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Preface

Bose-Einstein condensation was predicted by S.N. Bose and Albert Einstein in
1925: for a gas of non-interacting particles, below a certain temperature there is a
phase transition to a localized (condensed) state of lowest energy. This phenomenon
was realized experimentally in 1995 in alkali gases by E. Cornell and C. Wieman in
Boulder as well as by W. Ketterle at MIT, who all shared the Nobel Prize in 2001.
Since that time, the attention of many mathematicians has turned to the analysis of
the mean-field model of this phenomenon, which is known as the Gross—Pitaevskii
equation or the nonlinear Schrédinger equation with an external potential.

Various trapping mechanisms of Bose—FEinstein condensation were realized ex-
perimentally, including a parabolic magnetic confinement and a periodic optical
lattice. This book is about the Gross—Pitaevskii equation with a periodic potential,
in particular about the localized modes supported by the periodic potential. The
book is written for young researchers in applied mathematics and so it has the
main emphasis on the mathematical properties of the Gross—Pitaevskii equation.
It can nevertheless serve as a reference for theoretical physicists interested in the
phenomenon of localization in periodic potentials.

Compared to recent work by Lieb et al on the justification of the Gross—Pitaevskii
equation as the mean-field approximation of the linear N-body Schrédinger equa-
tion [131], this book takes the Gross—Pitaevskii equation as the starting point of
analysis. Hence the validity of the mean-field approximation is not questioned when
existence and stability of localized modes are considered. On the other hand, the
mean-field model is simplified further to the coupled nonlinear Schrédinger equa-
tions, the nonlinear Dirac equations, and the discrete nonlinear Schrédinger equa-
tions, which are all justified in the framework of the Gross—Pitaevskii equation with
a periodic potential.

Besides optical trapping lattices in the context of Bose—Einstein condensation,
periodic structures are very common in many other physical problems, including
photonic crystals, arrays of coupled optical waveguides, and optically induced pho-
tonic lattices. One of the important features of such systems is the existence of band
gaps in the wave transmission spectra, which support stationary localized modes
known as the gap solitons or discrete breathers. Similar to other solitons, these lo-
calized modes realize a balance between periodicity, dispersion, and nonlinearity of
the physical system.
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1

Formalism of the nonlinear Schrodinger equations

Make everything as simple as possible, but not simpler.
— Albert Einstein.

Someone told me that each equation I included in the book would halve the sales.
— Stephen Hawking.

When the author was a graduate student, introductions to texts on nonlinear
evolution equations contained a long description of physical applications, numerous
references to the works of others, and sparse details of the justification of analyt-
ical results. Times have changed, however, and the main interest in the nonlinear
evolution equations has moved from modeling to analysis. It is now more typical
for applied mathematics texts to start an introduction with the main equations in
the first lines, to give no background information on applications, to reduce the list
of references to a few relevant mathematical publications, and to focus discussions
on technical aspects of analysis.

Since this book is aimed at young mathematicians, we should reduce the back-
ground information to a minimum and focus on useful analytical techniques in the
context of the nonlinear Schrédinger equation with a periodic potential. It is only
in this introduction that we recall the old times and review the list of nonlinear
evolution equations that we are going to work with in this book. The few references
will provide a quick glance at physical applications, without distracting attention
from equations.

The list of nonlinear evolution equations relevant to us begins with the nonlinear
Schrédinger equation with an external potential,

iuy = —Au+ V(z)u + olul®u,

where A = 651 +. 4+ 02 , is the Laplacian operator in the space of d dimensions,
u(z,t) : RY xR — C is the amplitude function, V() : R — R is a given potential,
and o € {1,—1} is the sign for the cubic nonlinearity. If ¢ = —1, the nonlinear
Schrédinger equation is usually called focusing or attractive, whereas if o = +1,
it is called defocusing or repulsive. The names differ depending on the physical
applications of the model to nonlinear optics [5], photonic crystals [192], and atomic
physics [171].

It is quite common to use the name of the Gross—Pitaevskii equation if this
equation has a nonzero potential V(x) and the name of the nonlinear Schrodinger
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equation if V(z) = 0. Historically, this terminology is not justified as the works of
E.P. Gross and L.P. Pitaevskii contained a derivation of the same equation with
V(z) = 0 as the mean-field model for superfluids [83] and Bose gas [170]. However,
given the number of physical applications of this equation with V(z) = 0 in nonlin-
ear optics, photonic crystals, plasma physics, and water waves, we shall obey this
historical twist in terminology and keep reference to the Gross-Pitaevskii equation
if V(z) is nonzero and to the nonlinear Schrédinger equation if V() is identically
zero.

Several recent books [2, 30, 133, 199, 201] have been devoted to the nonlinear
Schrodinger equation and we shall refer readers to these books for useful information
on mathematical properties and physical applications of this equation. As a main
difference, this book is devoted to the Gross—Pitaevskii equation with a periodic
potential V(x).

We shall study localized modes of the Gross—Pitaevskii equation with the periodic
potential. These localized modes are also referred to as the gap solitons or discrete
breathers because they are given by time-periodic and space-decaying solutions of
the Gross—Pitaevskii equation. In many of our studies, we shall deal with localized
modes in one spatial dimension. Readers interested in analysis of vortices in the two-
dimensional Gross—Pitaevskii equation with a harmonic potential may be interested
to read the recent book of Aftalion [3].

Many other nonlinear evolution equations with similar properties actually arise
as asymptotic reductions of the Gross—Pitaevskii equation with a periodic potential,
while they merit independent mathematical analysis and have independent phys-
ical relevance. One such model is a system of two coupled nonlinear Schrdodinger
equations,

iu = —Au+ o (Ju> + Bv|?) u,
v, = —aAv + o (Blul? + [v]?) v,

where o and 3 are real parameters, o € {1, —1}, and (u, v)(x,t) : R¢xR — C? stand
for two independent amplitude functions. The number of amplitude functions in the
coupled nonlinear Schrodinger equations can exceed two in various physical prob-
lems. However, two is a good number both from the increased complexity of math-
ematical analysis compared to the scalar case and from the robustness of the model
to the description of practical problems. For instance, two polarization modes in a
birefringent fiber are governed by the system of two coupled nonlinear Schrédinger
equations and so are the two resonant Bloch modes at the band edge of the photonic
spectrum [7].

When the coupled equations for two resonant modes in a periodic potential are
derived in the space of one dimension (d = 1), the group velocities of the two
modes are opposite to each other and the coupling between the two modes in-
volves linear terms. In this case, the system takes the form of the nonlinear Dirac
equations,

i(ut +uz) = av + o ([ul* + Blv]?) u,
i(vy —vg) =au+o (ﬁ|u\2 + |v\2) v,
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where o and # are real parameters, o € {1,—1}, and (u,v)(z,t) : R x R — C? are
the amplitude functions for two resonant modes. Two counter-propagating waves
coupled by the Bragg resonance in an optical grating is one of the possible applica-
tions of the nonlinear Dirac equations [197]. We recall from quantum mechanics that
the Dirac equations represent the relativistic theory compared to the Schrédinger
equations that represent the classical theory.

The list of nonlinear evolution equations for this book ends at the spatial dis-
cretization of the nonlinear Schrédinger equation, which is referred to as the dis-
crete nonlinear Schrédinger equation. This equation represents a system of infinitely
many coupled differential equations on a lattice,

i, = —(Au), + U\un|2un,

where (Au),, is the discrete Laplacian operator on the d-dimensional lattice, o €
{1,-1}, and {u,(t)} : Z¢ x R — C is an infinite set of amplitude functions. The
discrete nonlinear Schrodinger equation arises in the context of photonic crystal
lattices, Bose—Finstein condensates in optical lattices, Josephson-junction ladders,
and the DNA double strand models [110].

Modifications of the nonlinear evolution equations in the aforementioned list with
a more general structure, e.g. with additional linear terms and non-cubic nonlin-
ear functions, are straightforward and we adopt these modifications throughout
the book if necessary. It is perhaps more informative to mention other nonlinear
evolution equations, which are close relatives to the nonlinear Schrédinger equa-
tion. Among them, we recall the Klein—Gordon, Boussinesq, and other nonlinear
dispersive wave equations. In the unidirectional approximation, many nonlinear dis-
persive wave equations reduce to the Korteweg—de Vries equation. It would take too
long, however, to list all other nonlinear evolution equations, their modifications,
and the relationships between them, hence we should stop here and move to the
mathematical analysis of the Gross—Pitaevskii equation with a periodic potential.
For the sake of clarity, we work with the simplest mathematical models keeping in
mind that the application-motivated research in physics leads to more complicated
versions of these governing equations.

1.1 Asymptotic multi-scale expansion methods

Our task is to show how the Gross—Pitaevskii equation with a periodic potential can
be approximated by the simpler nonlinear evolution equations listed in the begin-
ning of this chapter. To be able to perform such approximations, we shall consider
a powerful technique known as the asymptotic multi-scale expansion method. This
method is applied in a certain asymptotic limit after all important terms of the
primary equations are brought to the same order, while all remaining terms are
removed from the leading order.

The above strategy does not sound like a rigorous mathematical technique. If
power expansions in terms of a small parameter are developed, only a few terms
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are actually computed in the asymptotic multi-scale expansion method, while the
remaining terms are cut down in the hope that they are small in some sense. In the
time evolution of a hyperbolic system with energy conservation, it is not unusual
to bound the remaining terms at least for a finite time (Sections 2.2-2.4). In the
time evolution of a parabolic system with energy dissipation, the theory of invariant
manifolds and normal forms is often invoked to obtain global results for all positive
times, as we shall see in the same sections in the context of a time-independent
elliptic system (which is a degenerate case of a parabolic system).

It is still true that a formal approximation of the asymptotic multi-scale expansion
method is half way to the rigorous analysis of the asymptotic reduction. Another
way to say this: if you do not know how to solve a problem rigorously, first solve it
formally! In many cases, the formal solution may suggest ways to rigorous analysis.

The above slogan explains why, even being unable to analyze asymptotic approx-
imations thirty or even twenty years ago, applied mathematicians tried nevertheless
to formalize the asymptotic multi-scale expansion method in many details to avoid
misleading computations and failures. The method has been described in several
books [143, 199] and the number of original publications in the context of physically
relevant equations is truly uncountable!

We shall look at the three different asymptotic limits separately for the reduc-
tions of the Gross—Pitaevskii equation with a periodic potential to the nonlinear
Dirac equations, the nonlinear Schrodinger equation, and the discrete nonlinear
Schrédinger equation. Our approach is based on the classical asymptotic multi-scale
expansion method, which has been applied to these three asymptotic reductions in
the past [152].

The starting point for our asymptotic analysis is the Gross—Pitaevskii equation
in one spatial dimension,

U = —Uupe + V(2)u + olul?u, (1.1.1)

where u(z,t) : Rx R — C, 0 € {1,-1}, and V(z + 2m) = V(x) is a bounded
2m-periodic potential.

Three different asymptotic limits represent different interplays between the
strength of the periodic potential V(z) and the strength of the nonlinear poten-
tial o|u|? affecting existence of localized modes in the Gross—Pitaevskii equation
(1.1.1). These asymptotic limits are developed for small-amplitude potentials (Sec-
tion 1.1.1), finite-amplitude potentials (Section 1.1.2), and large-amplitude poten-
tials (Section 1.1.3). In each case, we derive the leading-order asymptotic reduction
that belongs to the list of nonlinear evolution equations in the beginning of this
chapter.

1.1.1 The nonlinear Dirac equations

In the limit of small-amplitude periodic potentials, the Gross—Pitaevskii equation
(1.1.1) can be rewritten in the explicit form,

iy = —Ugy + €V (2)u + olul?u, (1.1.2)
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where € is a small parameter. If the nonlinear term o|u|?u is crossed over and ¢ is
set to 0, equation (1.1.2) becomes the linear Schrédinger equation

iUy = —Ugy, (1.1.3)

which is solved by the Fourier transform as
u(z,t) = / a(k)ekr—iw®t gp
R

where w(k) = k? is the dispersion relation for linear waves and a(k) : R — C is
an arbitrary function, which is uniquely specified by the initial condition u(z,0).
Since V(z + 2m) = V(z) for all z € R, we can represent V(z) by the Fourier
series

V(z) = Z Vin €™,

meZ

For any fixed k € R, the Fourier mode e** %)t in 4 (xz, t) generates infinitely many
Fourier modes in the term eV (z)u(x,t) at the Fourier wave numbers k,,, = k +m
for all m € Z. These Fourier modes are said to be in resonance with the primary

Fourier mode elkz—iw(k)t if

w(km) =w(k), mezZ,

which gives us an algebraic equation m(m + 2k) = 0, m € Z. Thus, if 2k is not an
integer, none of the Fourier modes with m # 0 are in resonance with the primary
Fourier mode, while if 2k = n for a fixed n € N, the Fourier mode with m = —n is
in resonance with the primary mode with m = 0. In terms of the Fourier harmonics,
the two resonant modes have k = § and k_, =k —n = —3.

