to be U(1)-invariant. The latter means that the nonlin-
ear function F(¢)) = —V5U(3) satisfies identities (3.1.8)-(3.1.10). Also the following
condition is assumed

UW)=0(v"), v —=0, (4.2.2)

which is required probably by a failure of suitable technique. Under some simple additional
conditions on the potential U (see below), there exist stationary orbits which are finite
energy solutions of the form

U(x,t) = Po(x)e™, (4.2.3)
with wy > 0. The amplitude ¥y (x) satisfies the corresponding stationary equation
—woto(x) = =g (2) — F(iho(r)), 7 €R, (4.2.4)

which implies the ‘energy conservation’

|¢(/)(2$)|2 + U, (4ho(2)) = E, (4.2.5)

where the ‘effective potential’ U.(v) = U(y) + WO% ~ WO@ as ¢ — 0 by (4.2.2). For
the existence of finite energy solution (4.2.3), the graph of the effective potential U, (1))
should be similar to Fig. 4.1. The finite energy solution is defined by (4.2.5) with the

constant £ = U,(0) since for other E the solutions to (4.2.5) do not converge to zero as
|z| = oo. This equation with E = U.(0) implies that

Pl (x)]? w
IR _ 0,00~ Uuwne)) ~ L3 e). (126)
Hence, for finite energy solutions
Yo(z) ~ e~ Veolel, |z| — oo. (4.2.7)

It is easy to verify that the following functions are also solutions, (moving solitons)
Vowao(@, 1) = P, (x — vt — a)e @ Theto) w=wy —v*/4, k=wv/2. (4.2.8)

The set of all such solitons with parameters w, v, a, # forms a 4-dimensional smooth sub-
manifold S in the Hilbert phase space X := L*(R). Moving solitons (4.2.8) are obtained
from standing soliton (4.2.3) by the Galilean transformation

G(a,v,0) : Y(z,t) — o(x,t) = (z — vt — a, t)ei(_%“r%”a). (4.2.9)

It is easy to verify that the Schrédinger equation (4.2.1) is invariant with respect to this
symmetry group.
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Figure 4.1: Reduced potential and soliton.

Linearisation of the Schrodinger equation (4.2.1) on the stationary orbit (4.2.3) is
obtained by substitution ¢(z,¢) = (¢o(x) + x(2))e ™" and retaining terms of the first
order in . This linearised equation contains x and ’y, and hence, it is not linear over the
field of complex numbers. This follows from the fact that the nonlinearity of F'(¢) is not
complex-analytic due to the U(1)-invariance (3.1.8). Complexification of this linearised
equation reads

U(z,t) = CoW(z,t),  Coy=—jHy, (4.2.10)

where j is a real 2 x 2 matrix, representing the multiplier i, ¥(x,t) € C?, and Hy =
—d?/dx*+wo+V (z), where V(z) is a real matrix potential, which decreases exponentially
as |z| — oo due to (4.2.7).

Note that the operator Cy = Cl,, 00,0 corresponds to the linearisation on the soliton
(4.2.8) which is one of the solitons (4.2.8) corresponding to parameters w = wy, and
a = v = 0 = 0. Similar operators C, 4,9, corresponding to linearisation at solitons
(4.2.8) with various parameters w, a, v, #, are connected with Cy via the differential of the
Galilean transformation (4.2.9). Therefore, their spectral properties completely coincide.
In particular, their continuous spectrum coincides with (—ioco, —iwp| U [iw, 100).

Main results of [110, 111, 112] are asymptotics of type (4.1.4) for solutions with initial
data close to the solitary manifold S:

Y(x,t) = ha(r — vat)e " @EERED) LWL oy (2,t), £t >0, (4.2.11)

where W (t) is the dynamical group of the free Schrodinger equation, ®. are some scat-
tering states of finite energy, and r4 are remainder terms which decay to zero in a global
norm:

[ )l ey — 0, — £o0. (4.2.12)
These asymptotics were obtained under following assumptions on the spectrum of the
generator By:

Ul. The discrete spectrum of the operator C consists of exactly three eigenvalues 0
and +2A, and

A <wy <2 (4.2.13)

This condition means that the discrete mode can interact with the continuous spectrum
already in the first order of perturbation theory.
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U2. The edge points +iwgy of the continuous spectrum are neither eigenvalues, nor
resonances of (.

U3. Furthermore, it is assumed the condition [112, (1.0.12)], which means a strong
coupling of discrete and continuous spectral components, providing energy radiation, sim-
ilarly to the Wiener condition (1.5.13). The condition [112, (1.0.12)] ensures that the
interaction of discrete component with continuous spectrum does not vanish in the first
order of perturbation theory. This condition is a nonlinear version of the Fermi Golden
Rule [158], which was introduced by .M. Sigal in the context of nonlinear PDEs [79].

Examples of potentials satisfying all these conditions are constructed in [139].

In 2001, Cuccagna extended results of [110, , | to nD translation-invariant
Schrodinger equations in the dimensions n > 2, [111].

Method of symplectic projection in the Hilbert phase space. Novel approach
[110, ) | relies on symplectic projection of solutions onto the solitary manifold. This
means that

Z =1 — S is symplectic-orthogonal to the tangent space T :=TsS

for the projection S := P1. This projection is correctly defined in a small neighborhood
of § because S is a symplectic manifold, i.e. the corresponding symplectic form is non-
degenerate on the tangent spaces TsS.

Thus a solution t(t) for each t > 0 decomposes as (t) = S(t) + Z(t), where
S(t) := Pi(t), and the dynamics is linearised on the soliton S(¢). Similarly, for each
t € R the total Hilbert phase space X := L*(R) is splitted as X = T(t) ® Z(t), where
Z(t) is symplectic-orthogonal complement to the tangent space T (t) := TgyS. The
corresponding equation for the transversal component Z(t) reads

Z(t) = A(t)Z(t) + N(t),

where A(t)Z(t) is the linear part, and N(¢t) = O(]|Z(t)]|?) is the corresponding nonlinear
part.

The main difficulties in studying this equation are as follows: 1) it is non-autonomous,
and ii) the generators A(t) are not self-adjoint (see Appendix in [137]). It is important
that A(t) are Hamiltonian operators, for which the existence of spectral decomposition is

provided by the Krein-Langer theory of J -selfadjoint operators [ 115, 118]. In [137, 138] we
have developed a special version of this theory providing the corresponding eigenfunction
expansion which is necessary for the justification of the approach [110, , |. The

main steps of this strategy are as follows.

e modulation equations. The parameters of the soliton S(t) satisfy modulation
equations: for example, for the speed v(t) we have

where M(v)) = O(||Z]|?) for small norms ||Z]||. This means that the parameters change
‘superslowly’ near the solitary manifold, like adiabatic invariants.

e Tangent and transversal components. The transversal component Z(t) in the
splitting ¥ (t) = S(t) + Z(t) belongs to the transversal subspace Z(t). The tangent space
T (t) is the root space of the generator A(t) and corresponds to the ‘unstable spectral
point” A = 0. The key observation is that
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i) the transversal subspace Z(t) is invariant with respect to the generator A(t), since
the subspace T (t) is invariant, and A(t) is the Hamiltonian operator;

ii) moreover, the transversal subspace Z(t) does not contain the tangent vectors cor-
responding to the unstable eigenvalue A = 0.

e Continuous and discrete components. The transversal component allows further
splitting Z(t) = z(t) + f(t), where z(t) and f(¢) belong, respectively, to discrete and
continuous spectral subspaces Z,(t) and Z.(t) of A(t) in the space Z(t) = Z4(t) + Z.(t).

e Poincare normal forms and Fermi Golden Rule. The component z(t) satisfies a
nonlinear equation, which is reduced to Poincare normal form up to higher order terms
[112, Equations (4.3.20)]. The normal form allowed to obtain some ‘conditional decay’
for z(t) using the Fermi Golden Rule [112, (1.0.12)]. For the relativistically-invariant
Ginzburg-Landau equation, a similar reduction was done in |136, Equations (5.18)].

e Method of majorants. A skillfull combination of the conditional decay for z(t)
with the superslow evolution of the soliton parameters allows one to prove the decay for
f(t) and z(¢) by the method of majorants. Finally, this decay implies the asymptotics
(4.2.11)—(4.2.12).

Remark 4.2.1. i) The role of the symplectic projection in the theory of V.S. Buslaev, G.
Perelman and C. Sulem [110), , | probably was suggested by the theory of orbital
stability of M. Grillakis, J. Shatah and W. Strauss [103, 10| which extends to Hamilto-
nian PDEs the stability theory of finite-dimensional Hamiltonian systems with symmetry
groups, see [13, 14]. The last theory, in its own turn, is dating back to H. Poincaré who
established the theory of stability of the fixed points of the reduced dynamics, which he
called relative equilibria, |15].

ii) The difference of the theory [110, 111, 112] with [103, 104] is as follows.

i) The linearised dynamics in [103, 104] is stable in the transversal directions because the
positive spectrum is away from zero and hence, the conserved Hamiltonian serves as the
Lyapunov function in these directions.

ii) On the other hand, in [110, : | the positive spectrum of this transversal dy-

namics is not away from zero. However, the asymptotic stability holds since the positive
spectrum is absolute continuous.
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4.3 Generalisations and applications

N-soliton solutions. The methods and results of [112] were developed in [119, , ,
, , , , , | for N-soliton solutions for translation-invariant nonlinear
Schrodinger equations.

Multiphoton radiation. In [116] Cuccagna and Mizumachi extended methods and
results of [112] to the case when the inequality (4.2.13) is changed to

NX <wy < (N+1)A,

with some natural N > 1, and the corresponding analogue of condition U3 holds. It
means, that the interaction of discrete modes with a continuous spectrum occurs only in
the N-th order of perturbation theory. The decay rate of the remainder term (4.2.12)
worsens with growing N.

Linear equations coupled to nonlinear oscillators and particles. The methods

and results of |1 12] were extended i) in [113, 111]| to the Schrédinger equation coupled to
a nonlinear U(1)-invariant oscillator, ii) in [125, 127] to systems (2.1.1) and (1.6.1) with
zero external fields, and iii) in [126, 134, 140] to similar translation-invariant systems of

the Klein—Gordon, Schrédinger and Dirac equations coupled to a particle. The survey of
these results can be found in [121].

For example, article [127] concerns solutions to the system (2.1.1) with initial data
close to a solitary manifold (2.1.3) in weighted norm

)2 = / (Y%7 () Pz

with sufficiently large o > 0. Namely, the initial state is close to soliton (2.1.3) with some
parameters vg, ag:

IV (@, 0) = Vipuy (2 = ao) |0 + [[(2, 0) = by (& = ao)ls + [|7(x, 0) = 70 (x = o)l
+1q(0) = aol +[4(0) — wo| <,

where o > 5, and ¢ > 0 is sufficiently small. Moreover, the Wiener condition (1.5.13) is
assumed for k # 0. Additionally, let

0°p(0) =0, |af <5,

that is equivalent to equalities

/xap(x) dx =0, |a] <5.
Under these conditions, the main results of [127] are the asymptotics
G(t) =0, q(t) = ve, q(t) ~vvet +ax, = Fo0

(cf. (2.1.8) and (2.1.11)) and the attraction to solitons (2.1.9), where the remainder now
decays in global weighted norms in the comoving frame (cf. (2.1.10)):

IVre(q(®) + 2, 8|6 + lIre(q(t) + 2, 8[| + lls£(q(t) + 2, 8)| o = 0, = Foo.

Relativistically-invariant equations. In [107, , , , | the asymptotic sta-
bility of solitary manifolds was established for the first time for relativistically-invariant
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nonlinear equations. Namely, in [107] and 114, 135, 136] asymptotics of the type (4.2.11)
were obtained for 1D relativistically-invariant nonlinear wave equations (2.2.4) with po-
tentials of the Ginzburg-Landau type, and in [109] for relativistically-invariant nonlinear
Dirac equations. In [139] we have constructed examples of potentials providing all spectral
properties of the linearised dynamics imposed in [144, , |.

In [137, | we have justified the eigenfunction expansions for nonselfadjoint Hamilto-
nian operators which were used in [114, , |. For the justification we have developed
a special version of the Krein—Langer theory of J-selfadjoint operators 115, |.

Cherenkov radiation. The article [122] concerns a system of type (2.1.1) with the
Schrodinger equation instead of the wave equation (system (1.9)—(1.10) in [122]). This
system is considered as a model of the Cherenkov radiation. The main result of [122] is
long-time convergence to a soliton with the sonic speed for initial solitons with a supersonic
speed in the case of a weak interaction (the ‘Bogolyubov limit’) and small initial field.
The asymptotic stability of solitary manifolds for very close system with the Schrodinger
equation was established in [134].
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4.4 Further generalisations

The results on asymptotic stability of solitary manifolds were developed in different di-
rections.

Systems with several bound states. Articles [100, , 168, , 170] concern asymp-
totic stability of stationary orbits (4.1.3) for the nonlinear Schrodinger, Klein-Gordon and
wave equations in the case of several simple eigenvalues of the linearisation. The typical
assumptions are as follows:

i) the endpoint of continuous spectrum is neither an eigenvalue nor a resonance for
linearised equation;

ii) the eigenvalues of the linearised equation satisfy several non-resonance conditions;

iii) a new version of the Fermi Golden Rule.

One typical difficulty is possible long stay of solutions near metastable tori which
correspond to approximate resonances. Great efforts are being made to show that the
role of metastable tori decreases like t='/2 as t — oo. The typical result is the long-time
asymptotics ‘ground state + dispersion wave’ in the norm H'(R?) for solutions close to
the ground state.

General Theory of Relativity. The article [123] concerns so-called ‘kink instability’
of self-similar and spherically symmetric solutions of the equations of the General Theory
of Relativity with a scalar field, as well as with a ‘hard fluid’ as sources. The authors
constructed examples of self-similar solutions that are unstable to the kink perturbations.

The article [117] examines linear stability of slowly rotating Kerr solutions for the
Einstein equations in vacuum. In [167]| a pointwise damping of solutions to the wave
equation is investigated for the case of stationary asymptotically flat space-time in the
three-dimensional case.

In [105] the Maxwell equations are considered outside slowly rotating Kerr black hole.
The main results are: i) boundedness of a positive definite energy on each hypersurface

= const and ii) convergence of each solution to a stationary Coulomb field.

In [118] the pointwise decay was proved for linear waves against the Schwarzschild
black hole.
Method of concentration compactness. In [130] the concentration compactness

method was used for the first time to prove global well-posedness, scattering and blow-up
of solutions to critical focusing nonlinear Schrodinger equation

i(a,t) = —AP(a,t) — [Pz, 8)|72(x,t), e R

in the radial case. Later on, these methods were extended in [119, , , | to general
non-radial solutions and to nonlinear wave equations of the type

b, t) = Ad(a, t) + [, 1) 72 (2, ), =R

One of the main results is splitting of the set of initial states, close to the critical energy
level, into three subsets with certain long-term asymptotics: either a blow-up in a finite
time, or an asymptotically free wave, or the sum of the ground state and an asymptotically
free wave. All three alternatives are possible; all nine combinations with t — +oco are also
possible. Lectures [154] give excellent introduction to this area. The articles [120, |
concern super-critical nonlinear wave equations.

Recently, these methods and results were extended to critical wave mappings [129,

, , |. The ‘decay onto solitons’ is proved: every l-equivariant finite-energy wave
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mapping of exterior of a ball with Dirichlet boundary conditions into three-dimensional
sphere exists globally in time and dissipates into a single stationary solution of its own
topological class.
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4.5 The Schrodinger equation coupled to an oscillator

In this section we illustrate the strategy of V.S. Buslaev and G. Perelman [110, 111]
(which was also used in [112] and in many works cited in Sections 4.2, 4.3 and 4.4) by
application to 1D Schrédinger equation coupled to a nonlinear oscillator, see [113]. The

coupled system is invariant with respect to the phase rotation group U(1). For initial
states close to a stationary orbit, the solution converges to a sum of another stationary
orbit and dispersive wave which is a solution to the free Schrodinger equation. The proofs
are complete and rely on the strategy of [110, |: the linearisation of the dynamics on
the solitary manifold, the symplectic orthogonal projection and method of majorants.

4.5.1 Introduction

Our main goal is the study of asymptotic stability of ‘quantum stationary states’ for a
model U(1)-invariant nonlinear Schrédinger equation

i (x,t) = =" (x,t) — 8(x)F((0,1), ze€R. (4.5.1)
Here 1 (x, ) is a continuous complex-valued wave function and F' is a continuous function,
the dots stand for the derivatives in ¢t and the primes in z. All derivatives and the equation
are understood in the distribution sense. Physically, equation (4.5.1) describes the system
of the free Schrodinger equation coupled to a nonlinear oscillator located at the point
x = 0; F is a nonlinear ‘oscillator force’.