In the asymptotic method, we shall zoom in the two resonant modes at k = %
and k_, = —% by a scaling transformation and obtain a system of nonlinear
evolution equations for mode amplitudes by bringing all important terms to the
same first order in €, where the resonance is found. The important terms to be
included in the leading order are related to the nonlinearity, dispersion, and inter-
action of the resonant modes, as well as to their time evolution. To incorporate
all these effects, we shall look for an asymptotic multi-scale expansion in powers

of e,

inxz

: +b(X,T)e—%)e—*”TZ‘ +eu1(x,t)+0(e2)}, (1.1.4)

u(z,t) = €° [(a(X7 T)e

where X = efz, T = €"t, (p,q,r) are some parameters to be determined, n € N is
fixed, (a,b)(X,T) : RxR — C? are some amplitudes to be determined, eu; (z,t) is a
first-order remainder term, and O(e?) indicates a formal order of truncation of the
asymptotic expansion. When the asymptotic expansion (1.1.4) is substituted into
the Gross—Pitaevskii equation (1.1.2), the exponents are chosen from the condition
that terms coming from derivatives of (a, b) in (X, T) and terms coming from powers
of (a,b) enter the same order of the asymptotic expansion. This procedure sets
uniquely p = % and g=r=1.
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The simple choice of the exponents (p,q,r) may fail to bring all terms to the
same order. For instance, coefficients in front of the first derivatives of (a, b) or the
powers of (a,b) can be zero for some problems. Such failures typically indicate that
(p,q,r) must be chosen smaller so that the coefficients in front of the higher-order
derivatives of (a,b) or the higher-order powers of (a,b) are nonzero. Therefore, sim-
ilarly to the technique of integration, the asymptotic multi-scale expansion method
is a laboratory, in which a researcher plays an active role by employing the strategy
of trials and errors until he or she manages to bring all important terms to the
same order.

Setting p = %, q = r = 1 and truncating the terms of the order of O(e?), we write
a linear inhomogeneous equation for uy(z,t),

(iat + 8323) Uy = —i(aTe+ + bTe_) — in(aXe+ — bXe_)

+V(ae, +be_) + o laey, +be_|* (aey +be_), (1.1.5)

where ey = etga—11t satisfy the linear Schrodinger equation (1.1.3). If terms
proportional to either e, or e_ occur on the right-hand side of the linear in-
homogeneous equation (1.1.5), the solution u;(x,t) becomes unbounded in vari-
ables (z,t), e.g. ui(x,t) ~ tex. Since secular growth is undesired as it destroys
the applicability of the asymptotic solution (1.1.4) already at the first order in
€, one needs to eliminate the resonant terms on the right-hand side of (1.1.5).
This is possible if the amplitudes (a,b) satisfy the system of first-order semi-linear

equations,

i(ar +nax) = Voa + Vab + o(la? + 2|b|)a,
{ i(ar + nax) = Voa o(laf* +2[b[*)a (1.1.6)

i(by — nbx) = V_na + Vob + o(2]al? + [b[2)b,

where Vj, V,,, and V_,, are coefficients of the Fourier series for V' (z). The amplitude
equations (1.1.6) are nothing but the nonlinear Dirac equations.

Because the linear Schrodinger equation (1.1.3) is dispersive with w” (k) = 2 #
0, the other Fourier modes on the right-hand side of (1.1.5) which are differ-
ent from ey do not produce a secular growth of w;(x,t). Therefore, the system
(1.1.6) gives the necessary and sufficient condition that u;(x,t) is bounded for all
(x,t) € R2. Indeed, we can find the explicit bounded solution of the inhomogeneous
equation (1.1.5),

Vma i(m+35 Z‘—ith Vmb i(m—2 x—ﬁ
ui(x,t) = — Z me( 5) T — Z m@( 3) T

mé¢{—n,0} mé¢{0,n} m

3inx 3inx

1 27 2 _ _in?s
f—(abez + b ae 2)6 T,
n

This expression suggests that the asymptotic solution (1.1.4) to the original equa-
in?t . .

tion (1.1.2) may be factored by e~ ", After the bounded solution is found for the

first-order remainder term, one can continue the formal asymptotic solution (1.1.4)

to the next order of O(e?).
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Figure 1.1 Schematic representation of the leading order in the asymptotic solu-
tion (1.1.4).

In view of so many restrictive assumptions and so many truncations made in the
previous computations, it might be surprising to know that the nonlinear Dirac
equations can be rigorously justified for small-amplitude periodic potentials (Sec-
tion 2.2). Stationary localized modes to the nonlinear Dirac equations (1.1.6) can
be constructed in explicit form (Section 3.3.4).

Figure 1.1 shows the leading order of the asymptotic solution (1.1.4) with p = 1
and ¢ = r = 1, when (a,b) is the stationary localized mode of the nonlinear Dirac
equations (1.1.6) for V(z) = —2cos(z), c = —1,n =1, and e = 0.1.

Exercise 1.1 Consider the nonlinear Klein—Gordon equation,
Ugp — Uy + U+ ou® 4+ €V (z)u = 0,

where u(z,t) : RxR — R, 0 € {1,-1}, and V(z 4 27) = V() is bounded, and
derive the nonlinear Dirac equations in the asymptotic limit ¢ — 0.

Exercise 1.2 Consider the nonlinear wave—-Maxwell equation,
By — (14 €V(2) + 0|E]?) Ey =0,

where E(z,t) : Rx R — C, 0 € {1,-1}, and V(x + 27) = V(z) is bounded, and
derive the nonlinear Dirac equations in the asymptotic limit € — 0. Show that the
first-order correction is not a bounded function for all (x,t) € R? because the linear
wave equation E,, — Ey = 0 has no dispersion and infinitely many Fourier modes
are in resonance with the primary Fourier mode.

Exercise 1.3 Consider the Gross—Pitaevskii equation with periodic coefficients,

iuy = —ugy + €V (x)u+ G(z)|u|2u,
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where u(z,t) : Rx R — C, V(z +27) = V(z) and G(z + 27) = G(z) are bounded,
and derive an extended system of nonlinear Dirac equations in the asymptotic limit
e — 0.

Exercise 1.4 Repeat Exercise 1.3 with even V(x) and odd G(z) and derive the
nonlinear Dirac equations with quintic nonlinear terms.

1.1.2 The nonlinear Schrodinger equation

We shall now assume that the 27-periodic potential V(x) is bounded but make no
additional assumptions on the amplitude of V(z). Let us rewrite again the Gross—
Pitaevskii equation (1.1.1) in the explicit form,

i, = —tge + V(2)u + olu?u. (1.1.7)

If the nonlinear term o|u|?u is crossed over, equation (1.1.7) becomes a linear
Schrodinger equation with a periodic potential

iU = —uge + V(z)u. (1.1.8)
The linear modes are now given by the quasi-periodic Bloch waves in the form
u(z,t) = wk(x)efi“(k)t,

where 1, (z) is a solution of the boundary-value problem for the second-order dif-
ferential equation

{ =5 (2) + V(2)r(2) = w(k)Yr(z),
Yz + 27) = 2Ry (2),

Here k is real and w(k) is to be determined (Section 2.1.2).
The asymptotic multi-scale expansion method is now developed in a neighbor-

x € R.

hood of a particular linear Bloch wave for a given value (kg, wp), where wg = w(ko).
Guided by the asymptotic method from Section 1.1.1, we shall try again the asymp-
totic multi-scale expansion in powers of ¢,

u(z,t) = € [a(X, T)by, (z)e 0 + eus (z,t) + O(€%)] (1.1.9)

where X = ez, T = €"t, (p,q,r) are some parameters to be determined, a(X,T) :
R x R — C is an envelope amplitude to be determined, eu;(x,t) is a first-order
remainder term, and O(e?) is a formal order of truncation of the asymptotic ex-
pansion.

When the asymptotic expansion (1.1.9) is substituted into the Gross—Pitaevskii
equation (1.1.7), we can set the exponents as p = % and ¢ = r = 1, similarly to the
previous section. We will see however that this choice is not appropriate and the
values for the exponents (p, ¢, ) will have to be changed.

Setting the exponents p = %, g = r = 1 and truncating the terms of the order of
O(€?), we write a linear inhomogeneous equation for u; (z, ),

(10 + 02 = V) uy = (—iarthr, — 2ax vy, + olalalthr,|*vr, ) e (1.1.10)
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The right-hand side of (1.1.10) produces a secular growth of w;(x,t) in variables
(z,t) because ¥y, (z)e ™0t is a solution of the homogeneous equation (1.1.8). Look-

—iwgt

ing for a solution in the form w;(z,t) = wy(z)e , we obtain an ordinary differ-

ential equation on wy(z),
(785 +V+ wo) wy = lapr, + QCLX@/};% - U\a\2a\wk0|2wk0. (1.1.11)

Multiplying the left-hand side of (1.1.11) by %, and integrating on [0, 27] we note
that if w () belongs to the same class of functions as ¢y, (z), then

27 r=27
/ Uko (—85 +V+ wo) widr = — (wkowi — zl)fmwl) =0.
0 =0
Multiplying now the right-hand side of (1.1.11) by ¢y, and integrating on [0, 27],
we obtain a nonlinear evolution equation on the amplitude a(X,T),
Wy bl Pl

TR B ey 4o g2, (1.1.12)
N NS

If the nonlinear evolution equation (1.1.12) is violated, then either wy(z) becomes
unbounded on R because of a linear growth as |z| — oo or u;(x,t) grows secularly

iCLT:—

in time ¢ as t — oo.

Equation (1.1.12) is a scalar semi-linear hyperbolic equation, which is easily solv-
able. Because of the periodic boundary conditions of |¢,(x)|? on [0,27], the co-
efficient (¢, , ¥x,) 12, is purely imaginary, so that the X-derivative term can be
removed by the transformation a(X,T) = a(X — ¢,T,T), where

o 2<’¢);€0 ’ ¢ko>L§er

Co = — cR
R T

has the meaning of the group velocity of the Bloch wave u(z,t) = vy, (z)e™wot.
After the transformation, the nonlinear evolution equation on a(X — ¢,7,T) does

not have X-derivative terms and can be immediately integrated.
Exercise 1.5 Find the most general solution of the amplitude equation (1.1.12).

The amplitude equation (1.1.12) does not capture effects of dispersion of the
Bloch wave at the same order where the effects of nonlinearity, time evolution,
and group velocity occur. This outcome of the asymptotic multi-scale expansion
method indicates that the leading-order balance misses an important contribution
from the wave dispersion which is modeled by the second-order X-derivative terms
on a(X,T). Therefore, we have to revise the exponents (p,q,r) of the asymptotic
expansion in order to bring all important effects to the same order.

Let us keep the exponent ¢ = 1 in the scaling of X = ¢%z for convenience.
Since the linear second-order derivative terms are of the order €217, while the cubic
nonlinear terms are of the order %P, a non-trivial balance occurs if p = 1. The time
evolution is of the order €?7? and it matches the balance if ¢ = 2. In addition, we
need to remove the group-velocity term by the transformation

a(X,T) = a(X — ¢ T,T).



10 Formalism of the nonlinear Schrédinger equations
Combining all at once, we revise the asymptotic expansion (1.1.9) as
u(z,t) = € [a(X — cgT, )0k, (x)e O + euy (z,t) + ua(z,t) + O(e*)],  (1.1.13)

where T = et, T = €2t, and O(e3) indicates a new order of truncation of the asymp-
totic expansion. When the asymptotic multi-scale expansion (1.1.13) is substituted
into the Gross—Pitaevskii equation (1.1.7), we obtain the first-order correction term
in the explicit form

ur(x,t) = p1(x)ax (X — ¢, T, 7)e 0t
where 1 () solves
(*ai +V 4+ UJo) Y1 = 7icg¢k0 + 21%60.

Note that the choice of ¢4 provides a sufficient condition that ¢; () belongs to the
same class of functions as ¢y, (x). The second-order remainder term ug(x, t) satisfies
now the linear inhomogeneous equation

(iBt + 85 — V) Uy = (*iaﬂﬁko + (icgpr — 291 — iy )axx + a\a|2a|¢k0|2¢ko) e lwot,

Looking for a solution in the form us(z,t) = wo(x)e 0t we obtain an ordinary
differential equation on wa(z):

(=02 + V 4 wo) wy = iarvr, — (icgpr — 20 — iy )axx — olal*althr,|* ek, -

Using the same projection algorithm as for equation (1.1.11), we obtain a nonlinear
evolution equation on the amplitude a(X — ¢, T, 7),

lar = aaxx + oplal’a, (1.1.14)
where
o i (P1 Pho) 12, = 2P0 Pho) 12, B Wkouiger
w25 T s,

The amplitude equation (1.1.14) is nothing but the nonlinear Schrédinger (NLS)
equation. The asymptotic reduction to the NLS equation is rigorously justified
(Section 2.3). The stationary localized mode of the NLS equation (1.1.14) exists in
explicit form (Section 1.4.1).

Figure 1.2 shows the leading order of the asymptotic solution (1.1.13), when
a is the stationary localized mode of the nonlinear Schrodinger equation (1.1.14)
for V(z) = 0.2(1 — cos(z)), 0 = =1, kg = 0, and ¢ = 0.1. The localized mode
corresponds to the lowest Bloch wave.

Exercise 1.6 Consider the nonlinear Klein—-Gordon equation,
Ut — Uggy + U + ou® + V(z)u=0,

where u(z,t) : RxR — R, 0 € {1,-1}, and V(z + 27) = V() is bounded,
and derive the cubic nonlinear Schréodinger equation for a Bloch wave u(z,t) =
Vi (z)e 710,
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Figure 1.2 Schematic representation of the leading order in the asymptotic solu-
tion (1.1.13).

Exercise 1.7 Consider the Gross—Pitaevskii equation with periodic coefficients,
iut = —Ugz + V(:L‘)U + G(.II)‘UFU,

where u(z,t) : RxR = C, V(z +27) = V(z) = V(—2z) and G(z + 27) = G(z) =
—G(—x) are bounded, and derive a quintic nonlinear Schrédinger equation for the
Bloch wave u(x,t) = 1y, (v)e™ 0t with g, (z) =Yg, (—2).

1.1.3 The discrete nonlinear Schrodinger equation

In the limit of large-amplitude periodic potentials, which is also referred to as the
semi-classical limit, the Gross—Pitaevskii equation (1.1.1) can be written as

uy = —Uyy + € 2V (2)u + olul?u, (1.1.15)

where € is a small parameter. Let us assume here in addition to the periodicity of
V that V € C*(R), V(z) = V(—=z), and 0 is a non-degenerate global minimum of
V(z) on [—m,7]. Without loss of generality, we can normalize V(z) by its power
series expansion around x = 0 with V(z) = 22+ O(2). When the nonlinearity term
alul?u is crossed out, the linear mode u(x,t) = v (z)e™“? satisfies the differential
equation

—p"(x) + e 2V (x)h(z) = w(z), z €R. (1.1.16)

The truncated linear equation with V(z) ~ 22 has an infinite set of isolated
simple eigenvalues {w;}jen, With the L?-normalized eigenfunctions {¢;(z)}jen,
given by Hermite functions. More precisely, we have

142 B 1 TN 2
Vit e SDj(gc)i(7Te)1/4(21'j!)1/2Hj (ﬁ)e ¥ JEeNo,
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where {H;(2)}jen, is a set of Hermite polynomials. Because the Hermite function
@;(x) decays to zero as |x| — oo faster than an exponential function, this function
is different from the quasi-periodic Bloch wave 9 (z) introduced in Section 1.1.2.
However, the small parameter € implies that the local minimum of V(z) near z =
27n is narrow for any n € Z so that the Bloch wave ¢y (z) changes rapidly near
the local minima of V(z) and is small between the minima. As a result, we can
try approximating 1y (z) by a periodic superposition of decaying Hermite functions
connected to each other by the small tails and centered at the points {27n},ez. In
the limit € — 0, the spectral band function w(k) for the selected Bloch wave 1y (z)
converges to the eigenvalue w; for a fixed j € Ny. This construction is typical in
the semi-classical analysis [47, 86]. The relation between the quasi-periodic Bloch
waves and the decaying functions (called the Wannier functions) will be explained
in Section 2.1.3.

Note that the decaying Wannier functions {¢;};en, coincide with the Hermite
functions {¢;};en, only near z = 0. Moreover, they are not eigenfunctions of the
differential equation (1.1.16) as no decaying solutions exist for periodic potential
V(x) (Section 2.1.3). For « € [—m, x|, the decaying functions ;(x) can be fur-
ther approximated from the Wentzel-Kramers—Brillouin (WKB) solutions of the
differential equation (1.1.16).

Let us pick a particular eigenvalue w; for a fixed j € Ny, for instance, the lowest
eigenvalue wg = e~ ! with the ground state o(z) = (7‘(‘6)71/467§. The WKB
solution for the extension of ¢g(z) to > 0 (both ¢ and ¢ are even on R) is
written by

Golz) ~ A(z)e~ Jo SN’ s ) (1.1.17)

where

The WKB solution (1.1.17) is derived by neglecting the term A”(x) on the left-hand
side of (1.1.16) and replacing w by ¢~!. Note the function ($q(z) matches with the
function ¢o(z) as = | 0. On the other hand, the expression for A(z) diverges as
x 1T 2m.

Let us now consider the asymptotic multi-scale expansion in powers of €,

u(z,t) = €P Z an(T)Po(z — 2n)e ™90 4 ey (x,t) + 0(62):| , (1.1.18)
nez

where T' = €"t, (p,r) are some parameters to be determined, {a,(T)}nez : R —
CZ are amplitudes of the Wannier functions to be determined, eu;(w,t) is a first-
order remainder term, and O(e?) is a formal order of truncation of the asymptotic
expansion.

Let us substitute the asymptotic expansion (1.1.18) into the Gross—Pitaevskii
equation (1.1.15) and collect all leading-order terms at the resonant frequency
e~iwot Therefore, we set uj(x,t) = wy (z)e” 0!, where w; () satisfies the ordinary
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differential equation
1" —2 —1
wy — € Vw, +wowy =€ " Fy, (1.1.19)
where F} is given at the leading order by

Z an (—@4 (x — 2mn) + € *V@o(z — 2mn) — woPo(z — 27n))
neEL

—ie" Z an@olx — 2mn) + o€
neZ

Za &o(z —27mn)

nez

Z ando(x — 2mn).

nez

We shall now compute the projection of this equation to ¢g on R. The right-hand
side F} has a hierarchic structure with respect to ¢g since @o(z) gives a projection
of the order of O(1), ¢o(x £ 27) gives an exponentially small projection in €, while
Po(x £ 2wm) give m powers of the exponentially small projections.

Thanks to the explicit formulas and the symmetry of ¢y on R, the first off-
diagonal linear terms are computed as follows

2/ Go(x) (=02 + € 2V — wp) ¢o(z — 27)da

™

= 4o (m) () + 2/ @o(z —2m) (=02 4 €V — wy) @o(z)dz = —pu.

— 00

Neglecting the second integral for the WKB solution (1.1.17) that approximately
satisfies equation (1.1.16), we infer that the leading order of y is given by

o~ =4 ()P ()
4\5; < /\ﬁd /%dz), (1.1.20)

that is, u is exponentially small as € — 0. Recall that V(7) # 0 if 0 is a global
minimum of V on [—, 7].
Now the diagonal nonlinear term is computed by

1 2 1
~4 —2z
dr ~ —— dz = ——
/]R%(m) RTTE /Re °T @

whereas we can use orthogonality of the decaying Wannier functions to write
/ o () po(x — 2mn)dx = do .
R

Because p is exponentially small in €, the power asymptotic expansion (1.1.18) is
not appropriate to balance all terms in Fj at the leading order. As a result, we have
to go back to revise the asymptotic scaling of the asymptotic expansion (1.1.18).

Let us consider a modified asymptotic expansion

w(z,t) = 2 2me)/t [Z an(T)po(w — 2mn)e 90 4y (2, 6) + O(4?)
neL
(1.1.21)
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Figure 1.3 Schematic representation of the leading order in the asymptotic solu-
tion (1.1.21).

where T' = ut and
Qo= — / o) (785 +e2V — wo) Po(x)dx.
R

The correction frequency €y is used to remove the diagonal linear term in F;.
Again, using u; (z,t) = wy (z)e" (ot we obtain an inhomogeneous equation
for wy(z), which is similar to equation (1.1.19) up to the scaling constants. Com-
puting projections of the right-hand side Fy to {@o(x — 27k)}rez, we obtain the
differential-difference equations for the amplitudes {ax(T)}kez,

iy 4 ary1 + a1 = olag|?ar, k€ Z. (1.1.22)

This amplitude equation is nothing but the discrete nonlinear Schrédinger (DNLS)
equation. The asymptotic reduction to the DNLS equation is rigorously justified
using the Wannier functions (Section 2.4). Unfortunately, no exact solutions for
localized modes of the DNLS equation are available but the proof of existence of
localized modes can be developed using different analytical methods (Sections 3.2.5
and 3.3.3).

Figure 1.3 shows the leading order of the asymptotic solution (1.1.21), where
{an}nez is the stationary localized mode of the discrete nonlinear Schrédinger equa-
tion (1.1.22) for V(z) = 0.5(1 — cos(z)), o = —1, and € = 0.75. The localized mode
corresponds to the ground state g.

Exercise 1.8 Consider the nonlinear Klein—Gordon equation with delta function
nonlinear terms,

utt—um—i—u—Q—u?’—l—Zé(x—Qﬂ'n)u:O,
neL

where u(z,t) : R x R — R, and derive the discrete nonlinear Schrédinger equation
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using the ground state o(x) for the smallest eigenvalue w? of the linear problem
—oi(@) + (14 0())pol) = wipo(x), @ €R.

Exercise 1.9 Consider the Gross—Pitaevskii equation with periodic coefficients,
uy = —Uyy + € 2V (2)u + G(2)|ul?u,

where u(z,t) : R xR = C, V(z+27) = V(z) = V(—z) and G(z + 27) = G(x) =
—G(—x) are bounded, and derive a quintic discrete nonlinear Schrodinger equation
for the ground state ¢o(z).

1.2 Hamiltonian structure and conserved quantities

The Gross—Pitaevskii equation with a periodic potential and its asymptotic reduc-
tions, the nonlinear Dirac equations, the nonlinear Schrédinger equation, and the
discrete nonlinear Schriodinger equation, are particular examples of Hamiltonian
dynamical systems. Besides the energy, these systems have additional conserved
quantities thanks to symmetries with respect to the spatial and gauge translations.
Some of our methods of analysis will rely on the Hamiltonian structure, while the
others ignore its presence. Among the former methods, we mention proofs of global
well-posedness of the initial-value problem (Section 1.3), the variational theory for
existence of stationary solutions (Section 3.1) and analysis of spectral and orbital
stability of localized modes (Sections 4.3 and 4.4.2). Among the latter methods,
we mention justification of amplitude equations (Sections 2.2, 2.3, and 2.4), direct
methods for existence of stationary solutions (Sections 3.2 and 3.3), and analysis
of asymptotic stability of localized modes (Section 4.4.3).

Physicists often replace an infinite-dimensional system expressed by a partial
differential equation by a reduced finite-dimensional system of ordinary differen-
tial equations. This trick is based on a formal Rayleigh-Ritz method, when the
integral quantities for the energy and other conserved quantities are evaluated at
a particular localized mode with time-varying parameters, after which evolution
equations for these time-varying parameters are obtained from the Euler—Lagrange
equations. While the accuracy of the qualitative approximations produced by this
formal method can be remarkable in some examples, we shall avoid this method in
this book, since it does not stand on a rigorous footing. Having issued this warning,
the Hamiltonian formulation is often an asset in rigorous analysis, and we shall
thus give relevant details on the Hamiltonian structure of the coupled nonlinear
Schrodinger equations (Section 1.2.1), the discrete nonlinear Schrédinger equation
(Section 1.2.2), and the nonlinear Dirac equations (Section 1.2.3). For simplicity of
presentation and without loss of generality, we shall consider these equations in the
space of one dimension.

An abstract Hamiltonian system in canonical variables u € R?", n € N, is for-
mulated as the following evolution problem

= = JVuH (W), (1.2.1)
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where J € M?7%2" is a skew-symmetric and invertible matrix associated with the
symplectic form,

vu,v € R (Ju,V)pen,
and VyH (u) is a gradient of the Hamiltonian functional H(u) : R?" — R.