We assume that F'(¢)) = —VU(¢)) where U(¢) = u(|t)|). Then (4.5.1) defines a U(1)-
invariant Hamiltoniansystem and admits finite energy solutions of type 1, (z)e™? called
stationary orbits which are nonlinear eigenfunctions. The stationary orbits constitute a
two-dimensional solitary manifold in the Hilbert phase space of finite energy states of the
equation. We prove the asymptotics of type

V(o t) ~ Py, e+ W () Py, t— Foo, (4.5.2)

where T (t) is the dynamical group of the free Schrédinger equation, @, € Cy(R) N L?(R)
are the corresponding asymptotic scattering states, and the remainder converges to zero
as O(|t|~1/?) in the global norm of Cy(R) N L%(R). Here C,(R) is the space of bounded
continuous functions R — C. The asymptotics hold for the solutions with initial states
close to the stable part of the solitary manifold, extending the methods and results of
[110, 111, 112] to the equation (4.5.1).

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 linearised equation, and do not
require any smallness condition on the initial state (only closeness to the solitary mani-
fold).

ii) The stable part of the solitary manifold is characterised by a condition on the non-
linearity (4.5.17). The relation of this to the standard criterion for orbital stability

O / |1, (z)[Pdz > 0 (see [103, 104] and references therein) will be discussed below.

This progress is possible on account of the simplicity of our model which allows an exact
analysis of all spectral properties of the linearisation.

Let us note the following two main novelties in our approach to the uniform decay
of the dynamics in transversal directions to the solitary manifold. First, we calculate
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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. [181, Lemma 10.2|) to the Laplace
integral of the resolvent. We expect that the development would be promising for more
general problems.

This section is organized as follows. In Section 4.5.2 some notation and definitions are
given. In Section 4.5.3 we describe all nonzero stationary orbits and formulate the main
theorem. The linearisation on a stationary orbit is carried out in Section 4.5.4. In Sections
4.5.5 and 4.5.6, we construct the spectral representation for the linearised equation. In
Section 4.5.7 we establish the time decay for the linearised equation in the continuous
spectrum. In Section 4.5.9 the modulation equations for the parameters of the soliton
are displayed. The decay of the transversal component is proved in Sections 4.5.10 and
4.5.11. In Section 4.5.12 we obtain the soliton asymptotics (4.5.2). In Appendix we study
the resolvent of linearised equation.

In conclusion, we expect that the asymptotics (4.5.2) holds for any finite energy solu-
tion of the equation (4.5.1), however this is still open problem.

4.5.2 Notation and definitions

We identify a complex number v = 1)y + 1)y with the real two-dimensional vector
(¢1,19) € R?* and assume that the vector version F of the oscillator force F' admits a
real-valued potential,

F(y)=-VU(@), ¢ €R?* UeC*R?. (4.5.3)

Then (4.5.1) is formally a Hamiltonian system with Hamiltonian

M) = | / [ 2de + U ((0)). (4.5.4)

which is conserved for sufficiently regular finite energy solutions. We assume that the
potential U (1)) satisfies the inequality

U(z) > A— B|z|* withsome A€R, B>0. (4.5.5)

Our key assumption concerns the U(1)-invariance of the oscillator, where U(1) stands for
the rotation group e?, 0 € [0, 27| acting by phase rotation 1 — ¢?1). Namely, we assume
that

UW)=u(lp)?), ueC*R) (4.5.6)
(cf. [27, 28]). In this case
F@)=a(W*)w,  ¢eC, a € CY(R). (4.5.7)
Therefore, . .
F(e)) = e’ F(y), 0 €[0,2n], (4.5.8)
and F(0) = 0. This rotation symmetry implies that e?i(z,t) is a solution to (4.5.1)
if ¢(z,t) is. The equation is U(1)-invariant in the sense of [103, 10|, and the Nother

theorem implies the charge conservation:

Q) = / w|*dx = const. (4.5.9)
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The main subject of this section is an analysis of asymptotic stability of ‘quantum station-
ary orbits’, or solitary waves in the sense of [103, |, which are finite energy solutions
of the form

P(x,t) = Yy(x)e™, weR. (4.5.10)

The frequency w and the amplitude 1, (x) solve the following nonlinear eigenvalue prob-
lem:

— wih(z) = —l@) — 6@ F(u(0)), zER (45.11)
which follows directly from (4.5.1) and (4.5.7) since w € R.

Definition 4.5.1. S denotes the set of all nonzero solutions ¥, (x) € HY(R) to (4.5.11)
with all possible w € R.

Here H'(R) = H' denotes the Sobolev space of complex valued measurable functions
with /(W'[Q +[¢*)dz < co. We give below in section 4.5.3 a complete analysis of the set

S of all nonzero stationary orbits v, (z) by an explicit calculation: it consists of functions
C(w)e Velel+ with ¢ > 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 ¥ (z) = 0 which is always a solitary
wave as F'(0) = 0, and for w < 0 only the zero stationary orbit exists.

Our main results describe the large time bechavior of the global solutions whose exis-
tence is guaranteed by the following theorem, which is proved in [133].

Theorem 4.5.2. i) Let conditions (4.5.3) and (4.5.5) hold. Then for any initial state
¥ (0) € H' there exist a unique solution 1(-) € Cy(R, H') to the equation (4.5.1).
ii) The following a priori bound holds:

sup || (t) ]| g < oc. (4.5.12)
teR

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

lull = 111+ |2]) (@) | - (4.5.13)

4.5.3 Solitary waves and the main theorem

Lemma 4.5.3. The set of all nonzero stationary orbits is given by
S = {%e“’ = CetVEll L 50, 00, Ve=a(C?)/2>0, fe [0,27r]}.

Proof. Let us calculate all stationary orbits (4.5.10). The equation (4.5.11) implies
Y"(z) = wi(x), x # 0, hence the formula (x) = CLeV¥® gives two linearly indepen-
dent solutions in each of the two regions +x > 0 depending on which branch of \/w
is chosen. Since ¢(x) € L? it is necessary that w > 0 and the branch is chosen with
+y/w > 0 for £ < 0. Furthermore, since 9'(z) € L?, the function ¢ (x) is continuous,
hence C_ = Cy = C and the solutions are of the form

Y(x) =Ce ™ 2x=w>0, w>0. (4.5.14)
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Finally we get an algebraic equation for the constant C' equating the coefficients of §(x)
in both sides of (4.5.11):

0 =1v'(04+) —¢'(0—) + F(x(0)). (4.5.15)
This implies 0 = —2xC' + F(C), or equivalently,
_ F(C) _a(C?)
== (4.5.16)
O

Corollary 4.5.4. The set S is a smooth manifold with co-ordinates § € R mod 27w and
C > 0 such that a(C?) > 0.

Remark 4.5.5. We will analyse only the stationary orbits with a'(C') # 0. On the man-
ifold S we have w = 3* with » = a(C?)/2 according to (4.5.16). Hence, the parameters

0,w locally also are smooth coordinates on S at the points with o' = a/(C) # 0 since
W' =2 = ad’C # 0 then, see Fig. 2.

The stationary orbits is a trajectory ¢, (z)e?®) = C’e’mmewm, where the param-
eters satisfy the equation 8 = w, & = 0. The stationary orbit ¢ — e, (z) maps out in
time an orbit § — €4, (z) of the U(1) symmetry group. This group acts on the Hilbert
phase space H'(R) preserving the Hamiltonian (4.5.4) and the symplectic form (4.5.40);
in other words the stationary orbits (4.5.10) are relative equilibria of the corresponding
Hamiltonian system.

Let us denote N(C') = Q(1,(x)) with w = 5?, and 3 = a(C?)/2 according to (4.5.16).
It is easy to compute that N(C) = C?/s. We now differentiate:

B E_ C?

5 -

N'(C)

x x

Differentiating the identity (4.5.16), we obtain »’ = a’C. Thus, again by (4.5.16),

1,72
:E(l_ao

4 a

N(C) )40
if C >0, a>0and a # a/C? Therefore noticing that N'(C) = w'(C)d,,Q(v,) with
W' (C) = 233 = ad’C, we obtain the following result

Lemma 4.5.6. For C' > 0, a > 0 we have
0,9(t,) <0 if a' € (—o0,0)U (a/C? +0),

and

0,9(t,) >0 if 0<d <a/C?

Remark 4.5.7. (i) Orbital stability of stationary orbits is a much studied subject (see
[103, 104] for very general theorems in this area, and [166]| for an approach more similar
to that taken in this section). The standard condition for orbital stability ([103, ]
for the present problem would read 0,9(1,,) > 0; this is expected to be a necessary and
sufficient condition for orbital stability when the Hessian of the augmented Hamiltonian
([166]) has a single negative eigenvalue. In the present problem it can be easily calculated
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that this Hessian is non-negative when o’ < 0 and thus the standard condition is not
necessarily relevant if ' < 0. Indeed Theorem 4.5.9 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 o' < a/C?.
In this section we will work under the spectral condition (4.5.18) which, for ' > 0, is
slightly stricter: it is imposed to ensure that the linearisation has no discrete spectrum
except zero (which is always present on account of the circular symmetry of the problem).
If a/v/2C? < a' < a/C? there are two purely imaginary eigenvalues of the linearised
operator. It is intended to treat this case in a later publication thus extending our proof
of asymptotic stability to the entire range

— o <d <a/C? (4.5.17)

For a’ > a/C? the linearised operator has a positive eigenvalue and the stationary orbit
is linearly unstable.

(ii) It is explained at the end of Section 4.5.4 that (4.5.6) can be interpreted as saying
the restriction of the symplectic form (4.5.40) to the tangent space to S is non-degenerate
(i.e. S satisfies the condition to be a symplectic submanifold).

Definition 4.5.8. We say the stationary orbit 1, (z)e? = Ce Vele+® O > 0 satisfies
the spectral condition if w > 0 and (cf. Remark 4.5.5)

' (C?) € (—00,0) U (0,a(C?)/(v2C?)). (4.5.18)

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

Theorem 4.5.9. Let conditions (4.5.3), (4.5.5) and (4.5.6) hold, 5 > 2 and ¥ (x,t) €
C(R, H") be the solution to the equation (4.5.1) with initial state ¢ (0) € H' N Ly which

is close to a stationary orbit ,,e'% = Coe=Velel+ % with Cy > 0 and wy > 0:
d == [[(0) = tYupe™ | inry < 1. (4.5.19)

Assume further that the spectral condition (4.5.18) holds for the stationary orbit with
C = Cy. Then for sufficiently small d > 0 the solution admits the following asymptotics:

V(1) = Y e+ W ()P +1o(t), t— Foo, (4.5.20)

where @1 € Cy(R) N L%(R) are the corresponding asymptotic scattering states, and
17+ () ley@nzz@ = Ot 7%), ¢ — +o0. (4.5.21)
Remark 4.5.10. It is possible to derive further information about the structure of &4

and r4(t) as discussed towards the end of section 10.

4.5.4 Linearisation on the stationary orbit

As the first step in the proof of main theorem, let us linearise the nonlinear Schrédinger
equation (4.5.1) on a stationary orbit €@+, (z), with ¥, (z) = Ce | where » =
Vw >0 and C > 0. Substituting

Y(x,t) = (P, (2) + x(x, 1)) (4.5.22)
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to (4.5.1), we obtain,
Use the representation (4.5.7) to write

F(C+x)—F(C) = a(lC+x*)(C+x)—a(|CP)C
= a((C+x)(C+X)(C+x) —a(|]C]})C
= a(|CP)x +d(|IC])C(CX + Cx) + O(|xI?)

= a(C?)x +d(C)C*(X + x) + O(|x[*) (4.5.24)
since C' > 0. Hence, the first order part of (4.5.23) is given by

Z'X(:L‘7t) = —X”(x,t)—i—wx(x,t)

—6(2)[a(C?)x(0,t) + d'(C?*)C?*2Re x(0, t)]. (4.5.25)

Now 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 (4.5.25) in
the real form. Namely, identify xy = x; +ix2 € C with the real vector (x1,x2) € R? and
denote it again by y. Then (4.5.25) becomes the system

jX(fU, t) = —X”(.%, t) + WX(.I, t)
—6(z)[a(C*E + 2d'(C?*)C*Py]x(0,1), (4.5.26)

where F is the unit 2 x 2-matrix, P, is the projector in R? acting as ( il ) — ( 6(1 )
2

and j is the 2 x 2 matrix

‘ 0 —1
Jj= ( 1 0 ) : (4.5.27)
Respectively, we also rewrite (4.5.1) in the real form
J (1) = —0" (@, ) — S@F((0,1), (45.28)

as an equation for R%-valued function ¢ (z,t) with F(¢)) € R? which is the real vector
version of F'(¢) € C. Then the linearisation (4.5.26) reads as the system

gx(z,t) = =x"(x,t) + wx(z,t) — 6(x)F'((C,0))x(0,1), (4.5.29)
where F’ is the differential of the map F : R? — R?,
F'((C,0)) = aE + bPy, a:=a(C?, b:=2d(C?*)C> (4.5.30)

In order to apply the Laplace transform the next step is to complexify the sys-
tem (4.5.29) i.e. to consider it as a system of equations for the complex functions
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X1(z,t), x2(z,t), so x(x,t) € C? for any fixed (x,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 linear operator

d? , D, 0
B = —@jtw—d(w)F ((C,0)) = ( 0 D, ) ;
where
d2
D, = —@j%u—é( )a + 0]
(4.5.31)
d2
D, = i +w—0d(z)a
The system (4.5.29) then reads as
x(z,t) = Cx(x,t), C:=j'B= 0 D2 (4.5.32)
-D; 0

Theorem 4.5.2 generalises to the equation (4.5.32): the equation admits unique solution
x(z,t) € Cy(R, H') for every initial function x(z,0) = xo € H'. Denote by € the
dynamical group of equation (4.5.32) acting in the space H'.

4.5.5 Laplace transform

o

Equation (4.5.32) can be solved by the Laplace transform x(z,w) := / e My (xz,t)dt.

The Laplace transform is analytic function in the complex halfplane Reo)\ > 0 with the
values in H' since the solution is bounded in H'. This implies that the resolvent R(\) :=
(C — X)7!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 = —i, AMR(N + €) d, t>0, (4.5.33)
2m
for any € > 0, where the integral converges in the sense of distributions of ¢t € R.

We assume that the spectral condition (4.5.18) holds from now on. Then the resolvent
admits analytic continuation from Re A > 0 to the complex plain with the cuts C, =
[iw, i00), C_ = (—ioo, —iw], and with the pole of order two at A = 0 as detailed in Section
4.5.13. Furthermore, for A € C; U C_, the resolvent R(\ £ €) has right and left limits
R(A+0) as € — 0. Then (4.5.33) implies that for any r € (0, w)

1 1

Ct _ _ Mt _ At — — 4.5.34

e 5 | © R()\) dX 5 / MR(A+0) —R(A—0)) dA (4.5.34)
[Al=r CLuC—

by the Cauchy theorem. Setting ¢ = 0, we obtain that

- — — = P04+ P 4.5.
5= / R()\) d\ 5 / (R(A+0) —R(A—0)) dA +P¢  (4.5.35)
IA|=r CLuC—
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where P? and P¢ stands for the corresponding Riesz projections (see [17]) onto, respec-
tively, the generalised null space of C , and onto the continuous spectral subspace. We
will show in the next section that P? is the symplectic projection, and therefore, P¢ is also
the symplectic projection. The projectors PY, P¢ commute with C and with the group
eCt. Let us note that

( P0cCt — _ﬁ / MR(N) d,
[Al=r
) , (4.5.36)
Pcect — _QLm / eAt(R()\ + O) - R<>\ - 0)) dA
L CLuC—

The first equation holds since both sides are one-parameter groups of operators , and their
derivatives at ¢ = 0 coincide. The second equation follows from (4.5.34) and the fact that
1 =P% + P¢ by (4.5.35). Therefore, (4.5.34) becomes

e® = PY%C 4 P, (4.5.37)

4.5.6 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 stationary orbit e/%4),,. The real form of the stationary orbit is e?®,
where ®,, = (1,,(x),0). The tangent space to S at the point ¢/?®,, with parameters w, 0
is the linear span of the derivatives with respect to 6 and w cf. Remark 4.5.5) i.e.

T, S = linear span{jejecbw(x), eﬁ@w@w(m)}.

Notice that the operator C corresponds to # = 0 since we have extracted the phase factors
e from the solution in the process of linearisation (4.5.22). The tangent space to S at
the point ®,, with parameters (w,0) is spanned by the vectors

To(u.J) = j(I)un Tl(w) = &JCI)LU. (4538)
Observe that (4.5.11) and its derivative in w give the following identities:
Doty =0 Dy (0uth) = —h. (4.5.39)

These formulae imply that the vectors T and T} lie in the generalised null space of the
non-self-adjoint operator C defined in (4.5.32) and in fact Theorem 4.5.38 i) implies:

Lemma 4.5.11. Let the spectral condition (4.5.18) hold. Then the generalised null space
of C is two dimensional, is spanned by Ty, Ty, and

Cly=0 CT =1y.

We also introduce the symplectic form €2 for the real vectors ¥ and 7 by the integral

Q(,m) = /<j¢;77>d$ = /(1/117)2 — Yomy)diz, (4.5.40)
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where (-, -,) stands for the scalar product in R?. Since a’ # a/C? then by Lemma 4.5.6

o = —QUT, Ty) = %aw / |92 dz # 0. (4.5.41)

Hence, the symplectic form €2 is nondegenerate on the tangent space 7., ¢S, i.e. TS is a
symplectic subspace. Therefore, there exists a symplectic projection operator from L?(RR)
onto T, 0S.