The phase space for the one-dimensional Gross—Pitaevskii equation and its re-
ductions is typically a subspace of the Hilbert space L2(R,R?") and J € M2"*2" ig

typically given by
J — |: O’fl ITL :| ,

I, O,

where O,, and I,, are zero and identity matrices in M"™*™. The gradient operator
VuH (u) is defined by the Gateauz derivative of the functional H(u),

Ve 2RR2) :  (VaH(u), V)i = S Hu+ev)

o (1.2.2)

e=0

If H(u) is written as an integral of the density h(u, d,u) over z € R, then integration
by parts shows that the Gateaux derivative (1.2.2) can be computed using the
partial derivatives of the density h(u,uy),

oh 0 0h

WHU) = — — =
Vu, H(u) Ouj;  Ox Oujy

j€e{1,2,..,2n}, (1.2.3)
where u; 5 1= Oyu;.

Besides the traditional formulation in real-valued canonical coordinates, it is often
useful to shorten the formalism by using the complex-valued canonical coordinates
1 € C" and the Hamiltonian form

.dyp

i = Vol (W, v). (1.2.4)

A similar equation for the time derivative of 1) is obtained from equation (1.2.4)
after complex conjugation. Note that H(u) in (1.2.1) and H(wp, ) in (1.2.4) are
different by the factor 2 (Exercise 1.10). The symplectic form is now written as the
bilinear form

Vap,p € C" (T, )en = Im (e, ), (1.2.5)

where J. is skew-symmetric and invertible. The two Hamiltonian formulations in
real-valued and complex-valued coordinates are used equally often in the context
of the Gross—Pitaevskii equation.

Exercise 1.10 Consider a planar Hamiltonian system with H = H (uq, us),

du1 _ oH dUQ oH

o =T 1.2.6
dt 8“2 ’ dt 8u1 ’ ( )

associated with the symplectic bilinear form
(Ju, v)gz = ugv1 — ugvs. (1.2.7)

Transform the system after the substitution

Y =u +iug, P =us—ius
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and rewrite the Hamiltonian system (1.2.6) and its symplectic form (1.2.7) in the
complex-valued coordinates (1, 1)).

If the Hamiltonian system (1.2.4) is invariant with respect to the translation in
time ¢, then the value of E = H(3, ) is conserved in the time evolution of the
system. More precisely, we establish the following lemma.

Lemma 1.1 Let H(v,) be independent of t. Then, the energy E = H (v, ) of
the Hamiltonian system (1.2.4) is conserved in time t € R.

Proof Using (1.2.2) and the complex-valued coordinates, we obtain

d - ~dy ) - dy
SHO,$) = (VuHw,$), ) + (Vo H(,9), s
= —i|VyH (s, 9)|I1> +ilVyH (. 9)[7. = 0.
Therefore, the value of E = H(t,) is constant in t if 4 is a solution of the
Hamiltonian system (1.2.4). O

Exercise 1.11 Prove an analogue of Lemma 1.1 for the Hamiltonian system
(1.2.1) in canonical variables u € R?",

Besides symmetry with respect to translation in time ¢, the Gross-Pitaevskii
equation typically has symmetry with respect to gauge transformation. As a re-
sult of this symmetry, an additional quantity (called power or charge or mass,
depending on the physical context) is also conserved in the time evolution of the
Gross—Pitaevskii equation. To classify this symmetry and the conserved quantity,
we shall consider symplectic linear transformations, which do not change the value
of the Hamiltonian functional H (v, ) and transform one solution of system (1.2.4)
to another solution of the same system.

Lemma 1.2 Let G : C* — C" be an invertible linear transformation.
Let H(1p,1) : C* x C* — R be a G-invariant Hamiltonian functional,

H(G, Gp) = H (1, 1h).

Transformation G is symplectic, so that if ¢ solves the Hamiltonian system (1.2.4),
then ¢ = G solves the same Hamiltonian system (1.2.4), if and only if

GGT =1, (1.2.8)
where I, is an identity matriz in M™*™.

Proof An elementary proof follows from the chain rule

d¢ . dy . - s - _
= IGE =GV H(,¢) =GG'VzH(G'¢,G'¢) = GGV H (¢, d)
and the fact that G is invertible. |

Among possible symplectic linear transformations G, near-identity continuously
differentiable transformations have particular importance for the existence of the
associated conserved quantities. In other words, we shall assume that the symplectic
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linear transformation G(e) : C" — C" is parameterized by ¢ € R and can be
expanded into power series

G(e) = I, + eg + O(€?).

The first-order transformation g : C™ — C" is usually referred to as the infinites-
imal symmetry generator. If G(e) is a symplectic transformation, then g satisfies
g = —gT, which follows immediately by dropping the quadratic term e2ggT in the
constraint G ()G (¢) = I,,. Now we obtain the conserved quantity, which is related
to the near-identity, continuously differentiable, symplectic linear transformation

G(e).

Lemma 1.3 Let g : C" — C” be the symmetry generator for the near-identity,
continuously differentiable, symplectic linear transformation G(¢). Then, the power

Q(¢7 171) = Im<g,¢7 ¢>L2

is conserved in time t € R.

Proof To prove conservation of Q(t,) in time, we take the derivative in ¢ of the
equation

H(G(e)y, Ge)p) = H(, )

and set € = 0 to obtain

(Vo H (1, %), g) 12 + (Vg H (b, %), g3p) 2 = 0. (1.2.9)

Using this equation, the constraint ¢ = —gT, and the Hamiltonian system (1.2.4),
we obtain

) = = (Vg H (9, $), )2 — (o0, V3 H () 12)

=1((VyH(,9), g)r2 + (Vo H(, ), g3p) 12) = 0.

Therefore, the value of (g, )2 is constant in ¢. Since g = —g7, then (g, 1) 2
is purely imaginary. Hence Q (1, %) = Im{gt), 1) > € R is a conserved quantity of
the Hamiltonian system (1.2.4). O

Exercise 1.12 Formulate and prove analogues of Lemmas 1.2 and 1.3 for the
Hamiltonian system (1.2.1) in canonical variables u € R?".

It is definitely possible to uniquely compute the near-identity, continuously dif-
ferentiable, symplectic linear transformation G(e) from the infinitesimal symmetry
generator g. This technique, which forms a Lie group symmetry analysis, is well
described elsewhere [21, 144]. In brief, if g is the symmetry generator such that
g = —g" and the Hamiltonian H (v, ) satisfies the constraint (1.2.9), then the
symplectic transformation G(e) is uniquely computed by G(e) = e and the Hamil-
tonian H (1, ) is proved to be invariant under the transformation G(e). Moreover,
if g = —gT and G(e) = e, then G(e)GT (¢) = I,,, so that G(e) is indeed a symplectic
linear transformation.
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1.2.1 The coupled nonlinear Schrédinger equations

Let us consider the coupled NLS equations,
0uhr = —0ibk + O, W ([0 |2, [2]?, s [Un]?),  k=1,2,..,n, (1.2.10)

where ¥ := (¢1,...,¢,) € C", (x,t) € RxR, and W (|41 |2, 2%, ..., [¢¥n]?) : RE — R
is assumed to be analytic in its variables. For instance, system (1.2.10) includes the
system of two coupled NLS equations

{ iut = —Ugy +o (‘U|2 =+ X|’U|2) u,

‘ (1.2.11)
Wy = —Vgqe + 0 (X|u|2 + ‘U|2) v,

where we have denoted ¢; = u and ¥9 = v and have introduced a coupling constant
X € R. As previously, o € {+1,—1}. The coupled NLS equations (1.2.10) can be
cast as the Hamiltonian system in complex-valued coordinates (1.2.4) with

H = / [(0ath, Do) + W (a2 [o2 2, oo [ )] . (12.12)

By Lemma 1.1, the value of E = H (1), 1)) is constant in ¢ thanks to the translational
invariance of the system in time: if 9 (x,¢) is one solution of system (1.2.10), then
YP(x,t — tg) is another solution of system (1.2.10) for any t; € R.

By Lemma 1.2, there exists at least n near-identity, continuously differentiable,
symplectic linear transformations G(e) which leave H invariant and satisfy the
constraint G(e)GT(¢) = I,,. A particular symplectic transformation Gy(¢) for k €
{1,2,...,n} is given by a matrix obtained from the identity matrix I, after 1
is replaced by e at the kth position. This symplectic transformation is related
to the gauge invariance of the kth component of the vector @ with respect to
the phase rotations: if (¢1,...,%k,...,1,) is a solution of system (1.2.10), then
(W1, ..., €%y, ..., 2y, ) is another solution of system (1.2.10) for any aj € R.

The symmetry generator for the symplectic transformation Gg(e) is given by
g = ilnk, where I, is a diagonal n x n matrix with 1 at the kth position and 0
at the other positions. By Lemma 1.3, g, generates the conserved power,

Qk=/R|¢k|2da:. (1.2.13)

When some symmetries of the coupled NLS equations (1.2.10) are broken, the
number of conserved quantities is reduced.

Exercise 1.13 Assume that the nonlinear function W in the coupled NLS equa-
tions (1.2.10) depends on (121h1 +1P1102) in addition to (|11 |2, [1h2]?, ..., [¥n|?). Prove
that the values of Q1 and Q)2 are no longer constant in ¢, whereas the value of Q1+Q)2
is still constant in ¢.

Exercise 1.13 includes, in particular, the system of two coupled NLS equations
with linear and nonlinear coupling terms

iug = —0%2u + Cv + (|ul® + Alv|?)u + Bv?a, (12.14)

vy = —0%v + Cu + (Alu|? + |v|?*)v + Bu?v, o

where A, B, and C are real-valued coefficients and we have set ¥; = v and ¥s = v.
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Conversely, when additional symmetries of the coupled NLS equations (1.2.10)
are present, the number of conserved quantities is increased. For instance, let us
assume that the nonlinear function W actually depends on

W =W ([ + [al* + - + [n]?). (1.2.15)

In real coordinates, both W and H are invariant with respect to the N-parameter
group of rotations in R2", where

2n (2n)!
N = ( 9 ) :m:n@nfl).

However, not all rotations generate conserved quantities because not all rotations
are given by the symplectic linear transformations of Lemma 1.2. We can effec-
tively characterize all near-identity, continuously differentiable, symplectic linear
transformations G(e) using the Hamiltonian system in complex coordinates (1.2.4).
Moreover, we can start with the symmetry generators g that represent rotations of
components of the complex-valued vector ¥ = (¢1, 92, ..., 1,) € C™ with respect to
each other.

Let g = A+1iB € M™*" where A and B have real-valued coefficients. Using
the constraint g = —gT, we obtain immediately that A = —AT is skew-symmetric
and B = BT is symmetric. Furthermore, if W satisfies the symmetry (1.2.15)
and g = —g', then the constraint (1.2.9) on the Hamiltonian function H(a,)
is also satisfied without additional constraints on elements of A and B. Counting
the number of independent elements in matrices A and B, we conclude that N =
n(2n — 1) rotations in R?™ generates only N, = n? symplectic rotations in C™.

By Lemma 1.3, there exist n? conserved quantities Im(A,)r> and
Re(B1, )2, which are related to the group of n? symplectic rotations. More
precisely, these conserved quantities can be reduced to the quadratic functionals

Qkm = / Yrtmdr, 1<k<m<n. (1.2.16)
R

To confirm conservation of Q. ., for the coupled NLS equations (1.2.10) with
rotational symmetry (1.2.15), we write the balance equations for densities of Q. m,

Integrating this equation in  on R for solutions with fast decay to zero at infinity
as |z| — oo gives constant values of Qy ,,, in ¢ as long as such solutions exist.

Simple accounting shows that there exist n real-valued quantities Qpr = Q&
which coincide with the conserved quantities (1.2.13). The additional in(n — 1)
conserved quantities Q. with & # m are complex-valued. The total number of
real-valued conserved quantities Q. coincides with the number of symplectic ro-
tational symmetries as N, = n2.

If the symmetry generators g of the near-identity, continuously differentiable,
symplectic linear transformations G(e) are known, then G(e) = e® for € € R. For
the two coupled NLS equations (1.2.11) with n = 2 and x = 1 (also known as the
Manakov system), there exists a group of N, = n? = 4 symplectic rotations which
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are generated by matrices

(i o0 [0 o [0 1 To0 i
g1 = 0 0 y g2 = 0 i y g3 = -1 0 s g4 = i 0 .

The four symplectic transformation, which leave H invariant, are given by

efr 0 1 0
Gl_{o 1}’ GQ_[O 6192}’

Gy — { cosflz  sinfs }’ G — { cosfly isinfy, }

—sinf3 cosf3 isinfs cosfy

where 01, 05, 03, and 04 are arbitrary real-valued parameters. The parameters 6, and
05 are related to the gauge invariance of components u and v, while the parameters
03 and 6, are related to the rotational symmetry of the coupled NLS equations
(1.2.11) between components u and v in the case x = 1.

If (u,v) € C? is a solution of the coupled NLS equations (1.2.11) with x = 1,
then there exists a four-parameter solution (i, %) € C? of the same equation,

~ i61 i62
uU=are’tu + age’?v,
{ ' i (1.2.17)

b= —ane? u + a e,
where 61,05 € R and

{ o1 = cosf3cosfy +isinfzsin by,

g = sinf3 cos Oy + icos b3 sin b,.

In a general case n > 2, there exist n continuations of solutions due to gauge
invariance of n individual components and n(n — 1) continuations of solutions due
to rotational symmetries of the coupled NLS equations (1.2.10) between different
components of vector ¥ = (1,2, ...,¢,) € C™.

Exercise 1.14 Compute nine transformation matrices G(¢) for the three coupled
NLS equations (1.2.10) with n =3 and W = W (|¢1]? + [¥2|* + |¢3]?).

Exercise 1.15 Characterize the group of symplectic rotations of the Hamiltonian
system (1.2.1) in terms of the matrix

| A B
g - C D I
where A, B, C, and D are real-valued matrices in M"*™. Use transformation of real

variables in R?" to complex variables in C" and confirm that the result is identical
to the computations above.

Because the coupled NLS equations (1.2.10) have no linear potentials, these equa-
tions admit additional conserved quantities, which are characterized by the Noether
Theorem (Appendix B.9). In particular, the coupled NLS equations (1.2.10) con-
serve the momentum

P=i [ (. 0u)er — (0. p)er] (1.218)
R
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thanks to the translational invariance of the system in space: if ¥(z, t) is a solution
of system (1.2.10), then v(x — z¢,t) is also a solution of system (1.2.10) for any
zo € R.

Additionally, the coupled NLS equations (1.2.10) with no linear potentials are
invariant with respect to the Galileo transformation: if 1(z, t) is a solution of system
(1.2.10), then

61(1;.%71;21‘/)1#(1: _ QUt,t) (1219)

is also a solution of system (1.2.10) for any v € R. Because of the translational and
Galileo transformations, any stationary solution

P(x,t) = e “l(a),

where ¢(x) : R — R” and & is a diagonal matrix of parameters (w1, ws, ...,w,) € R™,
can be translated to any point o € R and can be transformed to a traveling wave
solution with any speed v € R.

Traveling wave solutions of the coupled NLS equations (1.2.10) are equivalent to
critical points of the energy functional (Section 3.1),

Av,w =H + vP + <w7 Q>R"7

where w = (w1, ws, ...,wy) and Q = (Q1, Q2, ..., Q). Substituting the Galileo trans-
formation (1.2.19) into A, w, we observe that A, transforms to the form

Ag = H + (2, Q)zn, (1.2.20)

where = w +v?1 and 1 = (1,1,...,1) € R?. This transformation enables us
to cancel the dependence of the traveling wave solutions on the speed v and set
v = 0 for many practical computations in the context of the nonlinear Schrédinger
equations with no potentials.

When a nonzero bounded vector potential V(z) : R — R™ is added to the
coupled NLS equations (1.2.10), then the translational and Galileo transformations
are broken. As a result, the value of P is no longer constant in ¢ and the speed v
becomes an important parameter of the traveling wave solutions (Section 5.6).

1.2.2 The discrete nonlinear Schrédinger equation

Let us consider the DNLS equation,
i = —(AY)n + 05, W (1h, %), (1.2.21)

where ¥ = {¢,} € CE,n € Z,t € R, (AY) = Uny1 — 20 + Pn_1 is the discrete
Laplacian, and W (), 1) : C%Z x C% — R is assumed to be analytic in its variables.
The DNLS equation (1.2.21) can be cast as the Hamiltonian system in complex
coordinates (1.2.4) with

H = Z Wn+1 - wn|2 + W(¢7ﬂ))

neL
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For the simplest case of the power nonlinearity,
o
W — ] 2p—‘,—27
1 2 vl
ne”L

where 0 € {1,—1} and p € N, the DNLS equation (1.2.21) becomes the power
DNLS equation

i, = —(AY)n + o[thn| P n. (1.2.22)

Thanks to the translational invariance in time, the value of E = H (1, ) is constant
in t. Because of the gauge invariance with respect to the phase rotations,
Q=) Il =¥l
nez
is another constant in ¢.

The invariance with respect to the continuous space translations is lost in the
discrete systems. As a result, the DNLS equation (1.2.21) has no generally con-
served momentum unless the nonlinear function 81])”W(’(,[J7’17J) satisfies additional
constraints (Section 5.2). There is still a discrete translational invariance in the
following sense: if {1, (t)}nez is a solution of the DNLS equation (1.2.21), then
{¥n—ny (t) }nez is also a solution of the same equation for any ng € Z. However, the
discrete translational symmetry cannot be generated by a near-identity, continu-
ously differentiable transformation, and so it does not generate any quantities that
are constant in ¢. In other words, the discrete group of spatial translations allows us
to translate any stationary solution to any number of lattice nodes but it does not al-
low us to translate a stationary solution relative to any particular lattice node n € Z.

Exercise 1.16 Consider the Ablowitz—Ladik lattice
ity = —(A¢)p + 0[n]* Ynt1 + Yn1),
where o € {1, —1}, and show that the discrete version of the momentum

P = % Z(’LZ)"+1’1/}TL - w'erLl’LZ)n)

nez

is constant in ¢. Show that P in the same form is not constant in ¢ for the power
DNLS equation (1.2.22).

1.2.3 The nonlinear Dirac equations
Let us consider the nonlinear Dirac equations,
i(ug + ug) + v = 9gW(u,u,v,0),
( t ac) U ( ) (1.2.23)
i(vp — vg) +u = W (u,u,v,0),

where (u,v) € C?, (z,t) € R?, and W (u, 4, v,v) : C* — R is assumed to satisfy the
following three conditions:

(W1) W is invariant with respect to the gauge transformation

W(eu, e *u, e, e 0) = W(u,4,v,0), a€R, (1.2.24)



24 Formalism of the nonlinear Schrédinger equations

(W2) W is symmetric with respect to the interchange of v and v,
(W3) W is analytic in its variables.

The first condition is justified by the derivation of the nonlinear Dirac equations
(1.2.23) with the asymptotic multi-scale expansion method (Section 1.1.1). The sec-
ond condition defines a class of symmetric nonlinear functions, which are commonly
met in physical applications. The third condition is related to the theory of normal
forms, where the nonlinear terms are approximated by Taylor polynomials. Since
the function W contains no quadratic terms that would simply change coeflicients
of the linear terms in system (1.2.23) and no cubic terms that would violate condi-
tions (W1) and (W3), e.g. the term 42 violates the gauge invariance and the term
|u|ut violates the analyticity of W, the power expansion of W starts with quartic
terms.

The following result characterizes the function W that satisfies conditions (W1)
(W3).

Lemma 1.4 If condition (W1) is satisfied, then W depends on |ul?, |v|?, and
(@v +ud). If conditions (W1)-(W38) are satisfied, then W depends on (|u|? + |v]?),
[ul?|v]?, and (uv + va).
Proof We shall assume condition (W1). By differentiating (1.2.24) in « and setting
a = 0, we obtain

DW :=1(ud,, — 10z + v, — v05) W (u,u,v,v) = 0. (1.2.25)
Consider the set of quadratic variables
|2

21:|u\2, zo = |v 25 = AU + ub, 24 =u>+ 02,

which is independent of any u # 0 and v # 0 in the sense that the Jacobian of
(%1, 22, 23, 24) with respect to (u, @, v, ) is nonzero. It is clear that Dzy 53 = 0 and
Dz, = 2izy. Therefore, DW = 2iz40,,W = 0, so that W is independent of zj.

By conditions (W2) and (W3), the arguments of W can be regrouped as (|u|? +
[v]?), |ul?|v|?, and (uv + va), whereas W may not depend on |u| and |v]. O

The most general quartic function W that satisfies conditions (W1)—(W3) is given
by

a a
W = ?1(|u|4+ [v4) + az|u}|v|? + as(|u)® + |v|?) (v + vu) + ?4(1)12+17u)2, (1.2.26)
where a1, as, a3, and a4 are real-valued parameters. It then follows that
oW = ay|ul*u + agulv]* + az ((2/ul?* + |[v|*)v + u?0) + aq (vV2a + |v[*u),
W = a1|v|?v + azv|ul? + az ((2[v]? + |u|?)u + v*a) + ay (W?0 + [ul?v).

The nonlinear Dirac equations (1.2.23) with W in (1.2.26) is related to solutions
of the Gross—Pitaevskii equation (Exercise 1.3),

i = —Upe + €V (x)u + G(2)|ulu,
where € € R is a small parameter and

V(z) = —2cos(x), G(z) = go+ 2g1 cos(x) + 2g2 cos(2z).
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The correspondence between the numerical coefficients is given by

a1 =go, a2 =29y, az=gi, a4= go.

Another example of the nonlinear Dirac equations (1.2.23) is given by Porter et al.
[174] in the context of the Gross—Pitaevskii equation with a time-periodic nonlin-
earity coeflicient.

Exercise 1.17 Write the most general sextic function W that satisfies conditions
(W1)—-(W3). Find the parameters of W that include the quintic nonlinear Dirac
equations [174],

i(us + ug) +v = 2lul?> + [v]?)|v]?u,
i(ve = vg) +u = (Jul® + 2v]*)[ul?v.

The nonlinear Dirac equations (1.2.23) can be cast as a Hamiltonian system in
complex-valued coordinates (1.2.4) with

H= %/ (Up@ — Uiy — V0 + VO, do +/ (v + uv — W) dx. (1.2.27)
R R

Conserved quantities of the nonlinear Dirac equations (1.2.23) include the Hamil-
tonian E = H (u, @, v, 7), the momentum

R

and the power
Q:i/0m2+WFym. (1.2.29)
R

By the Noether Theorem (Appendix B.9), conservation of H and P follows from
the translational invariance of the nonlinear Dirac equations (1.2.23) in time ¢ and
space x, whereas conservation of @ follows from the gauge invariance with respect
to the phase rotations of u and v. In particular, the conserved quantity @ is found
from Lemma 1.3 and the gauge symmetry (1.2.24). On the other hand, conservation
of @ in t can be checked directly from the balance equation

9 2 2 9 22y _
e ul” + [0I%) + z-(jul” = [v]") = DW =0, (1.2.30)

where the last equality follows from identity (1.2.25). Integrating the balance equa-
tion in z on R for solutions with fast decay to zero at infinity as |z| — oo, we
confirm that @ is constant in t as long as such solutions exist.

Exercise 1.18 Write the balance equations for densities of H and P and explain
why conservation of H and P in ¢ is related to the time and space translations of
the nonlinear Dirac equations (1.2.23).

Exercise 1.19 Consider a multi-component system of nonlinear Dirac equations,

n
i(@tuk + Ozkazuk) + Zﬁk,lul = aakW(u, ﬁ), ke {1, 2, ...,n},
=1



26 Formalism of the nonlinear Schrédinger equations

where u = (ug,us...,un) € C*, (z,t) € R xR, (a,...,a,) € R, § is a Hermitian
matrix in M"*" and W(u, ) : C" x C" — R. Write this system in the Hamiltonian
form (1.2.4) and find the conserved Hamiltonian H, momentum P, and power Q.

1.3 Well-posedness and blow-up

The initial-value problem for a differential equation is said to be locally well-posed
in a Banach space X if for any initial data from X there exists a unique function
in X over a time interval [0, Tinax) for some Ty, > 0, which solves the differential
equation in some sense and depends continuously on the initial data. If the maximal
existence time Ty, is infinite, we say that the initial-value problem is globally well-
posed.

If no solution exists, or the solution is not unique, or the solution is not con-
tinuous with respect to the initial data, the initial-value problem is said to be
ill-posed. Although there can be different reasons why the initial-value problem for
a particular differential equation is ill-posed and understanding these reasons can
be challenging, it is a common practice to revise the derivation of the governing
equation in a particular physical problem and to account for additional terms such
as viscosity, higher-order dispersion or higher-order nonlinearity, which would make
the initial-value problem well-posed.

Physicists have typically a very good intuition on whether the initial-value prob-
lem for a given equation is well-posed or ill-posed. This intuition is based on a
number of numerical simulations, which show various scenarios of the time evolu-
tion, as well as on understanding the basic physical laws behind the derivation of
a given model. As a result, physicists are typically sceptical about rigorous proofs
of well-posedness since they think that the corresponding results are obvious and
need no proofs.