Lemma 4.5.12. The operator P, defined in (4.5.35), is precisely the symplectic projec-
tion from L*(R) onto T, S, and, furthermore, it may be represented by the formula

P% = byTy + i1y with  — pubo = QY, Th), pwbr = Q, Tp). (4.5.42)

Proof. The coincidence of both definition (4.5.35) and (4.5.42) of operator P follows by
the Cauchy residue theorem from the formulas (4.5.45)-(4.5.47) for the resolvent. O

Corollary 4.5.13. P¢ =1 — PV is also symplectic projection.

Remark 4.5.14. Since Ty(w), T1(w) lie in H'(R) the operator P° extends uniquely to de-
fine a continuous linear map H ' (R) — T,, oS, 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 (4.5.36)
P%C" = (1 + Ct)P" (4.5.43)

Remark 4.5.15. On the generalised null space itself C* = 0 by Lemma 4.5.11 and so
the group €' reduces to 1 + Ct as usual for the exponential of the nilpotent part of an
operator.

4.5.7 Time decay in continuous spectrum

From formulas (4.5.37, (4.5.43) we see that the solutions x(#) = e€C'xq of the linearised
equation (4.5.32) do not decay as t — oo if Py # 0. On the other hand, we do expect
time decay of P®x(t), as a consequence of the Laplace representation (4.5.36) for P¢e®!:

PCGCt — _L
271

/ MR(A+0) —R(A—0)) dX. (4.5.44)

CruUC—

The decay for the oscillatory integral is obtained from the analytic properties of R(\)
for A € C; UC_. The resolvent R(\) is an integral operator with matrix-valued integral

kernel
R\ z,y) =T\, z,y) + P(\, 1,y), (4.5.45)

where the columns of matrices I' and P are given in (4.5.134), (4.5.135), (4.5.137),
(4.5.138):

1 1 . . o .

L LN peibedaul ik lalta) (g lo=yl _ gike(al+ial)

I\ 2,y)= 4’;* A;k‘ . (4.5.46)
_— — ik—|z—y| _ gik—(lz|+lyl) ;(eik-lz—yl _ pik—(lz|+|y])
IS e e i(e e )
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1 eik+|z‘ eik7|$| ZOJ_Qkf 2/8 eik+‘y| _ieikJrlyl
P()\,[E, y)_ﬁ (Zezk+|x| _Z€Zk|$> ( —iB —ZOé+2k'+) (ezk|y| jetk-1yl ) (4547)
Here ki ()\) = v/—w F i) is the square root defined with cuts in the complex A plane so

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

a=a+0b/2, B=0/2, D=2ia(k, +k_)— 4k k_+a*— B>

Recall from Section 4.5.13 that D(\) # 0 for A € C; UC_. Clearly in order to understand
the decay of P¢e‘C| it is crucial to study the behaviour of R(), z, y) near the branch points
A = +iw (where ki vanish).

We deduce time decay for the group P¢e!© by means of the following version of Lemma
10.2 from [184], which is itself based on Zygmund’s lemma [192, p.45].

Let F : [0,00) — B be a C? function with values in a Banach space B. Let us define

the B-valued function .

I(t) = / e " F(C) dC.

0

Lemma 4.5.16. Suppose that F(0) = 0, and for some 6 > 0
F' e L'(5,00;B), (4.5.48)

and

F(Q)=0(), ¢lo (4.5.49)
in the norm of B for some p € (0,1). Then I(t) € Cy(e,00;B) for any € > 0, and
It)=0@t """ as t— o0
in the norm of B.

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

e+ Co@) gy = 6]y + [C. (4.5.50)

We will apply Lemma 4.5.16 to the function F(A) = R(A+0) — R(A — 0) with values in
the Banach space B = B(M3, L‘f’ﬁ) , the space of continuous linear maps Mg — L for
any 3 > 2.

Theorem 4.5.17. Assume that the spectral condition (4.5.18) holds so that A = 0 is the
only point in the discrete spectrum of the operator C = C(w). Then for f > 2

|PeC||g = O@t?), t— oco. (4.5.51)
First we use the formulas (4.5.44) and (4.5.45) to obtain
—2miP%eC = / eM(D(A+0)—T(A—0)) dA+ / M(P(A+0)—P(A—0))d\. (4.5.52)
C+UC, CJFUC,

Next we apply Lemma 4.5.16 to each summand in the RHS of (4.5.52) separately. Then
Theorem 4.5.17 immediately follows from the two lemmas below.
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Lemma 4.5.18. If the assumption of Theorem 4.5.17 hold then
MTA+0) —T(A=0) dr=0(t"%?), t— o0 (4.5.53)
CLuC—
in the norm B.

Proof. 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)-T*T(\-0),

where I'" is the sum of those terms in I which involve k. Let us consider, for example,
I'};. The expression (4.5.46) implies for y > 0 that

(0, x <0,
6ik+y(€7ik+x _ 6ik+z)
0<z<
Fi_l()\vx>y) = 4k+ ’ ¥
6ik+£ﬂ<€*ik)+y _ elk+y)
, T2y

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

sin(v/C|z|) sin(v/CJy|)

IiA+0,z,y) —TH(A=0,z,y) = —O(z) NG , (4.5.54)
where ( = —w — i\, and O(z) = 1 for z > 0 and zero otherwise. The second derivative of
the function f(¢) = sin(v/Clzl) sin(vlyl) satisfies

V¢
() = | — sin(v/Cla]) sin(VClyD (le” + [y*) | 2cos(v/Clal) cos(vClyDlellyl
4¢V/C 4C\/C
_sin(v/¢Jz]) cos(vClyl)ly| + cos(vC|x]) Sin(\/3|y|)|l"|‘ < COA+ =)+ [yl
2¢? B (V¢ .

For y < 0 an identical calculation leads to the same bound. Therefore the operator valued
function F(¢) = I'{;(A + 0) — T'f;(\ — 0) satisfies the conditions (4.5.48) and (4.5.49) of
Lemma 4.5.16 with ( = —w — i\, p=1/2 and B = B. O

Next we consider the second summand on the RHS of (4.5.52).
Lemma 4.5.19. In the situation of Theorem 4.5.17
/ SHP(A+0) — P(A— 0)) d\ = O(t=2), (4.5.55)
CruUC—

i the norm B.
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Proof. We consider only the integral over C, and one component of the matrix P, for
example, Piq:

(l'oé_zk_)eik+(|~’0|'*'|y|)_|_(_Z'Oé_|_2]§+)eikf(|xH-|y\)+i5(eik7\yH‘ik+|$| _eik+\y|+ik7\x|)
2ia(ky + k) — 4k k_ + a? — (2 '

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

Pll()‘wxay):

Pu(\z,y) = Py + Pi(z,y)¢M"* + Py(z,y)0((),
where |P;j(z,y)] < C;(1+ |z?)(1 + |y|?), j = 1,2. Therefore, if A € Cy then
F()=Pu(A+0)=P1(A=0)=0(Y?), ¢—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)=0(*?), i,j=12 (=0

in the norm of B. Moreover, F”(¢) ~ (%2 as ( — oo. Therefore, the function F()
satisfies the conditions (4.5.48) and (4.5.49) of Lemma 4.5.16 withp = 1/2and B=8. O

4.5.8 Bounds for small times

As a starting point for the method of majorants in Section 4.5.10 we will need also
some estimates on the dynamical group e® for small ¢. First note that the function
eC'xo belongs to Cy(R, H'). This follows from a theorem analogous to Theorem 4.5.2
for solutions ey of the linearised equation (4.5.32), with initial condition yo € H?.
Moreover, energy and charge conservation imply that

e xollar < ellxollar, te€R. (4.5.56)

For a further application in section 4.5.11 we need a bound for the action of e on the
Dirac distribution 6 = §(z).

Thus let xs(z,t) be the solution to the linearised equation (4.5.25) with xs(z,0) =
§(x) and €€ its real vector version. Note that, by Theorem 4.5.17, we have eC'd €
Cy(e, 00; LX), for every € > 0, and 3 > 2. The next lemma gives the small ¢ behaviour:

Lemma 4.5.20. The following bound holds
1€t || e = O(t™Y?), ¢t — 0. (4.5.57)

Proof. By the Duhamel representation for the solution to (4.5.25), we obtain

Yol ) = W (£)5 — / ds (ax5(0.5) + bRe (x3(0, ) ) Wolt — 5)3 (4.5.58)

where a and b are defined by (4.5.30), and W, (¢) is the dynamical group of the modified
Schrodinger equation
ix(z,t) = —x"(z,t) + wx(z, ). (4.5.59)
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Note that

L2
W, (t)o = et ar Tt (4.5.60)
Therefore (4.5.58) becomes

1 2—2 wt
o= T

-3 .
gty i(t=s) <axé(o, s) + bRe (xs(0, s))ds. (4.5.61)

.

1 iﬁfiwt
g(g;ﬂf) = e’ at

A

2
elat—sy ~(t=s) (aq(O, s) + bRe (¢(0, S))ds. (4.5.62)

Therefore,

u<<>um_7+ \/_]a\Jr\b]/ ﬁng pwds,  £>0. (4.5.63)

Since ———— =1, we obtain the bound

0o m\/(t—s)s

1 1
S~ <
IOl = S T TV tal + o)
if ¢ is sufficiently small. ]

4.5.9 Modulation equations

In this section we present the modulation equations which allow a construction of solutions
Y (z,t) of the equation (4.5.1) close at each time ¢ to a soliton i.e. to one of the functions

Cef—velel C =Cw)>0

in the set S described in section 4.5.3 with time varying (‘modulating’) parameters (w, §) =
(w(t),0(t)). It will be assumed that ¥ (x,t) is a given weak solution of (4.5.1) as provided
by Theorem 4.5.2, so that the map ¢ — ¢( -, t) is continuous into H'(R). The modulation
equations follow from the ansatz for the solution which is explained next. Recall that we
defined

O, (z) = (Ce V¥l 0) = (0, 0) (4.5.64)

so that ¢(z,t) = e/?Dd, () is a solution of (4.5.28) if and only if § = w and & = 0.
Here it is to be understood that C' = C(w(t)) is determined from w(t) via (4.5.16). We
look for a solution to (4.5.28) in the form

U(x,t) = "D (D (x) + x(2,1)) = DU (2,1), U(1,t) = Puy(z) + x(2,1). (4.5.65)
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Since this is a solution of (4.5.28) as long as y = 0 and 6 = w and w = 0 it is natural to
look for solutions in which y is small and

6’(75):/0 w(s)ds + (t)

with v treated perturbatively. Observe that so far this representation is underdetermined
since for any (w(t),6(t)) it just amounts to a definition of y; it is made unique by re-
stricting x(¢) to lie in the image of the projection operator onto the continuous spectrum
P¢ = P°(w(t)) or equivalently that

Px(t) =0, PY=Pw(t)) =1 —Pw(t)) (4.5.66)

(The projection operators are as defined in (4.5.35) and (4.5.42)). An equivalent formu-
lation of (4.5.66) is to say that e’y is required to lie in the symplectic normal space
Ny oS- This is equivalent to imposition of the following orthogonality conditions (at
cach time ?):

Q(x(@), To(w(t)) = 0 = Q(x(1), Ty (w(t)), (4.5.67)

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

/ xi(x, t)Ce Vel dz = 0, and / X2 (, 1), (Ce™V¥lely dz = 0. (4.5.68)

Now we give a system of modulation equations for w(t), ~(t) which ensure the condi-
tions (4.5.68) are preserved by the time evolution.

Lemma 4.5.21. (i) Assume given a solution of (4.5.28) with reqularity as described
in theorem 4.5.2, which can be written in the form (4.5.65)-(4.5.66) with continuously
differentiable w(t), 0(t). Then

X =Cx —wd, P, +%j (P +x) +Q (4.5.69)
where Q(x,w) = —8(z)j " (F(®., + x) — F(®,,) — F'(®y,)x), and

. (P°Q, V)
Y= b, —0,poy. ) (45.70)
<jPO(awq)w - 8wPOX)7 P0Q>

(0,P, — 0,P%, V) T

v (4.5.71)
where PY = P°(w(t)) is the projection operator defined in (4.5.42) and 9,P° = 9,P°(w)
evaluated at w = w(t).

(11) Conversely given 1) a solution of (4.5.28) as in theorem 4.5.2 and continuously dif-
ferentiable functions w(t), 0(t) which satisfy (4.5.70)-(4.5.71) then x defined by (4.5.65)
satisfies (4.5.69) and the condition (4.5.66) holds at all times if it holds initially.

Proof. This can be proved as in [112, Prop.2.2|. O

It remains to show, for appropriate initial data close to a soliton, that there exist
solutions to (4.5.70)—(4.5.71), at least locally. To achieve this observe that if the spectral
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condition (4.5.18) holds then by Lemma 4.5.6 the denominator appearing on the right
hand side of (4.5.70) and (4.5.71) does not vanish for small HxHL}?. This is because

@) = 50 [ 10uid 20 (1572

as discussed in section 4.5.3. This has the consequence that the orthogonality conditions
really can be satisfied for small x because they are equivalent to a locally well posed set
of ordinary differential equations for ¢ — (6(¢),w(t)). This implies the following corollary:

Corollary 4.5.22. (i) In the situation of (i) in the previous lemma assume that (4.5.72)
holds. If HxﬂLg is sufficiently small for some p,( the right hand sides of (4.5.70) and

4.5.71) are smooth in 6, w and there exists continuous R = R(w, x) such that
( X
()] < RIXO,1)F  |o®)] < RIx(0, 1)

(11) Assume given v, a solution of (4.5.28) as in Theorem 4.5.2. If wy satisfies (4.5.72)
and x(x,0) = e 7%¢(x,0) =Py, (x) is small in some LY norm and satisfies (4.5.66) there is
a time interval on which there exist C' functions t — (w(t),v(t)) which satisfy (4.5.70)-
(4.5.71).

4.5.10 Time decay for the transversal dynamics

In this section we state our Theorem 4.5.24 on the time decay of the transversal component
X(t) in the nonlinear setting, leaving the proof to the next section. Theorem 4.5.24 will
be used to prove the main theorem in Section 4.5.12. First we represent the initial data
1o in a convenient form for application of the modulation equations: the next Lemma
will allow us to assume that (4.5.66) holds initially without loss of generality.

Lemma 4.5.23. In the situation of Theorem 4.5.9 there exists a stationary orbit g, =
CoeVolel satisfying the spectral condition (4.5.18) such that in vector form

Ibo(l‘) = ejeo((I)LDo(x) + XU(*T))’ gy = (¢®ov O)a
and for xo(x) we have
and i
ol Lyom = d = O(d) asd — 0.
Proof. By (4.5.67), the condition (4.5.73) is equivalent to the pair of equations
Qe 7y — By, To(G0) = 0, (e "9y — B, Ta(Gn)) = 0,

where Ty(w) = j®u, Ti(w) = 0,P,. For ¢y sufficiently close (in Lj) to e/®®,, the
existence of 6y, @y follows by a standard application of the implicit function theorem if we
show that the Jacobian matrix

an(e_je% - q)wajq)w) an(e_jeiﬁo - (I)wy awq)w) (4 5 74)
Qe g — Dy, j ) 0pUe Py — Dy, 0, Py) ) o
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with 1y = e/%®,, | is non-degenerate at w = wy and @ = . But this is equivalent to the
non-degeneracy of the matrix

Q00 Puyy 7Pus) 0
(s Q0.5 ) (45.75)

which holds by (4.5.72). O

In Section 4.5.12 we will show that our main Theorem 4.5.9 can be derived from the
following time decay of the transversal component x(t):

Theorem 4.5.24. Let all the assumptions of Theorem 4.5.9 hold. For d sufficiently small
there exist C* functions t — (w(t),~(t)) defined for t > 0 such that the solution ¥(z,t)
of (4.5.28) can be written as in (4.5.65-4.5.66) with (4.5.70-4.5.71) satisfied, and there
exists a number M > 0, depending only on the initial data, such that
M(T) = sup [(1+ X (@), + (1 + 0 (131 + ][] < M, (4.5.76)
uniformly in T >0, and M = O(d) as d — 0.
Remarks 4.5.25. (0) This theorem will be deduced from Proposition 4.5.26 in the next
section.

(i) Theorem 4.5.2 implies that the norms in the definition of M are continuous func-
tions of time (and so M is also).

(i1) The result holds also for negative time with appropriate changes since (z,t) solves
(4.5.1) if and only if 1(x, —t) does.

(iii) The result implies in particular that |0 —w|+13|&| < C, hence w(t) and O(t)—tw,
should converge as t — oo while ¥(x,t) — O d ) (x) have limit zero in L2(R).

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

4.5.11 Decay in transversal directions

In this section we prove Theorem 4.5.24. Let us write the initial data in the form

Yo(x) = 7% (D, (z) + xo(z)). (4.5.77)
with d = ||xo HLémHl sufficiently small. By Lemma 4.5.23 we can assume that P%(wy)(xo) =
0 without loss of generality. Then the local existence asserted in Corollary 4.5.22 implies
the existence of an interval [0,#] on which are defined C' functions ¢ — (w(t),y(t))
satisfying (4.5.70)-(4.5.71) 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 t; small.

Proposition 4.5.26. In the situation of Theorem 4.5.24 let M(t1) < p for some t; > 0
and p > 0. Then there exist numbers di and py, independent of t1, such that

M(t)) < p/2 (4.5.78)

if d = xollynm < di and p < p1.

Proof of Theorem 4.5.24. Assuming the truth of Proposition 4.5.26 for now The-
orem 4.5.24 will follow from the next argument:
Consider the set T of ¢; > 0 such that (w(t),y(¢)) are defined on [0,#] and M(t1) < p.
This set is relatively closed by continuity. On the other hand, (4.5.78) and Corollary
4.5.22 with sufficiently small p and d imply that this set is also relatively open, and hence
sup T = +oo, completing the proof of Theorem 4.5.24.

In the remaining part of the section we prove Proposition 4.5.26.
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Frozen linearised equation

A crucial part of the proof of Proposition 4.5.26 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 4.5.6 and 4.5.7. Rather than study directly (4.5.69), whose linear part is non-
autonomous, it is convenient (following [1 10, 111]) to introduce a second ansatz, a small
modification of (4.5.65), which leads to an autonomous linearised equation. This new
ansatz for the solution is

Y(x,t) = eje((I)w(x)—i—e_j(e_é)n), where 0(t) = wit+6y, Oy = 0y andw, = w(ty) (4.5.79)

so that, n = ej(efé)x and x = e*jw*é)n. Since

X =D (5= j(w+ 5 —win)
equation (4.5.69) implies
0 =3 Y w —w)n—i—ej(e_é)C(e_j(e_é)n) +ei0=0) (j_lf'y@w—w6w®w+Q[e_j(9_é)77]>. (4.5.80)

The matrices C and e/¢, where ¢ = 0 — é, do not commute hence we need the following
lemma:

Lemma 4.5.27.

1 0

Cel? — e1°C = §(z)bsin ¢ o, where o = ( 0 —1

) , b=12dC? (4.5.81)

Proof.
j b 0 D cos¢ —sing cos¢ —sing 0 D
C6¢_€¢C_<_D1 02)(31n¢ cos ¢ )_(singzﬁ cos ¢ )(—D1 02)
_ ( (Dy — Dy) sin ¢ 0 ) _ ( §(z)bsin ¢ 0 )

0 (D; — Dy)sin¢ 0 —d(x)bsin ¢

Using Lemma 4.5.27 we rewrite equation (4.5.80) as
n =7 Yw —w)n+Cn+ eI (0=0) (—(5(91:)6 sin(f — 0)on + j 7D, — wd, P, + Q[e’j(g’é)n])

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

j71<w1 — w) +C = Cl — 371(5(:1:)(‘/ — ‘/1),
where V- =a+bP, Vi =V (1), and Cy = C(t;). The equation for n now reads

n = Cin—j o(@)(V—Vi)y

+e00) <—(5(a:)bsin(9 — O)on+ 4P — wd, Py, + Q[e‘jw‘é)nD (4.5.82)
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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 (4.5.82) can be written in the following frozen form

n=Cin+f (4.5.83)
where

fi = —j7'6(x)(V —Va)y

+ei0=0) <—(5(x)b sin( — 0)on + j 4P — WD, D, + Q[e_jw_é)?ﬂ)- (4.5.84)

Remark 4.5.28. The advantage of (4.5.83) over (4.5.69) is that it can be treated as a
perturbed autonomous linear equation, so that the estimates from section 4.5.6 can be
used directly. The additional terms in f; can be estimated as small uniformly in #;: see
lemma 4.5.29 below. This is the reason for introduction of the second ansatz (4.5.79).

Lemma 4.5.29. In the situation of Proposition 4.5.26 there exists ¢ > 0, independent of
t1, such that for 0 <t <t

|a(t) = ar] + [b(t) = bi| +16(t) — 6(t)] < cp.

Proof. By (4.5.76)
sup (1+%)(|5(t)] + |w(t)]) < M(t2) = p. (4.5.85)

0<t<ty
Therefore

t1

|«ﬂ—amﬂ=|/avwﬂzc(mm<r+#wuﬂ0/gfl2§w,

0<r<t1

since |a(7)| < ¢|w(T)|. The difference |b(t) — b(¢1)| can be estimated similarly. Next

wwﬁmzf Um+w>ﬂmm—wmzéwvwwmmhféﬂﬂm

/ / §)dsdr + /0 () (4.5.86)

By (4.5.85) the first summand on RHS of (4.5.86) can be estimated as

// (s \dsd7<// (14 s)**|w(s )y( )2+€dsdr

<c sup (1+s)*"w(s) ]// iis 2+€dsd7-<cp

0<s<t;

since the last integral is bounded for ¢ € [0,¢;]. Finally, for the second summand on the
RHS of (4.5.86) inequality (4.5.85) implies

T)dr| < ¢ su 1—1—7’ / <c
|/ | O<Tgt1 WO Tm <
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Projection onto discrete and continuous spectral spaces

From sections 4.5.6 and 4.5.7 we have information concerning U(t) = ¢!, 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 (4.5.65) and (4.5.79) that

n=e@0y and PYx(t) =0 (4.5.87)

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 ¢ €
[O,tl]I

n(t) = g(t) + h(t) (4.5.88)

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 4.5.30. In the situation of Proposition 4.5.26, assume

sup (Je(t) — | + 10(1) — (1)) = A

0<t<t:

is sufficiently small. Then for 0 <t <ty there exists a linear operator Z(t), bounded on
L>y N H', and c(A,wi) such that n(t) = Z(t)h(t), and

o o) Ml < Il < c(B )bl (4559)
Proof. Explicitly we write
n(t) = h(t) +9@),  g(t) = bo(t)To(wr) + b1 ()T (w1) (4.5.90)
where by, by are chosen at each time ¢ to ensure that Q(h(t), To(w1)) = Q(R(t), T1(w1)) = 0.
Using the fact that (since Py (¢) = 0)
Q(e_j(e_é)n, To(w(t)) =0= Q(e‘jw_é)n, T (w(t))

this means that by, b; are determined by

—Prbo(t) = Q(U(t)7T1(W1)) = Q(W(t)>T1(UJ1) - ej(e_jﬁ)Tl(W(t))) (4.5.91)
Panbi(t) = Q(n(t), To(wr)) = Q(n(t), To(wr) — e/ Ty(w(t))). (4.5.92)

From these it follows that there exists ¢ > 0 such that Hg(t)HLgoﬁmHl < CAHn(t)HLioﬂmHl
and hence (4.5.89) follows as claimed. ]

Proof of Proposition 4.5.26

To prove Proposition 4.5.26 we explain how to estimate both terms in M, (4.5.76), to be
< p/4, uniformly in ¢;.
Estimation of the second term in M. As in Corollary 4.5.22 we have

M (t)?
(*) t <t

()] + w®)] < colx(0,1)]* < Oy LS
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since |x(0,?)[ < [[x(¢)[|z,. Finally let p; < 1/(4cy) to complete the estimate for the

second term in M as < p/4.
Estimation of the first term wn M. By Lemma 4.5.30 it is enough to estimate h. Let us
apply the projection P¢ to both sides of (4.5.83). Then the equation for h reads

h = C1h + PSfy (4.5.93)
Now to estimate h we use the Duhamel representation:
t
h(t) = U(E)R(0) + / Ut — s)PCty(s)ds, ¢ < t. (4.5.94)
0
with U(t) = e©! the one parameter group just introduced. Recall that PYh(t) = 0 for
t € [0,t;]. Therefore
IU®RO)[2, < X+ AO0)] o < (X +8) 2 [0(0)] Lyom- (4.5.95)

by Theorem 4.5.17 and inequalities (4.5.56) and (4.5.89). Let us estimate the integrand
on the right-hand side of (4.5.94).

Lemma 4.5.31. The integrand in (4.5.94) satisfies the following bound: for 0 < s <t

1
(t—s) 21 +t—s)

Ut — 5Py (5) 1, < c (1), + i, ). (4590

Proof. We consider two different cases : t —s > v, and 0 < t — s < v, where v = v(a, b)
is defined in Lemma 4.5.20.

i) t —s > v : We use the representation (4.5.84) for f; and apply Theorem 4.5.17,
Corollary 4.5.22 and Lemma 4.5.29 to obtain that for ¢ < ¢;

U= $)PSli=, < )L+ — )2 P50 (1)L,
< )+ o- 7 (0.0 + (0. )
< )+ t= 9 (IOl + Ol ). (4507

ii) 0 <t—s < v : We denote Q = §(2)Q, and represent f;(z, s) as

fi(z,s) = p(s)o(z) + q(5) Py, + 7(5) 0, Py (4.5.98)

p(s) = =37 (V = Vi)(0,) + ¢/ (bsin(0 — 0)on(0, ) + Qle 7O (0, 9)] ),
is an R? valued function of time, and
q(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 4.5.29,

(611 < (0.0 + 0,50 ) < (I, + pln(oles,
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and by Corollary 4.5.22
lg@)I1 ()11 < elm(0, )" < elln(s)[lZes, -
Applying projector P to f; we obtain
Pifi(z,5) = p(s)d(x) + q(s)®, + r(5)0, P, — Py (z, 5). (4.5.99)
By Lemma 4.5.20 for sufficiently small v we obtain

1U(t = s)p()3(2) ||z, < 1U(t — $)p(s)3(2) ||z < c(@)[p(s)II(t — 5)/2

< c(v)(t—s)” 1/2(H?7( $)|IZ=, + p||7](8)||L0°5>, 0<t—s<uw (4.5.100)
By inequality (4.5.56) we have
UGt = ) ()20 + ()00 ) 1, < Ut = ) (a(s)u + ()0 )
< C(IICJ(S)IIH‘PWIIH1 + (HT(S)IIH%%HHl) < dn(s)li=, 0<t—s<w. (45.101)
The definition (4.5.42) of the projector P? implies immediately that

1RO < e(lIp(o)ll + lla(s) | + lr(s)1])
Then, similarly to (4.5.101), we obtain
U= )Pullis, < (@), +pln()lix,). 0<t—s<v (45102
Finally, (4.5.99)-(4.5.102) imply
Ut = s)P5hallz, < c(t =) 2 (Iln(s) |7, + plln(s)lles,), 0 <t—s<w (45103)
From (4.5.97) and (4.5.103) inequality (4.5.96) follows. O

Now (4.5.89), (4.5.94), (4.5.95) and (4.5.96) imply

t

In(t)] =, gc(1+t)3/2”7;(0)“%”1%1/ (t_5>1/2cﬁ+t_s)(””<S)”%wﬁp”n(s)””"ﬂ)

0

Multiply by (1 +#)%/2 to deduce

(1+1)32(1 +s)73
3/2
(1402 n(Olls, < ed+er / AT

(1+ 8)3H77(s)|\%ioﬁds (4.5.104)

Y / L ), s
0
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since HT](O)HL[I;mHl < d. Introduce the majorant

m(t) == sup(1+ )" |ln(s)|r=,, t<t
[0,2]

and hence

(1+1)32(1 + )73

d
t—s)12(1+t—s) °

m(t) < ed+ eym?(t /
0
¢

3/2 §)-3/2
+perm(t) / ((ijgl /2812_ e (4.5.105)

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 (4.5.105) implies that there exist ¢, ¢z, c3,
independent of ¢1, such that

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

Recall that m(t1) < p < p; by assumption. Therefore this inequality implies that m(t) is
bounded for ¢ < t;, and moreover,

m(t) < eqd, t<t

if d and p are sufficiently small. The constant ¢, does not depend on t;. We choose d in
(4.5.19) small enough that d < p/(4c4). Therefore,

[S()u%(l + 2[00l < p/4
7tl

if d and p are sufficiently small. This bounds the first term as < p/4 by (4.5.87) and
hence M (t1) < p/2, completing the proof of Proposition 4.5.26.

4.5.12 Soliton asymptotics

Here we prove our main Theorem 4.5.9 using the bounds (4.5.76). For the solution
Y(x,t) to (4.5.1) let us define the accompanying soliton as s(z,t) = ¢« (z)e??, where
0(t) = w(t) +4(t). Then for the difference z(z,t) = 9(x,t) — s(x,t) we obtain easily from
equations (4.5.1) and (4.5.11)

i5(x,t) = —2"(2,) + As(x, t) — iwd,s(x,t) — 6(z) (F(w(x, 1) — F(s(a, t))). (4.5.106)

Then

+ / W(t—7) [75(7)—maws(f)—5(x) (F(¢(o,7))—F(S(o,T)))]dT, (4.5.107)

0
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where z(t) = z(+, 1), s(t) = s(+,t), and W(t) is the dynamical group of the free Schrédinger
equation. Since Y(t) — v4, w(t) —wy = O(t7?), and therefore 0(t) — w t — v, = O(t™)
for t — oo, to establish the asymptotic behaviour (4.5.20) it suffices to prove that

2(t) = W(t)®y +ry(t) (4.5.108)
with some @, € Cy(R) N LA(R) and |74 ()| c,@)nr2®) = Ot~ /?). Denote g(t) = 4s(t) —
iwd,s(t), h(t) = F((0,t)) — F(s(0,t)) and rewrite equation (4.5.107) as

2(t) = W(t)z(0) + W(t /W T)dr — W /W h(T)dr. (4.5.109)

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

W t)/W(—T)g(T)dT = /W TYdT — W /W
= W(t)o1 +ri(t), (4.5.110)

where, from the unitarity in H! of the dynamical group W (¢) and the ¢~3 decay of w and
74, we infer that ¢; = /W(—T)g(T)dT € H', and ||ri(t)||gr = O(t72), t — oc.

eix2 /(4t)

VAt ’

Consider now the last summand onn the RHS of (4.5.109). Note that W (¢)d(z) =
and |h(t)] < ¢|x(0,t)| < c(1+1)7%/2 by (4.5.76). Therefore

f T o—ia?/(4r) T gia?/(4(t=r)
W(t)/W(—T)5(3:)h(T)dT = W(t) \/TW h(T)dr /m h(T)dT

= W(t)ds + ra(t). (4.5.111)
T omia?/(47)
v —4miT

0

Moreover, ¢ € L?, and ||ry(t)||z2 = O(t1/2), t — oo. To see that this is indeed true
change variable to 7 = 1/u in the definition to get:

Evidently, ¢, = h(r)dr € Cy, and ||r2(t)|lc, = Ot 1), t — occ.

¢o(x) = m et n(u) du, n(u) = h(1/u)/u®? (4.5.112)
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 theorem ¢ is square integrable
as a function of y = z?, and hence also as a function of z (since dy = 2zdx and ¢, is a
bounded continuous function). Next we have ro(t) = =W (t)R(t) with

1/t 1
/ —W‘E (u) du = \/_—TmFu—m?MCt(u)n(u)?

R(z,t)
(x \/ —471
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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"/?), t — oco. To con-
clude, using (4.5.109), (4.5.110), and (4.5.111) we obtain (4.5.108) with ¢ = 2(0)+d1+ @2
and 4 (t) = ri(t) + ro(t). The t — —oo case is handled in an identical way.

Now Theorem 4.5.9 is proved.

Remark 4.5.32. The expression (4.5.112) for ¢ as a Fourier transform implies imme-
diately that |¢9|, and hence |® | also, tend to 0 as |z| — oo by the Riemann-Lebesgue
theorem. 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 A(t) in addition to the decay rate of the initial
data.

4.5.13 The kernel and poles of the resolvent

In this section we calculate the resolvent and its poles.

The kernel of the resolvent

The derivation of the time decay of the solution to the linearised equation (4.5.25) in
section 4.5.6 required an analysis of the smoothness and singularities of the resolvent
R()) and its asymptotics as A — oco. Here we will construct its matrix integral kernel
explicitly

_ Rll()\wxay) RIQ()\ax7y)
R\ z,y) = < R\ z.y) Bam(\z.y) ) (4.5.113)

It is the solution to the equation
10
(C—= MR\, z,y) =d(z —vy) ( 01 ) : (4.5.114)

Calculation of first column For the first column R;(\, z,y) = ( 2118’ i’ Z; ) of the
21\ Ny Ly

matrix R(\, z,y) we obtain

(C = VR 2,y) = 6(x — ) ( ; ) . (4.5.115)
If # # 0 and = # y, (4.5.115) takes the form (cf. (4.5.31), (4.5.32))
dQ
_ -\ == tw
A Do Ri(\ z,y) = ) dx? Ri(\,z,y) = 0. (4.5.116)
—D —A d— —w —A

dx?

The general solution is a linear combination of exponential solutions of type e**v. Sub-
stituting into (4.5.116), we get

—A k2 +w
(—k2—w i >v0. (4.5.117)

For nonzero vectors v, the determinant of the matrix vanishes,

N+ (K +w)? = 0. (4.5.118)
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Then k% + w = Fi\. Finally, we obtain four roots +k () with
r(\) = V—w F i\, (4.5.119)

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 y/—w at A = 0. We choose the cuts in the

complex plane A from the branching points to infinity: the cut C, := [iw,i00) for ki (N)
and the cut C_ := [—iw, —ioco) for k_(\). Then

It remains to derive the vector v = (vq, v2) which is solution to (4.5.117):

ki + w +i\

Vo = v = v = +1v,.
2 \ 1 P 1
. 1 .
Therefore, we have two corresponding vectors vy = m and we get four linearly

independent exponential solutions

U+€izk+x — ( . eizk+:1:7 U,Gilk_m — . eizk_a:.