Without making long arguments with physicists on the issue, we would like to
explain a simple and rather universal method of how to prove local and, some-
times, global well-posedness of the Gross—Pitaevskii equation and its asymptotic
reductions. This method combines Picard’s iteration for systems of ordinary differ-
ential equations and Kato’s theory for semi-linear partial differential equations. As
a result, the analytical technique is often referred to as the Picard—Kato method.

As a first step of the Picard-Kato method, the differential equation is written
in the integral form, e.g. by decomposing the vector field into linear and nonlinear
parts, introducing the fundamental solution operator for the linear part, and using
Duhamel’s principle for the nonlinear term. The integral equation is then shown
to be a Lipschitz continuous map from a local neighborhood of an initial point in
a suitably chosen Banach space X to itself, which is also a contraction if a non-
empty time interval [0, 7] is sufficiently small. Existence of a unique fixed point of
the integral equation in a complete metric space C([0,T], X) follows by the Banach
Fixed-Point Theorem (Appendix B.2). This gives also a continuous dependence
on initial data in X and the existence of a continuously differentiable solution in a
larger Banach space Y that contains X C Y. To extend the maximal existence time
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to infinity, if possible, one needs to use other properties of the nonlinear evolution
equation such as the conserved quantities (Section 1.2).

There are many locally well-posed differential equations, solutions of which can-
not be extended to an infinite maximal existence time, because they become singular
by reaching the boundary of X in a finite time. When it happens, we say that the
differential equation admits a finite-time blow-up in the chosen vector space X . Spe-
cialists in harmonic analysis would then look for other choices of X to exclude the
finite-time blow-up while preserving local well-posedness. From a practical point of
view, however, the choice of X is often determined by the finite energy constraints
and it would make less sense to look for exotic spaces, where the energy is not
defined.

We shall apply the general algorithm of the well-posedness analysis to the nonlin-
ear Schrodinger equation (Section 1.3.1), the discrete nonlinear Schrédinger equa-
tion (Section 1.3.2), and the nonlinear Dirac equations (Section 1.3.3). While the
proof of local well-posedness follows for these semi-linear equations by repeating the
same arguments, analysis of global well-posedness differs between different classes
of equations. Readers interested in other equations such as the Korteweg—de Vries
equation and various modifications of the nonlinear Schrédinger equation can look
at recent texts [11, 133, 201] on foundations of the well-posedness theory for non-
linear evolution equations.

1.3.1 The nonlinear Schrédinger equation

Let us consider the initial-value problem for the NLS equation,

— 2

{ iug = —Au+ V(z)u + f(|u]?)u, (13.1)
u(0) = wo,

where u(z,t) : R* xR, — C is the wave function, A = 92 +...4+92  is the Laplacian

in d dimensions, V(z) : RY — R is a bounded potential, and f(jul?) : R, — Ris a

real analytic function.

The main question is: if ug € H*(R?) for some s > 0, does there exist a unique
local solution u(t) to the initial-value problem (1.3.1) that remains in H*(R?) for all
t € [0, 7] and, if there is, does it extend globally for all times ¢ € R, ? The classical
theory of partial differential equations considers smooth solutions for sufficiently
large values of s. It was only recently when this theory was extended to solutions
of low regularity (for smaller values of s). The following theorem gives local well-
posedness of the initial-value problem (1.3.1) in H*(R9) for s > %.

Theorem 1.1 Fiz s > % and let ug € H*(RY). Assume that V € C;(R?) and f
is analytic in its variable with f(0) = 0. There exist a T > 0 and a unique solution
u(t) of the initial-value problem (1.3.1) such that

u(t) € C((0,T], H*(RY)) N CH([0, T, H**(RY)),
and u(t) depends continuously on initial data ug.

Proof The proof consists of the following four steps.
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Step 1: Linear estimates. We shall interpret the linear potential term V(z)u
and the nonlinear term f(|u|?)u as a perturbation to the linear evolution
problem

(1.3.2)

iSt = _AS7
5(0) = So,

where Sy € H*(R?) for some s > 0. Since the linear Schrédinger equation has
constant coefficients and is defined on an unbounded domain, it can be solved
uniquely in H°(R%) by the Fourier transform.

Let Sy € H*(R?) be represented by the Fourier transform

. 1

Solk) = Gy /R So(x)e*dz, k€ R

The Fourier transform of the initial-value problem (1.3.2) gives
iS5 = |k|2S,
5(0) = So,

and the unique solution is written in the Fourier form

1 . L
s Jy, So

Let us denote the solution operator H*(R%) 3 Sy — S € C(R, H*(R%)) by e*2.
By Parseval’s equality for the Fourier transform, the solution operator is unitary

S(z,t) =

(norm-preserving) in the sense

. . 2 A N
IS@ 1+ = lle*>Sollaz= = e 1" ol 22 = 1|50l

rz = ||Sollg=, s=0. (1.3.3)

Step 2: Duhamel’s principle. Let us now write the initial-value problem (1.3.1)
as the inhomogeneous equation

{ iug = —Au+ F(t),
u(0) = uy,

where F(t) = Vu(t) + f(Ju(t)|?)u(t). Solving the inhomogeneous equation by the
variation of constant formula, we substitute u(t) = v (t) and obtain

{ vy = e HAF(t),
v(0) = up.

Note that e*2 is invertible and commutes with A for all v € H*(R?) thanks to the
norm preservation (1.3.3). As a result, we obtain

o(t) = up — i /O =1t D Blu(t))dt.

Thus, the initial-value problem (1.3.1) can be written as the fixed-point problem
for the integral equation

u(t) = etPug — i/o t=tHa (Vu®) + f(lu) ') dt'. (1.34)
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Step 3: Fixed-point iterations. Let us recall the Banach Fixed-Point Theorem
(Appendix B.2). We shall choose the Banach space X = C([0, T], H*(R?)) for some
T > 0 and s > 0 and the closed non-empty set M = Bs(X) C X, the ball of radius
0 > 0in X centered at 0 € X together with its boundary.

Let A(u) denote the right-hand side of the integral equation (1.3.4). We need to
prove that A maps an element in M to an element in M and that A is a contraction
operator. In other words, we need to prove that

Vu(t) € C([0, T, H*(RY)) :  sup |lu(t)|ms <6 =  sup [[A(u(t))|m: <5
t€[0,7) te[0,T]

and there is ¢ € (0,1) such that

Yu(t),v(t) € C([0,T], H*(RY)) :  sup [[u(t)|g-, sup [o(t)|ms <6
te[0,T) t€[0,7]

= sup [[A(u(t) —v(t)|lgs < g sup [lu(t) —v(t)|n-.
te[0,T) t€[0,T]

To be able to prove these two properties, we may need to adjust the choice of T' > 0,
0 >0, and s > 0.
By the triangle inequality and the norm preservation (1.3.3), we obtain

A (Vut) + F(ult) Pu) | d

t
nAwu»mnsuemuﬂHw+A

SMﬂw+A(WMﬂMﬂWﬂMﬁﬁMﬁMQW-

If V € C§(R?) for the same s > 0, there is a constant Cyy > 0 that depends on
[Vlc; such that

Vaulas < Cvllull .

If f is analytic in variable |u|? and £(0) = 0, then f(|u|?>)u can be expressed by the
convergent Taylor series f(|ul?)u = >_po; filu|**u for some coefficients {fy }ren-
To bound the powers of the Taylor series, it would be useful to have an estimate
like

3C, >0: Vu,v€ HSRY : |w| s < Osllul g

vl

This bound above holds for s > 4 because H*(R?) for s > £ is a Banach algebra
with respect to multiplication (Appendix B.1). Using this bound, we obtain

oo
L (ulPyullze <0 1flC2F a3
k=1

We also recall that space CP ([0, T) also forms a Banach algebra with respect to mul-
tiplication. Therefore, assuming that s > g, we can close the bound on || A(u(t))|| g-
by

sup [[A(u(t))||z> < lluollgs +T(Cv + Cu(d)) sup |lu(t)|m=,
te[0,T] t€[0,T7]
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where
o0

Cu(8) = Y_1filCZF6* < oo
k=1
and 0 = supyco,7y [|u(?)[ - is sufficiently small. If we choose § > 2|ug|| =, then the
integral operator A(u) in the integral equation (1.3.4) maps Bs(C([0,T], H*(R%)))
to itself if T' > 0 satisfies the inequality

T(Cv + Cu(d)) < (1.3.5)

1
2’
To achieve a contraction of the integral operator A(u), we note that for any u,v €
C([0, 7], H*(RY)),

sup ||V (u—v)||gs < Cy sup |Ju—vl|gs,
te[0,T] t€(0,T7]

sup I ([ul®)u = f([o[*)ollge < Cun(8) sup lu—vl|as,
te[o,T t€[0,T]
where Cy, is the same constant and

oo

= (2k + 1)| fi|C2F67*.

k=1
For instance, if f(|u?) = |u|?, then C,(6) = 6% and Cy,(6) = 38%. The con-
traction of A(u) in Bs(C([0,T], H*(R9))) is achieved if T > 0 satisfies another
inequality

T (Cy + Cuy(6)) < 1. (1.3.6)

By the Banach Fixed-Point Theorem, there exists a unique solution in the ball of
radius § > 0 in C([0,7], H*(RY)) with s > 4 and § > 2||ug| p=, where T > 0
is chosen to satisfy the constraints (1.3.5) and (1.3.6) simultaneously. The con-
tinuous dependence from ug € H*(R?) also follows from the Banach Fixed-Point
Theorem.

Step 4: Differentiability in time. We can iterate back the obtained solution of
the integral equation (1.3.4) to a solution of the partial differential equation (1.3.1).
Recall that H*(R?) is the Banach algebra with respect to multiplication for s > %
and if u € H®, then Au € H5~2 for any s > 0. As a result, if u is a solution of the
integral equation (1.3.4), then

—Au+ Vu+ f(jul*)u € C([0,T], H*~*(RY)).
Integrating the evolution equation (1.3.1) in time, we obtain
u(t) € CH((0,T), H**(RY)).

The end points of [0, 7] can be included since [0, T] constructed in Step 3 is not the
maximal existence interval. The proof of Theorem 1.1 is now complete. O

Exercise 1.20 Consider a system of coupled NLS equations,

iuy = —AAu+ VgW(u, ),
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where u € C", A is a Hermitian matrix in M"*" and W(u,u) : C*" xC" - Ris a
homogeneous quartic polynomial in variables u and u. Prove local well-posedness
of the system of coupled NLS equations in C([0,T], H*(R% C")) for some T > 0
and s > g.

It is tempting to iterate the arguments of fixed-point iterations to a proof of the
global existence of the solution u(¢) for all t € Ry using u(T") as a new initial data for
another time step on [T, T+ T'] with 7" > 0. However, we will immediately get into
trouble because the existence time 7" in Theorem 1.1 is inversely proportional to the
radius § of the ball in function space C([0, 7], H*(R%)) as follows from constraints
(1.3.5) and (1.3.6) with the nonlinear terms in Cy () and Cy,(0). As a result, the
sequence of the time steps {7, },>1 may converge to zero, while the sequence of
initial data {u(t,)}n>1 with t,, = 71 + ... + T, may diverge to infinity in H*® norm
with ¢, < oo as n — oo. Therefore, to prove global well-posedness, we need to
control the H® norm of the solution u(t) on an elementary time interval [0,T]. To
do so, we can use the conserved quantities for the nonlinear Schrédinger equation
(Section 1.2.1).

For simplicity, we shall consider d = 1 and the power nonlinear function

F(jul?) = o(p + 1)]ul*

for an integer p > 1 and o € {1, —1}. The following theorem gives global existence
for some values of p and o.

Theorem 1.2 Let ug € HY(R), V € CLHR), and f(|u?) = o(p + )|u|* for an
integer p > 1. Ifc =1 oro=—1andp =1 o0oroc = =1, p = 2, and ||ugl|r>
is sufficiently small, then the initial-value problem (1.8.1) admits a unique global
solution u(t) € C(Ry, HY(R)) satisfying u(0) = uo.
Proof Local well-posedness holds in H!(R) since s = 1 exceeds g = % Therefore,
we only need to control ||u(T)|| g1 in terms of ||ug||g1 for the local solution u(t) €
C([0,T], HY(R)). Because V € C}(R), we can assume that V(z) > 0 for all z € R.
This assumption does not limit the generality of our approach since a transformation
u(mw,t) = i(x, t)e” ot with wy = mingeg V(z) gives the same nonlinear Schrédinger
equation for @(x,t) but with V(z) replaced by
V(z)=V(z) - mel]g V(z) > 0.