Now we can solve the equation (4.5.115). First we rewrite it using the representations
(4.5.32) and (4.5.31) for the operator C,

2
A 5 Tw) (R 1 0 Riy(\,0
de 11( ,I,y) — o a 11( ) ay)
d—2—w )\ <R21<)\,l’>y)) oz=y) <O) +o(x) <—a—b 0 )( Ry1(X,0,y)
Let us consider y > 0 for the concreteness. Then the RHS vanishes in the open intervals

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

Aje oy, + A etz x <0,
Rr(\,z,y) ={ Bie ™%y, + BZe *%y_ 4 Bfe™®v, + Bfe"2y_ 0 <z <y,
Creth+oy, + C_eth-2y_| T >y

since by (4.5.120), the exponent e~*%% decays for # — —o0, and similarly, e?*+* decays for
x — 00. 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
x = 0 and z = y. These four vector equations give just eight scalar equations for the
calculation.

Continuity at x =y: R;(y —0,y) = R;(y +0,y), i.e.

BZvy/ei + BZv_Je_ + Bivye, + Bfv_e_ = Civyes + Cov_e_,
where ey = e*+¥. It is equivalent to

By /ey + Bley = Cey,
(4.5.121)
BZ/e_.+ Bfe_ =C_e_.
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Continuity at © = 0: R;(—0,y) = R;(+0,y), i.e.
Ajvi +A v =Bv.+ B v_+ Blv, + Btu_
that is equivalent to
A+ == B_T_ + Bi,
(4.5.122)
A_ =B- + B~

Jump at z = y: R} (y+0,y) = R}(y—0,y)+ ( _(1) ), where prime denotes the derivative
in z. Substituting (4.5.121), we get

1k Civier +ik_Cv_e_ =

—ikyBivy /ey —ik_BZv_Je_ + ik Bfvie. +ik_Bfv_e_ + < _? )4.5.123)

Noting that

( _(1] ) - %z (4.5.124)
we get .
ik+C+€+ = —Z'k+B_T_/€+ =+ ik+Bi€+ + %,
| (4.5.125)
ik_C_e_ = —ik_B~Je_ +ik_Bte_ — %
After substituting of Cy from (4.5.121), the constants B cancel and we get
_ €y _ e_
B, =—— B”=——. 4.5.12
T Ak - T T (4.5.126)

a+b 0

Jump at z = 0: R} (+0,y) = R’I(—O,y)—( 0 q ) R;(—0,y). Substituting (4.5.121),

we get

—Z.k_i_B_,'__'U_i_ — ik_B:U_ + ik+BiU+ + ik_Bi_U_

= —'l'k+A+'U+ — ik',A,'U, — M(A+'U+ + A,’U,), (45127)
where M is the matrix ( “ —(i)_ b 2 ) Note that

Muv, = avy + Pu_

Y

b b
where «a=a-+ 2’ B = 7 (4.5.128)
Muv_ = av_ + Py

Then (4.5.127) becomes

—Zk'_i_B; + Zk’_t,_B::: = _ik+A+ — A+()é — A_/B,

—ik_B- +ik_ BT = —ik_.A_ — A, 8- A_a.
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Substituting here (4.5.122), we get after cancellations,
(2iky + a)Bf + BBT = —aB; — BB=
BB + (2ik_ + o)B* = -8B — aB_

Hence, the solution is given by

By 1 [ 2k _+a -8 o B B
(Bi>:_5( -8 2z’k++a)(5a)<3f>, (4.5.129)

where D is the determinant
D := (2iky + a)(2ik_ + o) — B, (4.5.130)
and BT, BZ are given by (4.5.126). The formulas (4.5.126) and (4.5.129) imply

Bt - L(_2@'1{:_(J4+c342—ﬁ2

2D 2 k+

et + zﬂe_>
(4.5.131)

2k_

2ik 2 _ 122
Bt = %(—iﬁ@—l— thyatao” = f e>

Using the identities
2ik_a+ao?— 3% =D — 2ikya+ 4k k_, 2k a+o® — > =D —2ik_a + 4k k_,

we rewrite (4.5.131) as

e 1
B = Sy L (ke + e )
. 4k:++2D (ta — 2k_)ey + ife
(4.5.132)
. 1
Bt = - (i o = 2k )e )
il % 3D ifes + (la — 2k )e

Finally, the formulas (4.5.121)—(4.5.122), (4.5.126) and (4.5.132) give the first column
Ri(\, z,y) of the resolvent for y > 0:

RI()‘axay) = FI()‘vmay) +P[()\,ZE,y), (45133)

where

1 ) ) 1 ) )
Ty 2, y) = E(ezmm—y\ ) E(ezmx—m it (eltluyy  (4.5.134)
+ —
and
1 ) )

Pihayy) = 55 [((m — 2k_)ei+llal+luD 4 zﬂe%<k+|xl+k4y|>)v+ (4.5.135)

_ (iﬁei(k,|x\+k+\y|) + (i — 2k+)€ik7(‘xl+‘yl)>v_]

Calculation of second column The second column is given by similar formulas with
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the vector ( (1) ) instead of < (1] ) in (4.5.121). Then ( _(1) ) in (4.5.123) is changed by

1 > Respectively, (4.5.124) is changed by

0
1 _U,—i—'UJr
0) 2

Hence, we have now change i/2 by 1/2 in the first equation of (4.5.125) and —i/2 by 1/2
in the second one. Respectively, (4.5.126) for the second column reads

_ i€+ _ 1€_
B =——+ B =———,
VT - T4k

Then the second column R;;(A, z,y) of the resolvent reads:

RII<)\7~:C’y> :FII()‘7xuy>+PII<)‘7xvy)7 (45136)
where
Trr(\ 2, y) = —ﬁ(ei’“'w' — eibrllal Dy, i(eik—lw‘ — k==Y, (4.5.137)
and
J _ : ik (el4lyl) o ggiCkr =]+ lyl)
(A x,y) = 3D —(ia —2k_)e +ife vy
+ (i,@ei(k*m%*‘yl) — (i — 2k+)eik*(‘rl+|y|)>v_] (4.5.138)

Note, that if y < 0 we get the same formulas.

The poles of the resolvent

The poles of the resolvent correspond to the roots of the determinant (4.5.130),
D(\) :=a® + 2ia(k, +k_) — 4k, k- — 5% =0. (4.5.139)

with k4 as in (4.5.119)-(4.5.120). Thus D()) is an analytic function on C \ C_ U C,.
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 C which is branched over
C_ and C;. We call the sheet defined by (4.5.120) the physical sheet.

We will reduce the equation (4.5.139) 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. 4+ k_. Then
0? =2k k_ — 2w (4.5.140)

by (4.5.119), hence (4.5.139) gives the first quadratic equation:

o? + 2iao — 2(0° + 2w) — 32 = 0.
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Rewrite it as

) . _OtQ—ﬁQ
o — 100 =

— 2w =6 (4.5.141)

. 2

1 [0
= — =+ 60— — 4.5.142
775 V 4’ ( )

where the root is choosen arbitrarily.
Further let us express the roots in w. Since a = 2y/w, @ = a + b/2, § = b/2 then
substituting 0 from (4.5.141), we obtain

Finally,

5_ ot o B (a+0/2)> B a® a> b ab 1
4

= _ouy=""77 = - 4= _ " (2a—b)? .
s 2 4 8 2 7R T TH G

Now (4.5.142) reads

o= % + ;1(2@ —b) = i (2a+b) £ (2a — b)| =iv;, j=1,2, (4.5.143)
where 7; € R, and
71 = a = a(C?), Yo =b/2 =d'(C*)C?. (4.5.144)

Step i)
It remains to calculate the corresponding spectral parameter \. First, the quadratic
equation (4.5.140) implies by (4.5.143) that

Akik-)? = Qw+0%) = (2w—77)% j=1,2. (4.5.145)

On the other hand,

kik_ = vV—w+ iz —w — i), (4.5.146)
hence (4.5.145) gives the second quadratic equation
Aw? + X)) = 2w — 7))
Therefore,
(2w —77)* —dw? 7} (4w — 7))

4 4

Finally, we obtain four roots

A= Z?J 4w — 73, (4.5.147)

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

Corollary 4.5.33. The four-sheeted function [?()\) has the following roots (zeros):
i) j =1 gives \y = 0 since 4w = a* = ;.
i) If |y2| < 24/w, then both j = 2 roots +i|\s| are pure imaginary.
iii) If |y2| > 2+/w, then both j = 2 roots +|\s| are real: one positive and one negative.

Remark 4.5.34. Note that a priori we can meet the wrong sign of Im ki squaring
(4.5.146) which is why the above calculation yields roots of D()) rather than the physical
branch D(A). Since the formulas (4.5.133)-(4.5.138) involve only D(\) it is important to
know which of these are actually roots of D(\) and also to know the multiplicities. This
is done in the next two sections.
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Discrete spectrum \ =0

In order to check that the roots of f)()\) given in Corollary 4.5.33 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 Im ky > 0 for A € C\ C...

For j = 1 we have v = 74 = a = 2y/w and then \; = 0. For j = 2 we have
v =2 =d'C% If |y5| = 2¢/w ( equivalently |a’| = a/C?) or v, = 0 ( equivalently a’ = 0),
we have \y = 0.

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

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

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

7 —1 21 —2i
D'(\) =1 + — NV—W— AN ——=
) za(\/—w—i-z'/\ \/—w—i)\) (\/—w—l—i/\ v V—w — A

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

“V—w+ i),

1 b
D(A) = (; YRR

JAZ+ O(NY). (4.5.148)

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

Lemma 4.5.35. If o' = a/C? then A\ = 0 is a root of the determinant D(\) with multi-
plicity 4, otherwise A =0 is a root of the determinant D(X) with multiplicity 2.

Nonzero discrete spectrum

Now let us check whether the roots A = Ay # 0 corresponding v = v, & {0, +21/w} lie on
the physical branch. We analyze two different cases: 0 < |2| < 2y/w and |ys| > 24/w.
I.The case 0 < |y2| < 2y/w (equivalently 0 < |a’| < a/C?).

Since 4w — 3 > 0, the corresponding roots Ay are pure imaginary by (4.5.147). Moreover,
|A2] < w. Indeed, (4.5.147) implies

W = o’ =0 +15/4 = nw = (w—13/2)* > 0.
Hence —w F iy < 0 and k4 are pure imaginary with nonnegative imaginary part, that is
kik_ <0and Im (ky +k_) > 0. (4.5.149)
The equations (4.5.145) and (4.5.140) imply

CL2

1
ki k_| = ZW —2(d)?CY, (ky +k_)* = —2w + 2k k_ = -5 2k k_.  (4.5.150)

In order to obtain ki 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/VACH)U (~a/VEC",a/VAC)\ (0} ) Ul s ).
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a a

V202 C?

1) First consider the case a' € | ). Then (4.5.149) and (4.5.150) imply

k+k::%@ﬁ-2@ffcﬂy

]C k2__a_2 a’_2_ /204__ /204
(ko 4k )2 = =%+ 5~ (@0 = ~(@)C*
ky +k_ =id C?,

and using (4.5.139), we obtain
D(X\2) = (a+d'C?*)? — (a'C?)? + 2i(a + a/C?)(ky + k_) — 4k k_

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

Note that each v, defines two values Ay up to factor 1. If we replace Ay by —X\o, ky
and k_ change places and our calculation remains valid. Therefore, both values of \; are
roots of D()).

2) Further consider o’ € (— |. In this case

a4 e
C? V202
k&—i@Q—%dfG% by + k= —idC”.
Then we have
D()\y) = a® + 2aad'C* + 2(a + a/C?)d'C? — a* + 2(a’)*C* = 4d'C*(a + d'C?) # 0

since @’ # 0 and a’ # —a/C?. Therefore in this case both values of A, are not the roots
of D(A).
3) Finally consider 0 < |a/| < ~ % Then (4.5.149)-(4.5.150 imply that

V2C?
mﬁ__—im?—%dfcﬂ<o,
(ky + k) = —a* + (d)’C* < 0,

ki + k- =iva®— (a)*CA

Then we have
D(X\g) = ala + 2d'C?) — 2(a + a'C*)\/a? — (a')2C* + a* — 2(a’)*C*. (4.5.151)

To solve the equation D()\y) = 0 with respect to @/, divide the RHS of (4.5.151) by C* # 0
and denote p = a/C? > 0. Then we get the equation

P+ pil — (@ = (p+ )P — (@), 0 < |d/] < p/v3. (45.152)
Squaring both side of (4.5.152), we get
2(@/)4 _p2(a/)2 =0

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

Corollary 4.5.36. i) D(\y) =0 ifd € [\/502, E)

ii) D) # 0 if ' € (— . #) \ {0}.

I1. The case |y2| > 2y/w (equivalently |a'| > a/C?).
Since 4w — 75 < 0, the corresponding roots (4.5.147) are real: Ay < 0 < A, A\ = —\;.
It is easy to prove that k4 take the form:

ky =+p+w, v>0.

Therefore
kik. =—p?—12 <0, ky+k_ =2iv (4.5.153)

1) First consider the case @’ > a/C?. Then by (4.5.150) and (4.5.153)

1
kik = Z(GQ —2(a)?C?Y), (ky +k)?=—(d)*C*, ky+k_ =idC>
Therefore
D(X\p) = a(a+2d'C?) + 2i(a+d'C*)(ky + k) — 4k k_ =

ala +2d'C?% —2(a+dC*d' C?* — a® +2(d')*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_ = Z(GQ —2(a)?’C* <0, ky+k =—idC?
D()\;) = a® +2aad'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(\).

Corollary 4.5.37. i) In the unstable case a’ > a/C?: both Xy are roots of D(\).
i) If ' < —a/C? then neither of the Ay are roots of D(N).

Summarising, we have proved the following result

Theorem 4.5.38. i) If a’ € (—o0,a/(v/2C?)) the only root of D(A) is A = 0 with multi-
plicity 2.

i) If ' € [a/\/2C?,a/C?), there are four roots of D(\): zero (multiplicity two) and £i|\s|
(pure imaginary) with Ay as in (4.5.147).

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

) If a’ € (a/C? +00), there are four roots of D(N\): zero (multiplicity two) and 4|\
with Ay as in (4.5.147). In particular there exists a positive root (linear instability).

Remark 4.5.39. Imagine reducing @ starting from a value greater than a/C?. Initially
there are two real roots, 4-|\s|, 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 a’ = 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 4iw as a’ goes from a/C? to a/v/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 (4.5.120) do not hold).
As @ 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/C?.
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Chapter 5

Adiabatic effective dynamics of solitons

In this chapter we present without proofs the results of [37] on adiabatic effective dynamics
for the wave-particle system (1.5.1)—(1.5.2) in the case of slowly varying external potential.
We also discuss the related mass-energy equivalence.
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5.1 Solitons in slowly varying external potentials

In this section we describe the first result [37] on adiabatic effective dynamics. The solitons
(2.1.3) are solutions to the system (1.5.1)—(1.5.2) with zero external potential V' (z) = 0.

The asymptotic stability of the corresponding solitary manifold, proved in [127], means
the soliton-like asymptotics
V() =z —qt), teR (5.1.1)

for any solution with initial state sufficiently close to this manifold. On the other hand,
solutions of this form may exist even for the system (1.5.1)—(1.5.2) with nonzero external
potential if this potential is slowly varying:

IVV(g)] <e < 1. (5.1.2)

In this case, the total momentum (2.1.2) is generally not conserved, but its slow evolution
and the (fast) evolution of the parameter ¢(¢) in (5.1.1) can be described in terms of some
finite-dimensional Hamiltonian dynamics.

Namely, denote by P = P, the total momentum of the soliton S, ¢ in the notation
(2.1.7). It is important that the map P : v — P, is an isomorphism of the ball |v| < 1
on R3. Therefore, we can consider ), P as global coordinates on the solitary manifold S.
We define effective Hamiltonian functional

Heff(@a Pv) = H(SU,Q)a Q7 Pv € Rga (513>

where H is the total Hamiltonian (1.5.4). This functional allows the splitting Heg(Q, IT) =
E(IT)+V(Q) since the first integral in (1.5.4) does not depend on () while the last integral
vanishes on the solitons. Hence, the corresponding Hamiltonian equations read

Q(t) = VEIL()), () = =VV(Q(1)). (5.1.4)
The main result of [37] is the following theorem.