If we can show that @(z, t) exists for all t € Ry in H!(R), then u(z,t) is also defined
for all t € Ry in H'(R).

Recall the conserved quantity for the energy and power of the nonlinear
Schrodinger equation (Section 1.2.1):

2(p+1
E = ||Vullf: + [V 2ulfs + ollul 700, Q= llulZs:

2(p+1)

By the Sobolev Embedding Theorem (Appendix B.10), H!(R) is continuously em-
bedded into L2®+D(R) for any p > 0. If o = 1 and ug € H'(R), then E,Q < oo
and by conservation of these quantities, we obtain that

lu@®llm < VQ+E, tel0,T].
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This is enough to guarantee global existence, since the local solution in C([0,T7,
H'(R)) can be uniquely continued to C(Ry, H(R)) with the same time step T > 0.

If 0 = —1, we need an additional inequality to control the balance between norms
in H'(R) and L2>®*+D(R). This inequality is known as the Gagliardo-Nirenberg
inequality (Appendix B.5):

2(p+1 2
3C,>0: Yue H'(R): |[ul?2EY) < ClVullb, |lul 24P,

Using the conserved quantities and the Gagliardo-Nirenberg inequality, we obtain
E > |Vullfz — CuQ | Vul}..

If p =1, we obtain the bound

1 1
Ju®llm < Q%+ 5C1QY 4B+ 1CHQ1  te 0.1

which gives global existence by extending the local solution u(t) from [0,7] to R.

If p = 2, the norm ||Vul|%, is bounded by E only if ug € H'(R) is sufficiently
small such that CoQ? < 1. If p > 2, the above method fails to control the H' norm
of u(t) for any initial data with finite £ and Q. O

We mention that no global well-posedness in H*(R) can be proved for p > 2 and
for p = 2 with large initial data ug € H'(R). Indeed, the finite-time blow-up in H*
norm is known to occur in these cases [133, 167, 199].

Exercise 1.21 Consider the NLS equation with power nonlinearity in one dimen-

sion
s + Uge + (p+ 1)|u*Pu =0 (1.3.7)
and derive the evolution equation for the second moment
P e e = 4pE + 8 (1 - 13) IVaul2.,
a2 Jy 2

for the solution u(t) € C([0,T], H*(R)). Prove that the finite-time blow-up always
occurs if £ <0 and p > 2.

Exercise 1.22 Consider the quintic NLS equation in one dimension
s + Uge + 3Jul*u =0 (1.3.8)
and show that it admits an exact solution in the form
w(z,t) = a(t) sech'/?(2a2(t)z)e () +iz"b(1)

where a, b, and 6 are some functions of ¢. Find equations for a, b, and 6 and construct
an exact solution describing a finite-time blow-up at the critical power @ = 7.

If we try to extend the global well-posedness analysis for d > 2, the first problem
we will be facing is the lack of the local existence in space H'(R?). Thanks to the
Gagliardo—Nirenberg inequality (Appendix B.5), we are able to control the norm
in L?**2(R?) in terms of the norm in H'(R?) for p € [0, 7%5). As a result, we can
still control the H' norm of the solution u(t) in the subcritical case p < % by using
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conserved quantities F and ). However, we are not able to control the higher-order
Sobolev norm H* for s > %, where local well-posedness holds. This obstacle has
been removed when the local well-posedness theory was pushed down below the
constraint s > 4 and down below s = 1 [30, 133, 201]. As a result, global well-
posedness of the nonlinear Schrodinger equation for d € {1,2,3} has been proved
forc = —loro =1and p < % oroc =1,p = %, and ||ug||r2 is sufficiently

small [199].

1.3.2 The discrete nonlinear Schrédinger equation

Let us consider the initial-value problem for the DNLS equation,

{ i, () = —Auy + Vg + f([un]?)un,

1(0) = e (1.3.9)

where {u,(t)},eze : Ry — RZ’| A is the discrete Laplacian on the d-dimensional

cubic lattice
d

Aun = Z (unJrej + Un—e; — Qun) P

=1

{Vatneze € RZ" is a bounded potential, and f(lun|?) : Ry — R is a real analytic
function. We shall prove that the initial-value problem (1.3.9) enjoys local and
global well-posedness in the discrete space 12(Z?) for any s > 0, independently
of the dimension of the lattice d > 1 and the power in the nonlinear function f.
Moreover, we will show that the unique solution is continuously differentiable in
time in the same space 12(Z%). These nice properties are explained partly by the
boundedness of the discrete Laplacian operator and partly by the cancelation of the
nonlinear term in the time evolution of the [2 norm. In what follows, the sequence

{un(t)}peze in a discrete vector space is denoted by u(t).

Theorem 1.3 Fiz s > 0 and let ug € 12(Z%). Assume that V € 1°°(Z%) and f is
analytic in its variable. There exists a unique solution u(t) € CY(R,12(Z9)) of the
initial-value problem (1.3.9) that depends continuously on initial data uy.

Proof To prove local existence, it is sufficient to write the initial-value problem
(1.3.9) in the integral form

u(t) = up — i /U (—Au(t’) FVa(t) + f'(|u(t')|2)u(t’)) dt', (1.3.10)

where A, V, and f(|u|?) are operator extensions of A, V, and f(|u|?) acting on
u € 12(z%).

We do not need to worry about linear estimates and Duhamel’s principle (Steps
1 and 2 in the proof of Theorem 1.1) because the discrete Laplacian is a positive
bounded operator. Indeed, we have

d
<u’ (_A)u>l2 = Z Z |un+c] - un|2 >0

nezd j=1
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and

d
(u, (=) < 2d|[ulf + D funl D (ftnse; |+ [un—e,|) < 4d|lullf,
nezd j=1
where the Cauchy—Schwarz inequality is used in the last inequality.

Using the fact that 12(Z%) forms a Banach algebra with respect to multiplication
for any s > 0 and d > 1 (Appendix B.1), we see that the right-hand side of the inte-
gral equation (1.3.10) defines a Lipschitz continuous map in a ball By of radius § > 0
in C([0,T],i2(Z%)) for any T > 0. Furthermore, choosing ug € 12(Z%) and a suffi-
ciently small T > 0, we can also make the Lipschitz constant strictly smaller than
unity. We thus have a contraction in Bs(C([0, T],12(Z%))), and a unique fixed point
of the integral equation (1.3.10) exists by the Banach Fixed-Point Theorem (Ap-
pendix B.2). Since (—A) is a bounded positive operator, the integral of a continuous
function gives a continuously differentiable function, hence u(t) € C*([0, T}, 12(Z%)).

To extend T to infinity, it is sufficient to derive a global bound on the 12 norm
of the solution. Multiplying (1.3.9) by @, and subtracting the complex conjugate
equation, we eliminate the nonlinear term in the equation

d
i%\unﬁ = up,Ally, — Uy Au,, n €z
By the Cauchy-Schwarz inequality, there is a constant C 4 > 0 such that

3 (1 ) ey | < Coallull
nezZd

for any j € {1,2,...,d}. Therefore, it follows from the integral equation

|u"(t)|2 = ‘un(o)‘2 +i./0 [ﬁn(t/)Aun(t/) - un(t/)Aﬂn(t/)} dt’
that

t
@)l < a3 +4dCs,d/o la(®)|[zdt"

By Gronwall’s inequality (Appendix B.6), we have
la(@)llz < [luole**=4, vt e R,

which proves that u(t) € C*(R,12(Z%)). This bound also gives the continuous de-
pendence of u(t) from ug. O

Remark 1.1 Embedding of (2(Z%) into {*(Z¢) for s > 4 implies that the unique
solution of the initial-value problem (1.3.9) in C'(R,12(Z%)) for s > ¢ also belongs
to space C1(R,1*(Z%)).

Remark 1.2 Because of the global conservation of the I norm, we know that
lu(t)ll;z = [Juoll;2. However, we have no control of limsup,_, ., [[u(t)|l;z for s > 0,
which may generally diverge.
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Exercise 1.23 Prove local well-posedness in (2(Z) for any s > 0 of the discrete
nonlinear Klein—Gordon equation,
iln—Aun—l—ui =0,

where {u,(t)}nez : R — RZ,

1.3.3 The nonlinear Dirac equations

Let us consider the initial-value problem for the nonlinear Dirac equations,

{ (u +ug) +v=0W(u,4,0,0), u(0) = uo, (1.3.11)

i(vy — vz) +u =W (u,a,v,0), v(0) =y,
where (u,v) € C2, (z,t) € R?, and W (u,u,v,v) : C* — R is given by Lemma 1.4,
W (u, @, v,0) = W([u]* + [v]?, [u]*|v|?, av + ud). (1.3.12)

System (1.3.11) can be written as a semi-linear equation,

iu =iAu — if (u), (1.3.13)
dt

where u = (u,v) € C%, A = 0y + i030, is a differential operator defined by the
Pauli matrices, and f(u) = (9zW, 9;W) is a nonlinear vector field.

Since A is a differential operator with constant coefficients, its spectrum o(A)
in L2(R) is purely continuous. The location of o(A) is found using the Fourier
transform from the range of o(A(k)), where A(k) = o1 — kos is a continuous
family of 2 x 2 symmetric matrices for all k¥ € R. The two eigenvalues of A(k) are

A+ (k) = £V1+ k2, so that
o(A) = (—o0,—1]U[1,00).

Because €"4(*) is a unitary matrix operator for all k& € R, the linear evolution
operator enjoys the norm-preservation property

Yue H*R): |l ge = |Jul|gs, s>0. (1.3.14)

Local well-posedness in C([0, 7], H*(R)) for any s > 1 follows from the integral
formulation of the semi-linear equation (1.3.13) and the norm-preserving properties
of the group €4 in H*(R).

Theorem 1.4 Assume that W is an analytic function (1.8.12) in its variables.
Fiz s > % and let ug € H*(R). There exist a T > 0 such that the nonlinear Dirac
equations (1.3.11) admit a unique solution

u(t) € C([0, 7], H*(R)) N C*(0, T), H*(R)),
where u(t) depends continuously on the initial data ug.

Proof Since A is a self-adjoint operator from H'(R) to L?(R), then e'*4 is a unitary
norm-preserving operator in H?® for any s > 0. By Duhamel’s principle, we write
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the semi-linear equation (1.3.13) with the initial data u(0) = up in the integral
form,

t
u(t) = ety — i/ AL ((t))dt. (1.3.15)
0

Because W is an analytic function of its arguments and H*(R) is a Banach algebra
with respect to multiplication for any s > %, f is a C'°° map from H? to itself. By
the norm-preservation property (1.3.14), the integral operator in equation (1.3.15)
is a Lipschitz map in a ball of radius 6 > 0 in C([0,77], H*(R)) provided T' > 0 is
sufficiently small. Moreover, it is a contraction for a sufficiently small 7' > 0, which
gives existence of a unique fixed point u(t) € C([0,T], H*(R)) and a continuous
dependence of u(t) from ug.

Finally, u(t) € C([0,T], H*~*(R)) follows from A : H*(R) — H* }(R) and
bootstrapping arguments for system (1.3.13). O

Global well-posedness of the nonlinear Dirac equations (1.3.11) in C(R, H!(R))
follows from the energy estimates if W = W (Ju|? + |v|?, |u|?|v|?). These arguments
are given by Goodman et al. [72] for the particular example W = (|u|? + |v|?)? +
2luf?v]?.

Theorem 1.5 Assume that W is a polynomial in variables |u|?> and |v|?. The
local solution of Theorem 1.4 is extended to the global solution in C'(R, H'(R)).

Proof To extend the solution u(t) of Theorem 1.4 for all ¢ € R, it is sufficient to
prove that if Ty is an arbitrary time, then the H*® norm of the solution satisfies the
estimate

sup [lu(t)||m= < C(Top), (1.3.16)
t€[0,To]

where the constant C(Tp) is finite for Ty < oo but may grow as Ty — oco. By the
power conservation, we have

[a@®llz2 = lluollL2; ¢ € Ry (1.3.17)

To consider the H' norm, we multiply the first equation of system (1.3.11) by
|u|?*% and the second equation by |v|?v for a fixed p > 0, add the two equations,
and take the imaginary part. If W depends only on |u|? and |v|?, the nonlinear
function is canceled out and we obtain

Op (|uf*P*2 + Ju]*142) + On (|[u*P*2 — [0]*P*2) = i(vi — u) (Jul*” — [v]*P).

p+1 p+1
Integrating this balance equation on = € R for a local solution in C(]0, 77, H*(R))
and using inequality |u|[v|] < §(|ul? + |v|?), we obtain the energy estimate

d 2p+2 2p+2

S uOIER <4+ Du@) 5% (1.3.18)
By Gronwall’s inequality (Appendix B.6), we have

[a(®)]|gznse < 28| ug]|p2nsz, t€R. (1.3.19)
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Since the estimate holds for any p > 0, it holds for p — oo and gives a direct a
priori estimate on the L norm of the local solution. The bound on the L* norm
is needed to control the growth rate of the L? norm of the x-derivative of u(t).