Theorem 5.1.1. Let condition (5.1.2) hold, the initial state Sy = (o, 70, qo,p0) € S
is a soliton with total momentum Py, and (x,t),n(z,t),q(t),p(t) of the system (1.5.1)-
(1.5.2). Then the following ‘adiabatic asymptotics’ holds

lq(t) = Q)] < Co, |P(t) =TI(t)] < Che for [t] < Ce, (5.1.5)

sup [IIV[w(q(tht)—wt)(:c)]||R+||7r(q(t)+x,t)—m(t)(x)nR] <Ce, (5.1.6)

teR

where P(t) denotes total momentum (2.1.2), v(t) = P~YIL(t)), and (Q(t),II(t)) is the
solution to the effective Hamiltonian equations (5.1.4) with initial conditions

Q(0) =q(0),  1I(0) = P(0).
Note that such relevance of effective dynamics (5.1.4) is due to the consistency of
Hamiltonian structures:

1) The effective Hamiltonian (5.1.3) is a restriction of the Hamiltonian functional (1.5.4)
onto the soliton manifold S.
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2) As shown in [87], the canonical form of the Hamiltonian system (5.1.4) is also a re-
striction onto S of canonical form of the system (1.5.1)—(1.5.2): formally

PdQ = [pdg+ / dzm(z) di(z)] ‘s‘
Therefore, the total momentum P is canonically conjugate to the variable () on the solitary
manifold §. This fact justifies definition (5.1.3) of the effective Hamiltonian as a function
of the total momentum P,, and not of the particle momentum p,.

One of the important results of [37] is the following ‘effective dispersion relation’:

H2

E(H) ~ 2(1 + me)

+ const, I < 1. (5.1.7)
It means that non-relativistic mass of a slow soliton increases due to an interaction with

the field by the amount

1 _
Mme = —§<p,A 1p). (5.1.8)

This increment is proportional to the field energy of a soliton in rest
—1 1 —1
7_[<A p707070) = _§<p7A p>7

which agrees with the Einstein mass-energy equivalence principle (see below).

Remark 5.1.2. The relation (5.1.7) gives only a hint that m, is an increment of the
effective mass. The true dynamical justification for such an interpretation is given by
the adiabatic asymptotics (5.1.5)—(5.1.6) which demonstrate the relevance of the effective
dynamics (5.1.4).

Generalizations. In [38], the asymptotics (5.1.5), (5.1.6) were extended to solitons of
the Maxwell-Lorentz equations (1.6.1) with small external fields.
After the papers |87, 88] suitable adiabatic effective dynamics was obtained in [35, 80]

for nonlinear Hartree and Schrédinger equations with slowly varying external potentials.
Similar effective dynamics in presence of small external fields later was constructed i) in
[34, 89, 90] - for nonlinear systems of Einstein—Dirac, Chern—Simon—Schrédinger, Klein—
Gordon-Maxwell systems, and ii) in [91] - for Maxwell-Lorentz equations with rotating
charge. Similar adiabatic effective dynamics was established in [33] for electron in second-
quantized Maxwell field in presence of a slowly varying external potential.

The results of numerical simulation [(1] (see the next chapter) confirm the adiabatic
effective dynamics of solitons (5.1.6) for relativistically-invariant 1D nonlinear wave equa-
tions.
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5.2 Mass—Energy equivalence

In the case of the Maxwell-Lorentz equations [$8] the increment of nonrelativistic mass
also turns out to be proportional to the energy of the static soliton’s own field.

Such equivalence of the self-energy of a particle with its mass was first discovered by
M. Abraham in 1902: he obtained by direct calculation that electromagnetic self-energy

Eown of an electron at rest adds
4

me = ovvn/C2

3

to its non-relativistic mass (see [203, |, and also [213, pp 216-217]). It is easy to see
that this self-energy is infinite for a point electron at the origin with a charge density
§(x), because in this case, the Coulomb electrostatic field |E(z)| = C/|z|* so the integral
in (1.6.3) diverges around x = 0. This means that the field mass for a point electron is
infinite, which contradicts experiment. That’s why M. Abraham introduced the model of
electrodynamics with ‘extended electron’ (1.6.1), whose self-energy is finite.

At the same time, M. Abraham conjectured that the entire mass of an electron is due
to its own electromagnetic energy; that is, m = m.: “... matter disappeared, only energy
remains ... ", see [210, pp 63, 87, 88| (smile :)).

This conjecture was justified in 1905 by A. Einstein, who discovered the famous uni-
versal relation £ = myc?, which follows from Special Theory of Relativity [206]. The
doubtful factor % in the M. Abraham formula is due to nonrelativistic character of the
system (1.6.1). According to modern view, about 80% of the electron mass is of electro-

magnetic origin  [207].



Chapter 6

Numerical Simulation of Solitons

In this chapter we describe the results of joint work with A.P. Vinnichenko (1945-2009)
on numerical simulation of i) global attraction to solitons (0.0.12) and (0.0.13), and ii)
adiabatic effective dynamics of solitons (5.1.6) for relativistically-invariant 1D nonlinear
wave equations. Additional information can be found in [61].
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6.1 Kinks of relativistically-invariant equations

First let us describe numerical simulations of solutions to relativistically-invariant 1D
nonlinear wave equations with a polynomial nonlinearity

P(x,t) =" (x,t) + F(¢(z, 1)), where F(v)) := —¢* + ). (6.1.1)

Since F(¢) = 0 for 1» = 0,+1, there are three stationary states: S(z) = 0,+1,—1. This
equation is formally equivalent to a Hamiltonian system (1.1.2) with the Hamiltonian
1

. = [ + 51 @P + V)] ds (6.1.2)

where the potential is U(y)) = %4 — %2 + 1. This Hamiltonian is finite for functions
(¢, ) € E, where & = H! @ L?* (see (1.1.4)), for which the convergence

P(x) = +1, |z| — o0

is sufficiently fast.

The potential U(¢) has minima at ¢» = +1 and a maximum at ¢ = 0. Correspondingly,
two finite energy solutions ¢ = +1 are stable, and the solution 1) = 0 with infinite energy
is unstable. Such potentials with two wells are called potentials of Ginzburg—Landau type.

In addition to the constant stationary solutions S(z) = 0,+1, —1, there is also a non-
constant solution S(x) = tanh x/v/2, which is called a ‘kink’. Its shifts and reflections
+S(+x — a) are also stationary solutions, as well as their Lorentz transforms

+S(y(£x — a — vt)), vy=1/V1—-2% |u| <l

These are uniformly moving ‘travelling waves’ (that is, solitons). The kink is strongly
compressed when the velocity v is close to 1. This compression is known as the ‘Lorentz
contraction’.

Numerical Simulation. Our numerical experiments show a decay of finite energy solu-
tions to a finite set of kinks and dispersion waves outside the kinks, which corresponds to
the asymptotics of type (0.0.13). The result of one of the experiments is shown in Fig. 6.1:
a finite energy solution of the equation (6.1.1) decays to three kinks. The vertical line is
the time axis, and the horizontal line is the space axis. The spatial scale redoubles at t =
20 and t = 60.

The red colour corresponds to the values ¥ > 1 4 ¢, the blue colour to the values
1 < —1 — g, and the yellow colour to the intermediate values —1 +¢ <9 < 1 — ¢, where
e > 0 is sufficiently small. Thus, the yellow stripes represent the kinks, while the blue
and red zones outside the yellow stripes are filled with dispersion waves.

For t = 0 the solution begins with a rather chaotic behaviour, when there are no visible
kinks. After 20 seconds, three separate kinks appear, which subsequently move almost
uniformly.

The Lorentz contraction. The left kink moves to the left at a low velocity v; &~ 0.24,
the central kink is almost standing, because its velocity vs ~ 0.02 is very small, and
the right kink moves very fast with velocity vs &~ 0.88. The Lorentz spatial contraction
/1 — v} is clearly visible in this picture: the central kink is the widest, the left is a bit
narrower, and the right one is quite narrow.
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_%ﬂ{x{ﬂﬂ

-40 < x < 40

Figure 6.1: Decay to three kinks.
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The Einstein time-delay. The Einstein time-delay is also very pronounced. Namely,
all three kinks pulsate because of the presence of a non-zero eigenvalue in the equation
linearised on the kink. Indeed, substituting ¢ (z,t) = S(z) + ep(z,t) in (6.1.1), we get in
the first-order approximation the linearised equation

S(x,t) = " (x,t) — 2p(x,t) — V(x)p(x,t), (6.1.3)

where the potential
3
cosh? z/+/2
decays exponentially for large |x|. It is very fortunate that for this potential the spectrum
of the corresponding Schridinger operator

V(zr)=35%*z)—3=—

d2
H=——+2+V(z
e (z)
is well known [62]. Namely, the operator H is non-negative, and its continuous spectrum

is the interval [2,00). It turns out that H also has a two-point discrete spectrum: the
points A = 0 and A = 3/2. It is this non-zero eigenvalue that is responsible for the
pulsations that we observe for the central slow kink, with frequency wy ~ \/3/_2 and
period Ty =~ 2w/ \/3/_2 ~ 5. On the other hand, for the fast kinks the ripples are much
slower, that is, the corresponding period is longer. This time-delay agrees numerically
with the Lorentz formulas, which confirms the relevance of these results of numerical
simulation.

Dispersion waves. An analysis of dispersion waves provides additional confirmation.
Namely, the space outside the kinks in Fig. 6.1 is filled with dispersion waves whose values
are very close to +1, with an accuracy of 0.01. These waves satisfy with high accuracy the
linear Klein—Gordon equation obtained by linearisation of the Ginzburg-Landau equation
(6.1.1) on the stationary solutionsiyy = +1:

¢($7 t) = 90”(1" t) + 290(‘%7 t)'
The corresponding dispersion relation w? = k2 + 2 determines the group velocities of
high-frequency wave packets:
k w2 —2
W(k) = =+ . 6.1.4

(F) = —mms = 2 (6.1.4)
These wave packets are clearly visible in Fig. 6.1 as straight lines whose propagation
velocities converge to +1. This convergence is explained by the high-frequency limit
W' (k) — £1 as w — Fo0. For example, for dispersion waves emitted by the central kink
the frequencies w = tnwy — F00 are generated by the polynomial nonlinearity in (6.1.1)
in accordance with Fig. 3.2.

Remark 6.1.1. These observations of dispersion waves agree with the radiation mecha-
nism in Section 3.9.

The nonlinearity in (6.1.1) is chosen exactly because of the well-known spectrum of
the linearised equation (6.1.3). In numerical experiments [(1], more general nonlinearities
of Ginzburg-Landau type have also been considered. The results were qualitatively the
same: for ‘any’ initial data of finite energy, the solution decays for large times to a sum of
kinks and dispersion waves. Numerically, this is clearly visible, but rigorous justification
remains an open problem.
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6.2 Numerical observation of soliton asymptotics

Besides the kinks the numerical experiments [(1] also revealed soliton asymptotics of type
(0.0.13) and adiabatic effective dynamics of the form (5.1.6) for complex solutions of the
1D relativistically-invariant nonlinear wave equations (2.2.4). polynomial potentials of
the form

U() = aly ™ = bly|*", (6.2.1)
were considered with a,b > 0 and m >n = 2,3,.... Correspondingly,
F(y) = 2am[p[*™ ¢ — 2on|y [, (6.2.2)

The parameters a, b, m,n were taken as follows,

N|la| m| b |n
1] 1]3]061]|2
211014 | 21 |2
3110 6 | 8755

Various ‘smooth’ initial functions ¢ (x,0), ¢ (z,0) with supports on the interval [—20, 20]
were considered. The second-order difference scheme with Az ~ 0.01 and At ~ 0.001 was
employed. In all cases, the asymptotics of type (0.0.13) were observed with the numbers
0, 1, 3 and 5 of solitons for ¢ > 100.
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6.3 Adiabatic effective dynamics of relativistic solitons

In the numerical experiments [01] the adiabatic effective dynamics of the form (5.1.6) was
also observed for soliton-like solutions of type (5.1.1) of the 1D equations (2.2.4) with
a slowly varying external potential (5.1.2):

(x,t) =" (x,t) —(x,t) + F((z,t)) — V(x)(x,t), r € R. (6.3.1)

This equation is formally equivalent to the Hamiltonian system (1.1.2) with the Hamilto-
nian

1 1 1
() = [P + 50 @R +UW) + V@l e (632
The soliton-like solutions are of the form (cf. (5.1.1))

ij(x, t) ~ eig(t)¢w(t) (%(t)(x — q(t))) (6.3.3)

The numerical experiments [01] qualitatively confirm the adiabatic effective Hamiltonian
dynamics for the parameters ©,w, ¢, and v, but it has not yet been rigorously justified.

Figure 6.2 represents a solution to equation (6.3.1) with the potential (6.2.1), where
a =10, m =6 and b = 8.75, n = 5. The potential is V(z) = —0.2cos(0.31x) and the
initial conditions are

1?(% 0) = ¢wo (71}0(‘75 - QO))J 1/1(557 0) =0, (634)

where vg = 0, wg = 0.6 and ¢y = 5.0. We note that the initial state does not belong
to the solitary manifold. The effective width (half-amplitude) of the solitons is in the
range [4.4,5.6]. It is quite small when compared with the spatial period of the potential
27/0.31 ~ 20. The results of the numerical simulations are shown in Fig. 6.2.

e The blue and green colours represent a dispersion wave with values [¢(x,t)| < 0.01,
while the red colour represents the top of a soliton with values | (z, t)| € [0.4,0.8].

e The soliton trajectory (‘red snake’) corresponds to oscillations of a classical particlein
the potential V(z).

e For 0 < t < 140 the solution is rather distant from the solitary manifold, and the
radiation is rather intense.

e For 3020 < t < 3180 the solution approaches the solitary manifold, and the radiation
weakens. The oscillation amplitude of the soliton is almost unchanged over a long time,
confirming the Hamiltonian type of the effective dynamics.

e However, for 5260 < t < 5420 the amplitude of the soliton oscillation is halved. This
suggests that on a large time scale the deviation from Hamiltonian effective dynamics
becomes essential. Consequently, the effective dynamics gives a good approximation only

on an adiabatic time scale of type t ~ ™1

e The deviation of the effective dynamics from being Hamiltonian is due to radiation,
which plays the role of dissipation.

e The radiation is realised as dispersion waves, which carry energy to infinity. The dis-
persion waves combine into uniformly moving wave packets with a discrete set of group
velocities, as in Fig. 6.1. The magnitude of the solution is of order ~ 1 on the trajectory
of the soliton, while the values of the dispersion waves is less than 0.01 for ¢ > 200, so
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5260 <t < 5420

3020 <t < 3180

0<t<140

-160 < x < +160

Figure 6.2: Adiabatic effective dynamics of relativistic solitons.
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that their energy density does not exceed 0.0001. The amplitude of the dispersion waves
decays at large times.

e In the limit as t — o0 the soliton should converge to a static position corresponding
to a local minimum of the potential V(x). However, the numerical observation of this
‘ultimate stage’ is hopeless, since the rate of the convergence decays with the decrease of
the radiation.



Chapter 7

Dispersion Decay

In this chapter we give i) a brief survey of basic results on the dispersion decay (Section
7.1), and ii) new short and simplified proof of the fundamental results on the L' — L>
dispersion decay established by J.-L. Journé, A. Soffer and C.D. Sogge in [185] for the
Schrodinger equation (7.1.2) with n > 3 (Section 7.2).
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7.1 The Schrodinger and Klein—Gordon equations

7.1.1 Dispersion decay in weighted Sobolev norms.

A powerful systematic approach to dispersion decay in weighted Sobolev norms for the
Schrodinger equation with potential was proposed by S. Agmon, A. Jensen and T. Kato
[172, |. This theory was extended by many authors to wave, Klein—Gordon and Dirac
equations and to the corresponding discrete equations, see [10, 112, 143], [173]-[183] and
[185]-[198], 199, 200] and references therein.

7.1.2 L' — L* decay

|PA @) lmn < CEP O @, >0 (7.0.1)
for solutions of linear Schrodinger equation
ip(x,t) = Hip(z,t) = (A + V(2)Y(z,t), zeR" (7.1.2)

with n > 3 was established for the first time by J.-L. Journé, A. Soffer and C.D. Sogge
[185] provided that A = 0 is neither an eigenvalue nor resonance for H. The potential
V(z) is sufficiently smooth and rapidly decays as |x| — oo. Here P. is an orthogonal
projection onto continuous spectral space of the operator H. This result was generalised
later by many authors, see below.

In [200] a decay of type (7.1.1) and Strichartz estimates were established for 3D
Schrodinger equations (7.1.2) with “rough” and time-dependent potentials V' = V(z,t)
(in stationary case V(x) belongs to both the Rollnik class and the Kato class). Similar
estimates were received in [176] for 3D Schrodinger and wave equations with (stationary)
Kato class potentials.

In [180] the 4D Schrédinger equations (7.1.2) are considered for the case when there is a
resonance or an eigenvalue at zero energy. In particular, in the case of an eigenvalue at zero
energy, there is a time-dependent operator F; of rank 1, such that ||Fy|[z1 e~ < 1/logt
for ¢t > 2, and

e P, — Fy|lpiope <Ct, > 2.

Similar dispersion estimates were proved also for solutions to 4D wave equation with a
potential.

In [182, 183] the Schrédinger equation (7.1.2) is considered in R™ with n > 5 when
there is an eigenvalue at the zero point of the spectrum. It is shown, in particular, that
there is a time-dependent rank one operator F, such that ||Fi|[piz-~ < C[t|>*7™/? for
[t| > 1, and

1€ P, — Fy|| 11y < CJt[2, |t] > 1.

With a stronger decay of the potential, the evolution admits an operator-valued expansion
eitHPc(H) _ |t|2_n/2A_2 + |t’1_n/2A_1 + |t’_n/2A0,

where A_y and A_; are finite rank operators L!(R") — L°°(R™), while Ay maps weighted
L' spaces to weighted L™ spaces. Main members A_5 and A_; equal to zero under certain
conditions of the orthogonality of the potential V' to eigenfunction with zero energy.
Under the same orthogonality conditions, the remainder term [t|~/2 A4, also maps L'(R™)
to L>®(R™), and therefore, the group e P.(H) has the same dispersion decay as free
evolution, despite its eigenvalue at zero.



7.1. THE SCHRODINGER AND KLEIN-GORDON EQUATIONS 157

7.1.3 L? — L% decay for the Klein—Gordon equation

Such decay was first established in [199] for solutions of the free Klein-Gordon equation
1 = At — 1 with initial state 1(0) = 0:

IO lee < CENEO)[1n, > 1, (7.1.3)

where 1 < p <2, 1/p+1/¢g =1, and d > 0 is a piecewise-linear function of (1/p,1/q).
The proofs use the Riesz interpolation theorem.

In [175], the estimates (7.1.3) were extended to solutions of perturbed Klein-Gordon
equation )
=AY =Y+ V(x)p

with 9(0) = 0. The authors show that (7.1.3) holds for 0 < 1/p —1/2 < 1/(n+1). The
smallest value of p and the fastest decay rate d occurs when 1/p =1/2+1/(n+1), d =
(n—1)/(n+1). The result is proved under the assumption that the potential V' is smooth
and small in a suitable sense. For example, the result true when |V (x)| < ¢(1 + |z|?) 77,
where ¢ > 0 is sufficiently small. Here 0 > 2 for n = 3, o > n/2 for odd n > 5, and
o > (2n* +3n + 3)/4(n + 1) for even n > 4. The results also apply to the case when

(0) # 0.

7.1.4 [P — L7 decay for the Schrodinger equation

The seminal article [185] concerns LP — L% decay of solutions to the Schrodinger equation
(7.1.2). Tt is assumed that (1 + |2]*)*V(x) is a multiplier in the Sobolev spaces H" for
some 77 > 0 and o > n + 4, and the Fourier transform of V' belongs to L'(R"). Under
this conditions, the main result of [185] is the following theorem: if A = 0 is neither an
eigenvalue nor a resonance for H, then

1P (0) | e < O (0) 1o, £ > 1, (7.1.4)

where 1 <p <2 and 1/p+ 1/q = 1. Proofs are based on L' — L> decay (7.1.1) and the
Riesz interpolation theorem.

In [202] estimates (7.1.4) were proved for the Schrodinger equation (7.1.2) under suit-
able conditions on the decay of V(x) i) with 1 < p <2 if A\ = 0 is neither an eigenvalue
nor a resonance for H, and ii) with all 3/2 < p < 2 otherwise.

7.1.5 The Strichartz estimates

The Strichartz estimates were extended i) in [173] to the Schrodinger magnetic equations
in R" with n > 3, ii) in [171] - to wave equations with a magnetic potential in R" for
n > 3, and iii) in [177] - to wave equation in R?® with potentials of the Kato class.
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7.2 L' — L* decay for 3D Schrédinger equation

In this section we give new short and simplified proof of the L' — L® dispersion decay
(7.1.1) for the Schrodinger equation (7.1.2), first established in [185] for n > 3. We restrict
ourselves by the case n = 3,

ip(z,t) = —AY(z,t) + V(x)(x, t), r € R (7.2.1)

Another approach to the proof of this decay in the cases n = 1 and n = 3 was suggested
by M. Goldberg and W. Schlag [151].

Our approach considerably simplifies the arguments of [185] and of [181]. We suppose
that the potential V() is a continuous real function, and

V(x)] < C(x)7", (x) = (14 |z|*)?, reR? (7.2.2)
for some 8 > 3. As in [185] and [I81] we consider the ‘regular case’ when the point
0 is neither eigenvalue nor resonance for the Schrodinger operator H = —A + V(x).

Equivalently, the truncated resolvent of the operator H is bounded at the edge point of
the continuous spectrum.

Theorem 7.2.1. Let condition (7.2.2) with > 3 holds. Then in the regular case
€™ Po(H) ||y < ClE72, [t > 1, (7.2.3)
where P.(H) is the Riesz projection onto the continuous spectrum of H.

This theorem immediately implies the decay in weighted norms
[¥llz = &) Plle, o €R.
Corollary 7.2.2. Let (7.2.2) hold and o > 3/2. Then in the regular case,
e Po(H)|| 22 < C(L+ )72, teR. (7.2.4)

Indeed, for any bounded operator K : L' — L* and any f € L? with ¢ > 3/2, one

has
K fllze, S CIKflle < ClK||pispee|[ fllr < Cill K poe || £l 22

Remark 7.2.3. For o > 5/2 the dispersion decay of type (7.2.4) for the 3D Schridinger
equation was established first by A. Jensen and T. Kato [15/].

Our proofs follow general strategy of [172, , | which relies on the spectral Fourier
representation
. 1 7 .
P (H) = 5 / et [R(w +i0) — R(w — m)] dw, (7.2.5)
v

0

where R(w) = (H —w)~! is the resolvent of the Schrodinger operator H.

We verify the decay (7.2.3) of the integral (7.2.5) developing a streamlined version
of the approach [181]. First note that this integral generally does not converge in the
operator norm L? — L? _ due to the slow decay of the resolvent in this norm like ~ w™1/2
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by the results of S. Agmon, A. Jensen and T. Kato [172, |]. On the other hand, this
integral converges in the sense of distributions, that is the integrals over intervals [0, L]
are tempered distributions Wy, (t) which converge as L — oo. Thus, (7.2.3) will follow
from uniform in L > 1 estimates

WL () lore < CJt72,  |t] > 1. (7.2.6)

Note that for the free Schrodinger operator the decay holds since its integral kernel is
bounded for |t| > 1 and decays uniformly in space:

o2
ez\x y|*/4t

—3/2
W < Ct| /2 [t] > 1. (7.2.7)

e | 1 pee = sup
z,yeR3

7.2.1 Properties of the resolvent

Here we collect the properties of the resolvent R(w) = (H — w)™" obtained in [172, 184]
(see also [189] where the full proofs of these properties can be found). We suppose that
the condition (7.2.2) holds with some § > 1. Then

R1. R(w): L? — L? is a meromorphic function of w € C\ [0, c0); the poles of R(w) are
located at a finite set of eigenvalues w; < 0.

R2. For w > 0 and o > 1/2 there exist the limits R(w % 0) such that
||R(W:t15)_R(WiZO)HLgaLEU_>07 e—0+.
R3. Let > 3. Then for o > 1/2+ k
1+k

||R(k)(w)||Lg_>LEU =0(w|™2), |w =00, weC\[0,00), k=0,1,2. (7.2.8)

R4. Let 8 > 2. Then in the regular case, R*(w) := R(w £ i0) are continuous operator
functions of w > 0 with the values in B(LZ, L% ) for any oy, 09 > 1/2 with oy + 03 > 2.

R5. Let 8 > 3. Then in the regular case,

||Ri(w)||Lgl_>L362 = 01), w—=0, o01,00>1/2, 01+0y>2, (7.2.9)

OERE(W)l 22, = O(lw|z™ ), w—0, o>1/2+k, k=1,2. (7.2.10)

In particular, all these properties hold for the free resolvent Ry(w) = (—A —w)™t.

The integral kernels of RZ(A?) have an explicit representation

o ciXz—y]
Ry (M, x,y) = PP p— (7.2.11)
The asymptotics (7.2.9)—(7.2.10) imply
Lemma 7.2.4. Let (7.2.2) hold with > 3. Then in the regular case
||8’§Ri(/\2)||Lgl_>L302 <CA4+N"1 x>0, (7.2.12)

where 1,09 > 1/2, 01+ 09> 2 for k=0, and 01,09 > 1/2+k for k=1,2.
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Proof. First, note that
IO REA) 12, p2, = O(1), A =0, (7.2.13)
where 01,09 > 1/2, 01 + 09 > 2 for k = 0, and 01,09 > 1/2 4+ k for k = 1,2. Indeed,

asymptotics (7.2.13) with & = 0 follows from (7.2.9). Next we apply the formulas (see for
example [139, Formulas (17.9), (17.11)])

R’ R, + RVR,+ R\VR+ RVR,VR,
R" = RJ+RVR)+RIVR+ RVRIVR+2R VR, +2RVR,VR (7.2.14)

These formulas and (7.2.9), (7.2.10) imply asymptotics (7.2.13) with k£ = 1,2. Similarly,
asymptotics (7.2.8) together with formulas (7.2.14) imply

||WRi(A2)||LgﬁL302 =0\Y, N=oo, op,00>1/24+k k=0,1,2. (7.2.15)

O
7.2.2 The Born series
The identity R(A\?) — Ro(A\?) = —R(\?)V Ry(A\?) implies that
R(\?) = (1 — RO)V)R(M?).
The iteration yields the finite Born series [131]
N
R* =) (RFV)*Ry + (RfV)"R*VR;, N >0. (7.2.16)
k=0
Substituting the expansion with N=2 into spectral representation (7.2.5), we obtain
2
e P(H) =" 8;(t) + Z(t),
=0
where Sy(t) = e ! and
1 o .
(=5 [ RS @VIRI@) ~ (R @V) Ry @))do, j=1,2, (7217
0
1 = —iw - - -
= 2—/ Y WV PR (W) VRS (w)—(Ry (W)V)’R™ (w)V Ry (w)).(7.2.18)

By (7.2.7),
1So() || 115 < ClE|72, |t > 1.

It remains to prove similar decay for S;(t), j = 1,2 and for Z(¢).
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7.2.3 The decay of Si(t) and Ss(t)
Lemma 7.2.5. Let condition (7.2.2) hold with B > 3. Then for j = 1,2

1S (D)l prsze < CJtI72,  |t] > 1. (7.2.19)
Proof. Similarly to (7.2.6) is suffices to prove the decay
sup ||S;(t, )|l < Clt]72, |t >1, j=1,2, (7.2.20)
L>1
where
1 [ _ , ,
Si(t0) = = [ e M OVDIRIODVY RSO — (By (4)V YRy (). (7.2:21)
i Jo

and y(A) € C°(R) with x(A) =1 for |A| < 1.
The representation (7.2.11) implies

sup |Ry (AN z,y) — Ry (A, 2, y)| < C), A>0. (7.2.22)
z,ycR3
Hence,
sup |[RyVRg — Ry VEg|(N, 2,y)]
z,yeR3
< sup |[(Ry — Rg)VRG](\, 2, y)| + sup |[RgV(Ry — Ry)I(N*, 2, y)
z,y€R3 z,yeR3
Vv
< CAX sup / ( 149] + V(z)] )dz < Ci, A > 0. (7.2.23)
z,yER3 |(13 - Z| |y - Z‘
Similarly,
sup [[(RgV)*Ry)—(Rg V) Ry ](A\*, 2, y))|
z,yER3
Vv %
conap [[ (WEMEL  VEVL | Vol <o
2,ye R \xr—mHm—y\ [z—2i|lzi—wn|  |r—2lly—wul
Therefore, we can integrate by parts in (7.2.21):
1 [~ - o ‘
S = 5o [ o (XDIR OOV Rs (02) — (RE OV Y R3]0 ) dx
0
1
= —(T:(t,L) —T"(t,L)). 7.2.24
o (T7 (4,1) = T}, 1) (7220
It remains to prove that
supsup [T55(t, Lz, y)| < Clt|72, |t >1, j=1,2 (7.2.25)
L>1 zy

We have

Tt L,z y)| < |/|Z yllz—xl(/ O (A L)dA ) d]
o V(z) N V(z) )(/O e—iE(L (/\/L)d)\>dz|

re |2 =yl |z -
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o0

$1H$1—y1\|y1—y\ "

|// |x1—y1|!y1—y| * ol * V(xl)V(yl)‘)<0/€w2 ()\/L)d)\>dx1dy1]

\I—IlHl’l—yﬂ |$—$1\|y—y1

where

YEN) = X F M2+ z=y)/t, ¥ (N) =X FAMe—a] + |er—y| + [y —y])/t
with
KN =2, A>0, j=1,2
Then (7.2.25) follows by Van der Corput lemma (see [201, Chapter VIII, Proposition II
and Corollary]). O

7.2.4 The decay of Z(t)

Now the proof of Theorem 7.2.1 is reduced to the proof of the following proposition
Proposition 7.2.6. Let the conditions of Theorem 7.2.1 hold. Then

1Z) ||l isre < CJt72,  |t| > 1. (7.2.26)
Proof. Using the definition (7.2.28), we represent Z(t) as
1 [ e
Z(t) = —Z/ e MHAT(N) — A7 (N) AdA. (7.2.27)
Tt Jo
Here
AE(N) = (REV)PREADVRE(V?) = REAHVIIE(A)V RE(N?), (7.2.28)

where we denote IT*()\) = RT (A\2)V RE(\?).
First we prove some properties of A*()\). We denote by a+ any number a + ¢ with an
arbitrary small, but fixed € > 0.

Lemma 7.2.7. Let (7.2.2) holds with some 3 > 3. Then in the regular case,
[AT(A) = A~ (N)|[pispe =0, A —0. (7.2.29)
Proof. For any f,g € L', we obtain
U (A ) = A=O0)g)] < [V (Ry (A2) — R O2) £, TV RY (02)g)

FVRS ()£, (IT ()~ (\)V RS (A)g)|

HVRS ()£, DV (RF ()~ By (\))g)]

< [V (Ry ()= Ry () Lz, 1T (Nllsg, a2, VR (W)gllse,
HIVRS ) flle AT () =T ()22, s, VRS (W)gllze,

HIVRS ) flleg T (Mg, e, V(RS (W)= Rg (A))gllus,
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since (R7)* = Rf. For any 0 < o < 3 —1/2, we have

IVREO) fI2 < / V() () / RE(N2, 2, y) f(y)dy[*da

<o [[irwse( [ ) <l 7230)

1||93—?/2

Further, for any 0 < o < § —3/2,

IVREOD-RF O <0 [ [ [ 07 151w dodysdy <O 11 (7231

by (7.2.22). Finally,
ITTH(N) — IE(Mllzz, sz, — 0, A—=0. (7.2.32)
Indeed, property R4 implies
1B () = Ry (O)lliz iz, =0, RO = R ()i oz, =0, A0,
while V : L_;_ — Ly, is bounded for g > 2. O
Lemma 7.2.8. Let (7.2.2) hold with some B > 3. Then in the regular case,
1OFAEN)|[pissze < C(14+NT2 A>0, k=0,1. (7.2.33)

Proof. We omit the signs + not to overburden the exposition. For example, Ry(A\?) means
RE(\?) or Ry (M%), TI(\) = [T%()), etc. First, we show that
IOz, e, + 1T ez oze, + 1Tz pe, < CO+A)Z A0,
2 27 2 -

(7.2.34)

5 _
2

where 01,09 > 1/2, 01 + 03 > 2. Indeed, (7.2.12)—(7.2.15) imply

ez, oz, < 1RA)llz , —r2, V]2 IR 2, 2,

3/24+ " H =0y ~3/2

< C(1+N)"2

L2

3/2+4 /2—

Further, (7.2.12)—(7.2.15) imply

1OAT(N) 22 rz, < NOARo(N)lliz —rz, [IVIez, ug 1ROz 2,
2+t 32— 2+ 2+ 2+

—2_ —2 —-5-

2 2

IRy —rz, IVIez, iz IRz sr, <CA+X)7
2t —2- 2+ 2+t 32—

2

IORTI(M Iz —r2, < NORRoA)eg uz, [IVIez, —rz IRz 2,
2t 2t —32- -z— 2t 2t

-5 —-5—

1oABo M) lzg —sz2, VI, 2z IOARON)rz 2,
2t 32— —2- a2t 2t —a-

IR ez oz, IVIee, suz IRROez re, <COA+AT
2t 32— -2- 2t + -

2 27

Now, (7.2.30) and (7.2.34) imply for any f,g € L' and k =0, 1
[(f, Ro(\)VOIL(NV Ro(X*)g)| = [(V R5(A*) f, SIL(A)V Ro(X?)g) |

<IVEO) g NI i oze, VRO gl <O+ X))o (7:235)
2 2 2 2

3
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Further, for any 0 < o < 5 — 3/2, we obtain

IVosRo(N)f]12: < C / )22 ( / F)ldy) dz < Oy 7 (7.2.36)

Hence, (7.2.30) and (7.2.34) imply for any f,g € L' and A > 0

[{f, O0Ro(A)VIT(\)V Ro(N*)g)| = [(VOARG(N*) £, TI(A)V Ro(A?)g)]

<IVOARG(A*) fllea MM Iz, 2, IV Ro(A)gllzg, <Clfllzallgller (1 + X372 (7.2.37)

i+ —
Similarly,
[{f, Ro(N*)VIIN) VO Ro(X*)g)| < Cll fllzallgller (L +1)72 A= 0.
Then (7.2.33) follows by definition (7.2.28) of A. O

Due to Lemma 7.2.8, the integrand in(7.2.27) is a differentiable operator function of
A > 0 with values in the space of bounded operators mapping L' into L>. Moreover, due
to Lemmas 7.2.7 and 7.2.8, we can integrate by parts,

2(t) = - / T e, (A (A) — AT())dA =~ (@ (1) — @ (1),

27t Jo

Here
(t,z,y) / SRGE(, 2, y) + e PR (A y)e w;tKgc()"x’y)”dA’
0

where we denote
pi(N) = =A% or(N) = =N F Azl/t, @5 (\) = =N F A/,
Ki(\) = Ry(N)Volly_ (MV Ry (N,
Ky (\) = (GT)VIyWVERF (X)), K5 (\) = Ry W) VIZ(ANVGH(N),
and G*()) is the operator with the kernel

oEiM(z—y|~Iy])

GE(\,z,y) = F . A>0. (7.2.38)

47

It remains to prove that

sup [Q*(t,z,y)| < CJt[7%, [t > 1. (7.2.39)
:I:’y

To this end, we estimate the functions K;E, 7 =1,23.
Lemma 7.2.9. Let (7.2.2) hold with some > 3. Then for N > 1, in the regular case,

|V K; (M <CA+A)72 A>0, k=0,1, j=12,3. (7.2.40)
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Proof. We omit the signs + again.
1) Note that (7.2.40) for K; is exactly (7.2.35) with £ = 1. Further, estimates (7.2.34),
(7.2.30) and (7.2.36) imply

[(f, 0 (Ng) < IVONRGN) fllzg, 0TIz, —rz, IV Ro(A)gllrz

_3_
2

HIVRGAN) fllz 10NNz rz, [VOXRo(A*)glle
2+ 2+ 2 2+

HIVRGOD Sl 1Bz o, VROl < O+ )2 f s,

2 2

2) Now we estimate 95 K»(\). Note that
|OYG (N, z,y)| < |z¥/(47), k=0,1,2, ... (7.2.41)
Then, similarly to (7.2.36), we obtain for 0 <o < —k — 3/2
VGOl < I, k=0,1 (7.2.42)
Hence, (7.2.34), (7.2.30) and (7.2.36) imply

[(f 2N < IVGO) fllz, ITIN Lz, 2, IV Ro(A*)gllis,
< CA+X)f Mz lgllor

2 2

(0N < VOGO [z Tl —i2, VROl
VGO Flliz TN iz, 2, [VORoND)gll 2.

+||VG(/\2)f||L2%+ 1IN 12y 22, HVRo(AQ)gHm%+ <CA+ N[ £l llglzr(7-2.43)

The estimates for K3 can been obtained similarly. O]

Corollary 7.2.10. For k = 0,1 the integral kernels OYK;(\, x,y) belong to L>(RS), and
JONEG A Mlpe@ey < CL+X)72 j=1,2,3, A>0.

Proof. The distributional kernel A(z,y) of any bounded linear operator A : L'(R?) —
L>=(R3) belongs to L>*(R%), and

[AC, )l ze@sy = [[All L1 (®3) - Lo (®3)-

This follows from the estimate [(A4, ¢)| < C|¢]| 1 re) for ¢ € L'(R) and from the duality
(LN (R%))* = L*=(R?). O

Applying Corollary 7.2.10, we obtain
sup|Q*(t,z,)] < Cltl+ [ (LD PaN< Gl h, 2 1
.y 0

by Van der Corput lemma. O
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Chapter 8

Attractors and Quantum Mechanics

In this chapter we discuss possible relations of the foregoing results on global attractors
of nonlinear Hamiltonian equations to some mathematical problems of Quantum Theory.

These results were suggested by fundamental postulates of quantum theory, primarily
the Bohr postulate on transitions between quantum stationary states. As a result, we
have introduced general summarising conjecture (0.0.6). Here we discuss possible rela-
tion of this conjecture to dynamical treatment of the Bohr postulates in the context of
semiclassical nonlinear Maxwell-Schrédinger and Maxwell-Dirac equations.

8.1 Bohr’s postulates

In 1913 N. Bohr suggested the following two postulates which give the ‘Columbus solution’
of the problem of stability and radiation of atoms and molecules [217]:

Blc. Atoms and molecules are permanently on some stationary orbits |E,,)

with energies E,, and sometimes make transitions between the orbits, (8.1.1)

|En> = |En’>

B2. Such transition is followed by radiation of an electromagnetic wave
(8.1.2)
of frequency Wnnt = Wy — Wy, where  wy = Ei/h

Both these postulates should become theorems in discovered in 1925-1926 Quantum The-
ory of E. Schrodinger and W. Heisenberg. However, this did not happen till now, while
both postulates are still actively used in quantum theory. This lack of theoretical clarity
hinders the progress in the theory (e.g., in superconductivity and in nuclear reactions),
and in numerical simulation of many engineering processes (e.g., of laser radiation and
quantum amplifiers) since a computer can solve dynamical equations but cannot take
postulates into account.

The juxtaposition of the quantum postulates (8.1.1) and (8.1.2) with the Schrodinger
theory rises the following questions.

[. Why quantum stationary states (or quantum stationary orbits) in the Schrédinger theory
are identified with wave functions of the form (3.1.11),

Y(x,t) =, (x)e ™" ? (8.1.3)

167
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II. Whether Bohr’s transitions (8.1.1) between these quantum stationary states allow a
dynamical description?

Note that exactly the expression (8.1.3) implies that the amplitudes 1, (z) are eigen-
functions of the Schrodinger operator.

The same questions arise in each other dynamical model: Quantum Field Theory,
Chromodynamics, and so on. However, the answer is not found till now.

The theory of attractors of Hamiltonian nonlinear PDEs, presented in this book, sug-
gests that

i) the form (8.1.3) of quantum stationary states is due to the U(1)-symmetry of the
Schrodinger theory, that is of the coupled Maxwell-Schrédinger equations (8.2.1).

ii) the transitions can be interpreted as the global attraction (3.1.2) of all trajectories of
a quantum system to an attractor formed by stationary orbits of type (8.1.3).

Moreover, the amplitudes of these stationary orbits are solutions of the nonlinear
eigenvalue problem of type (3.1.12), which is approzimately linear in a variety of cases due
to the smallness of the interaction constant (the Sommerfeld constant) .

We expect that other fundamental postulates of Quantum Theory also allow suitable
interpretation in the framework of the theory of attractors for nonlinear Hamiltonian
PDEs: wave-particle duality (L. de Broglie, 1924), and probabilistic interpretation (M.
Born, 1927). More details can be found in [211].

8.2 On dynamical interpretation of quantum jumps

The simplest dynamical interpretation of the postulate B1 is the global attraction to
stationary orbits (3.1.2) for all finite energy quantum trajectories 1(t). This means that
stationary orbits form a global attractor of the corresponding quantum dynamics. How-
ever, this global attraction to stationary orbits contradicts the linear Schrodinger equation
due to the superposition principle. Thus, Bohr’s transitions B1 in the linear theory do
not exist.

It is natural to suggest that the global attraction to stationary orbits (3.1.2) holds for
a nonlinear modification of the linear Schrédinger theory. On the other hand, it turns
out that even the original Schrédinger theory is nonlinear, because it involves interaction
with the Maxwell field. The corresponding semiclassical nonlinear Maxwell-Schrédinger
system was introduced essentially in the first Schrodinger’s articles [218] (see also Sections
4.2 and 12.4.2 of [213]):

i) (x,t) = L[—iﬁV — E(A(x, t) + A% (z, )2 + e[Ag(x, t) + AT (2, )]
2m ¢ . (8.2.1)
OA,(x,t) =4nJ,(z,1), v=20,1,2,3

1
where [J is the d’Alembert wave operator —28,52 — A. The Maxwell equations are written
c

here in the 4-dimensional form and in unrationalized Gaussian units (cgs) (or Heaviside-
Lorentz units). The physical constants in these units are approximately equal to

e=—48%x10"Pesu, m =9.1x10"%g, h=1.1x10""erg-s, c=3.0x10"%m/s. (8.2.2)

(see [212, p. 781] and [219, p. 221]). Further, A = (Ao, A) = (A, A1, Az, A3) denotes
4-dimensional potential of the Maxwell field in the Lorentz gauge Ag/c +V - A = 0,
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At = (AS) A™Y) is an external 4-potential, and J = (p, j/c) is the 4-dimensional current
density. To make these equations a closed system, we must also express the density of
charge and currents via the wave function:

Jo(x,t) = [(a, )1 Ju(x,t) = [(=iVi + Az, t) + AZ (@, ) (@, )] - (2, 1) (8.2.3)

for k = 1,2,3, and ‘-’ denotes the scalar product of two-dimensional real vectors cor-
responding to complex numbers. In particular, these expressions provide the continuity
equation p + divj = 0 for any solution of the Schrodinger equation with arbitrary real
potentialss [213, Section 3.4].

System (8.2.1) is nonlinear in (¢, A) although the Schrédinger equation is formally
linear in 9. It can be written as (0.0.5) in the case of static external potentials

A (2, t) = A (). (8.2.4)

In this case the system (8.2.1) is G-invariant with the symmetry group G = U(1) acting
as

T(?)(@(x), Alx)) = (W(x)e?, Al)). (8.2.5)
't

The symmetry means that for any solution (¢ (z,t), A(z,t)) of (8.2.1) and any 6 € R the
functions

T(Ee®)(Y(x,t), A(z,t)) = (Y(z,t)e?, Az, 1)) (8.2.6)

are also solutions that can be easy verified. In particular, the 4-current (8.2.3) is invariant
under this action. Now the ‘stationary G-orbits’ (3.10.3) for the nonlinear hyperbolic
system (8.2.1) are solutions of type

((x)e™™, A(x)). (8.2.7)

The same remarks apply to the Maxwell—Dirac system introduced by Dirac in 1927:

DV - M)~ AR @O D =molet) | g

OA,(z,t) = J,(x,t) = Y(z, ) 79 (2,t), v=0,...,3

where Vj := 0,.

We suggest that the Bohr transitions B1 for the systems (8.2.1) and (8.2.8) with a
static external potentials (8.2.4) can be interpreted as the single-frequency asymptotics

(Y(z,t), Alz,t)) ~ (P(z)e™ ™=, AL(z,t)), t — +oo (8.2.9)

for every finite energy solution, where the asymptotics hold in local energy norms. These
asymptotics correspond to our general conjecture (0.0.6) with the symmetry group G =
U(1) and its representation (8.2.5).

Stationary G-orbits (8.2.7) are solutions to the nonlinear eigenvalue problem

hwip(x) = QL[—Z'W — (A (@) + AT (@) P (@) + e[Ap() + AT @) (x)
m ¢ (8.2.10)

—AA,(x)=4nJ,(x), v=20,1,2,3
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The existence of these stationary G-orbits for the Maxwell-Schrodinger equations was
established by G.M. Coclite and V. Georgiev [29] for the case of Coulomb external po-

tentials p
A = —%, A () = 0. (8.2.11)
xr

For the Maxwell-Dirac system the existence of stationary G-orbits was established by M.
Esteban, V. Georgiev and E. Séré in the case of zero external potentials |30].

Remark 8.2.1. The nonlinear eigenvalue problem (8.2.10) reduces to traditional linear
eigenvalue problem for the Schrodinger operator if one neglect the ‘own Maxwell poten-
tials” Ap(x) and A(x) in the first equation. The solution of this linear eigenvalue problem
with the normalisation

[ 1wpds =1 (82,12

can be considered as the first approximation. Further one can apply perturbation proce-
dure solving the Poisson equations in (8.2.10) with currents (8.2.3) defined with the first
approximation, and adding their solutions to the external potentials, and so on. The con-
vergence of this procedure is not proved, though it gives satisfactory results in a variety
of cases.

Furthermore, in the case of zero external potentials Maxwell-Schrédinger system is
translation-invariant, while the Maxwell-Dirac system is relativistically-invariant. Re-
spectively, for their solutions one should expect the soliton asymptotics of type (0.0.13)
in global energy norms as t — Foc:

(1) Zwi x— )@ o, (21), (8.2.13)

ZA’f —oht) + Ay(a, ). (8.2.14)

Here ®% (x,t) are suitable phase functions, and each soliton (% (x — vk )@@ - Ak (3 —
v¥t)) is a solution of the corresponding ‘nonlinear eigenvalue problem’; while ¢ (x t) and
Ay (z,t) represent some dispersion waves which are solutions to the free Schrédinger and
Maxwell equations respectively.

The asymptotics (8.2.9) and (8.2.13) are not proved yet for the Maxwell-Schrodinger
and Maxwell-Dirac systems (8.2.1) and (8.2.8). One could expect that these asymp-
totics should follow by suitable modification of the arguments from Chapter 3 which
give a rigorous justification of similar arguments for U(1)-invariant equations (3.1.1) and
(3.1.18)—(3.1.20). However, a rigorous justification for the systems (8.2.1) and (8.2.8) is
still an open problem.

8.3 Bohr’s postulates by perturbation theory

The remarkable success of the Schrodinger theory was the explanation of the Bohr pos-
tulates in the case of static external potentials by perturbation theory applied to the cou-
pled Mazwell-Scrodinger equations (8.2.1). Namely, as a first approximation, the time-
dependent fields A(z,t) and A°(xz,t) in the Schréodinger equation of the system (8.2.1)
can be neglected:

i, ) = Hb(a, £) = %[—mv APl 1) + A ()0l 1), (831)
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For ‘sufficiently good’ external potentials and initial conditions any finite energy solution
can be expanded in eigenfunctions

b, t) = 3 Cutn(@)e ™ 4 (1), el t) = / Clw)e™dw,  (8.3.2)

where integration is performed over the continuous spectrum of the Schrédinger operator
H, and for any R > 0

/| . [e(x,t)|*dz — 0, t— Fo0, (8.3.3)
x|<

see, for example, [189, Theorem 21.1]. The substitution of this expansion into the expres-
sion for current density (8.2.3) gives the series

J(,t) = Juw(x)e ' 4 o+ Jo(x,1), (8.3.4)

where J.(z,t) has a continuous frequency spectrum. Therefore, the currents on the right
hand side of the Maxwell equation from (8.2.1) contains, besides the continuous spectrum,
only discrete frequencies w,,,, . Hence, the discrete spectrum of the corresponding Maxwell
field also contains only these frequencies w,,,,. This proves the Bohr rule B2 in the first
order of perturbation theory, since this calculation ignores the inverse effect of radiation
onto the atom.

Moreover, these arguments also suggest to treat the jumps (8.1.1) as the single-
frequency asymptotics (8.2.9) for solutions to the Schrodinger equation coupled to the
Mazwell equations.

Namely, the currents (8.3.4) on the right of the Maxwell equation from (8.2.1) produce
the radiation when non-zero frequencies w,,, are present. This is due to the fact that R\ 0
is a subset of absolutely continuous spectrum of the Maxwell equations.

However, this radiation cannot last forever, since it irrevocably carries the energy to
infinity while the total energy is finite. Hence in the long-time limit only w,,, = 0 should
survive, which means exactly the single-frequency asymptotics (8.2.9) by (8.3.3).

Remark 8.3.1. Of course, these perturbation arguments cannot provide a rigorous justi-
fication of the long-time asymptotics (4.5.21) for the coupled Maxwell-Schrodinger equa-
tions. In [63]-74], we have justified similar single-frequency asymptotics for a list of model
U(1)-invariant nonlinear PDEs, see Chapter 3. Nevertheless, for the coupled Maxwell-
Schrodinger equation such justification is still an open problem.

8.4 Conclusion

The discussion above suggests that N. Bohr’s postulates cannot be interpreted in the
framework of linear Schrodinger equation alone, but admit a hypothetical explanation in
the framework of the coupled Maxwell-Schrodinger equations. In [214] we also suggest a
mathematical treatment of other fundamental postulates of Quantum Theory relying on
the coupled Maxwell-Schrodinger equations: of L. de Broglie’s wave-particle duality and
of M. Born’s probabilistic interpretation.

It seems, the absence of suitable treatment of these postulates in the framework of
linear theory was the cause of heated discussions by A. Einstein with N. Bohr and other
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physicists [205]. Note that W. Heisenberg began developing a nonlinear theory of elemen-
tary particles [208, 209].

According to many expert physicists, a mathematical analysis of problems of Quantum
Mechanics is useless because its area of applicability is limited, as are its capabilities. How-
ever, the purpose of our discussions is not in improving the physical theory. Our goal is to
prepare a mathematical ground for approach to some open questions of Quantum Theory
which are not accessible with perturbation technique. For instance, to the questions of
nuclei classification and of nuclear reactions. We suppose that the nuclei are ‘quantum
stationary states’ of suitable nonlinear equations, i.e. points of the corresponding global
attractor.

Note, the second-quantized MS system is the main subject of Quantum Electrodynam-
ics [216]. Our specific attention to the semiclassical Maxwell-Schrodinger and Maxwell-
Dirac systems is due to the fact that for these systems there is an extensive empirical
material: on atomic spectra, electron diffraction, on crystals and their thermal and elec-
tric conductivity, etc. Therefore, one can try to find possible mathematical description of
these phenomena in the framework of these systems. So these semiclassical systems serve
as a testing ground for a development of the mathematical theory.

Similar questions also exist on a higher level in the Quantum Field Theory [216].
However, they obviously cannot be clarified until these questions are understood in a
simpler context of semiclassical theory.
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