Taking z-derivatives and performing a similar computation, we obtain the balance
equation

Ot (102ul® + [0:0]%) + 95 (|02ul® — |0:0]?)
= 1(0,u0:0z + 000,05 — 05100y — Ox000,) W.

Let W be a polynomial of degree (N + 1) in variables |u|? and |v|?, where N > 1.
Integrating over € R for a polynomial W and using bound (1.3.19), we obtain
the estimate

d
Zlou@®ls < Cw e |0 u(t)[7-,

where the constant Cy > 0 depends on the coefficients of W. By Gronwall’s in-
equality again, we obtain

CW( AN|t]
1

[0z u(t)[|7: < e

D 9,u0)2, tER. (1.3.20)
The exponential factor remains bounded for any finite time Ty > 0 in (1.3.16). This
gives global well-posedness in the H' norm. O

Remark 1.3 Unlike the NLS equation (1.3.1), the conserved quantities H and P
of the nonlinear Dirac equations (1.3.11) (Section 1.2.3) are not useful for analysis
of global well-posedness because the quadratic parts of H and P are sign-indefinite.
Nevertheless, conservation of power @ is still used in the proof of Theorem 1.5.

If W also depends on (@v + u®), the energy estimates of the LP norm include
nonlinear terms which may lead to the finite-time blow-up of solutions in L*>° and
H' norms. However, no results on blow-up in the nonlinear Dirac equations have
been reported to date.

Exercise 1.24 Prove local well-posedness in H*(R) for s > % of the multi-
component system of nonlinear Dirac equations,

n

i(atuk =+ akﬁzuk) + Z ﬂk,lul = fk(u, ﬁ), ke {1, 2, ..., n},

=1
where u = (uy, us...,u,) € C", (z,t) € R xR, (ay,...,a,) € R, B is a Hermitian
matrix in M"*" and f(u,a) : C* x C"* — R" is a homogeneous cubic polynomial
in variables u and u.

1.4 Integrable equations and solitons

Among the class of the Gross—Pitaevskii equation and its asymptotic reductions,
there exist remarkable integrable equations, which can be solved analytically by
a method called the inverse scattering transform. This method is used when the
nonlinear evolution equation in variables (z,t) is associated with a pair of linear
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operators, one of which determines the spectral problem for a fixed ¢ and the other
one determines evolution of the spectral data in ¢. The potentials of the linear
operators are expressed by solutions of the nonlinear evolution equation under the
condition that the spectral problem has a t-independent spectrum. The inverse
scattering transform is described elsewhere [1, 2].

Since asymptotic reductions of the Gross—Pitaevskii equations lead often to in-
tegrable equations, this book will not be complete without a brief reference to
these equations and the exact analytical solutions describing localized modes. In
the context of integrable equations, these localized modes are referred to as soli-
tons. Unfortunately, the Gross—Pitaevskii equation with a periodic potential does
not reduce to an integrable equation (Section 1.4.2). Nevertheless, the stationary
Gross—Pitaevskii equation with periodic linear and nonlinear coefficients can be
integrable and can admit exact localized modes (Section 3.3.1).

The inverse scattering transform is thought to be a nonlinear version of the
Fourier transform method for solutions of linear partial differential equations with
constant coefficients. It consists of the following three steps.

e Spectral data are computed for the spectral problem, when the potential is given
by the initial data at ¢t = 0.

e Time dependence of the spectral data is found from the linear evolution problem
for all t > 0.

e The inverse problem is solved to recover the potential for ¢ > 0 from the ¢-
dependent spectral data.

In addition to solving the Cauchy problem for integrable nonlinear evolution
equations, the inverse scattering transform method offers a universal algorithm
for construction of exact stationary and traveling solutions, exact solutions of the
linearized stability problems associated with the stationary and traveling solutions,
and exact solutions describing the long-term nonlinear dynamics, instabilities and
interactions of localized modes.

It turns out that every class of nonlinear evolution equations described in this
chapter has a representative among the class of integrable equations. It will be
sufficient for our purpose to consider only the focusing version of these equations,

so we will set ¢ = —1 in all equations below. The list of integrable equations opens
with the cubic nonlinear Schrédinger equation,
ity + Uge + ulu =0, (1.4.1)

where u(z,t) : R xR — C.
The coupled nonlinear Schrédinger equations are integrable for the rotation-
invariant cubic nonlinear function,

iu + gy + [ulfu=0, (1.4.2)

where u(z,t) : R x R — C". For n = 2, the vector extension of the nonlinear
Schrédinger equation is referred to as the Manakov system,

iy + Uge + (|u? + [v*)u =0,
e + v + (Juf?> + Jv]?)v =0,
where (u,v)(z,t) : R x R — C2.

(1.4.3)
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Among the nonlinear Dirac equations, the integrable system is referred to as the
massive Thirring model,

(1.4.4)

i(ug +ug) + v+ [v|?u=0,
(v —vz) +u+ [ufPo =0,

where (u,v)(z,t) : R x R — C2.
Finally, the integrable discrete nonlinear Schrodinger equation is referred to as
the Ablowitz—Ladik lattice,

iy + Uny1 — 2up + Up_1 + \un|2(un+1 + Up—1) =0, (1.4.5)

where {u,(t)}nez : R — CZ.

For the sake of briefness, we shall only describe the inverse scattering transform
method for the nonlinear Schrédinger equation (1.4.1) (Section 1.4.1). The other in-
tegrable equations (1.4.2)—(1.4.5) can be treated similarly. In particular, the inverse
scattering method for the Ablowitz—Ladik lattice (1.4.5) can be considered to be a
semi-discretization of the inverse scattering method for the nonlinear Schrédinger
equation (1.4.1), where differential operators are replaced by difference operators.
The inverse scattering transform for the coupled NLS equations (1.4.2) and the
Ablowitz—Ladik lattice (1.4.5) is described in full details by Ablowitz et al. [2].

We will also show that a general nonlinear Schrodinger equation with variable
coefficients in space x and time ¢ can be treated similarly to the cubic nonlin-
ear Schrodinger equation (1.4.1) if the variable coefficients satisfy some constraints
(Section 1.4.2). While finding these constraints becomes popular in physics liter-
ature from time to time, the Gross—Pitaevskii equation with a periodic potential
does not belong to the list of integrable nonlinear evolution equations.

1.4.1 The NLS equation with constant coefficients

Let us consider the following pair of linear equations

Ootp = (Qu) + Aos) Y,  Optp = A(A u)eb, (1.4.6)

where \ € C is the spectral parameter, ¥(z,t) : R x R — C2 is the wave function,
o3 is the Pauli matrix, Q(u) and A(\, u) are 2 x 2 matrices in the form

Qu) = { 2 o } A w) = 20N%05 + iful%0s + 20Q(w) + i05Q(us).

Let ¥ € C%(R x R) be a solution of system (1.4.6) such that 8,0;1 = 9;0,1. The
spectral parameter \ is independent of ¢ and z if the linear system (1.4.6) satisfies
the compatability condition also known as the Lazx equation,

3:Q(1) — D A\, ) + (Qu) + Aos) A\ 1) — A\, u)(Q(u) + Aos) = 0. (1.4.7)

Explicit differentiation and matrix multiplications show that the Lax equation
(1.4.7) is equivalent to the cubic nonlinear Schrédinger (NLS) equation,

g + gy + 2ul?u = 0. (1.4.8)
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The spectral analysis of the first equation in the linear system (1.4.6) depends
on the localization of the bounded potential u(x). When the potential u(z) de-
cays exponentially at infinity, the spectral data are determined by the union of
the continuous and discrete spectra. The continuous spectrum is located along a
continuous curve on the complex A plane. The discrete spectrum consists of a finite
number of isolated eigenvalues of finite multiplicity. When the potential u(z) decays
algebraically at infinity, the spectral data may have additional singularities such as
embedded eigenvalues in the continuous spectrum [115].

Let us assume that the bounded potential u(x) decays exponentially to zero as
|z| = oo so that

3C >0, Ik>0: |u(z) < Ce ™l 2z eR, (1.4.9)

By Weyl’s Theorem (Appendix B.15), the location of the continuous spectrum
of the spectral problem

Oatp = (Q(u) + Aos) ¢ (1.4.10)

is found from bounded solutions of the same problem (1.4.10) with

lim Q(u(z)) = Q(0) = O € M?*?,

T—r00

that is, for any A € iR. Let us define two sets

{67 (2. k), 0" (z,k)} and {¢"(z,k), 9" (2, k)}
of linearly independent solutions of system (1.4.10) for A = —ik, k € R from the
boundary conditions

. +ike  + _ : +ike )+ _
zBIElooe o™ (z, k) = eq, zgrfwe v (z, k) = eq, (1.4.11)

where e; = (1,0) and e_ = (0, 1).

Interpreting the term @Q(u) as the source term and solving the first-order linear
system (1.4.10) by variations of parameters, we obtain integral equations for the
first set of fundamental solutions,

x e—ik(z—z’) 0
0 eik(zfm’)

¢t (z, k) = e ey +/

— 00

} Q(u(z")¢* (', k)da’
(1.4.12)

and

¢~ (z, k) = e*®e_ +/

— 00

T e—ik(w—z/) 0
0 6ik(zfx’)

} Qu(a"))¢™ (a', k)da',
(1.4.13)

where z € R and k € R. Let us consider the homogeneous integral equation

—00

T —ik(z—2x")
¢(x,k):/ {e o eik(f_z,> }Q(u(m’))d)(x’,k)dm’, keR.  (1.4.14)
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Because of the exponential decay (1.4.9), equation (1.4.14) implies for any z¢ < 0
that

sup ||o(z, k)||c2 < Ce™™° sup ||o(z, k)||cz-

z<zo z<xo
For large negative xg, Ce"*° < 1 and the only bounded solution of the homogeneous
integral equation (1.4.14) for € (—o0, x| is the zero solution, which is hence
extended to the zero solution for all € R. By the Fredholm Alternative Theorem
(Appendix B.4), bounded solutions of the integral equation (1.4.12) for fixed k € R
are uniquely defined for all z € R including the limit © — oo, where we recover the
scattering problem

o (z, k) = a(k)YT (z, k) + bk~ (2, k), kER, (1.4.15)
with the scattering coefficients
alk) =1+ / ek (Q(u(m))¢+(w,k))l de, keR (1.4.16)
R
and
b(k) = / e (Q(u(x)) bt (. k), dr, k€ R, (1.4.17)
R

Although the scattering problem (1.4.15) is derived in the limit z — oo, it is
valid for any x € R, because one set of fundamental solutions {¢™ (z, k), ¢~ (z, k)}
is linearly dependent on the other set of fundamental solutions {4 (z, k), v~ (z, k)}
for all x € R.

Since system (1.4.10) is nothing but

(O +ik) 11 = —uhy,
(az - 1k‘)1/)2 = ﬁ"/jlv

it admits the following symmetry reduction: if (1,12) is a solution of system
(1.4.18) for k € R, then (—1)y,1);) is also a solution of the same system (1.4.18).
By uniqueness of solutions with boundary conditions (1.4.11), we conclude that

¢7($,k)) = 0'10'3(5+(l',k), w7($,k) = UlUglz}Jr(l',k), (1.4.19)

where o is another Pauli matrix. Therefore, the scattering problem for ¢~ (z, k)
can be expressed from the scattering problem (1.4.15) by

o (z, k) = —b(k) (x, k) + alk)y~(x, k), (1.4.20)

(1.4.18)

for any « € R and any k € R.

Because the Wronskian of any two solutions of system (1.4.18) is independent
of z, the Wronskian of linearly independent solutions {¢™ (x, k), ¢~ (x,k)} can be
computed in the limits  — —oo and * — +o0. Using the scattering relations
(1.4.15) and (1.4.20), we obtain the relation between the scattering coefficients

la(k))? + |b(k)|> =1, keR. (1.4.21)

Besides the continuous spectrum for A € iR that corresponds to the wave func-
tions ¢T (-, k) € L>(R), the spectral problem (1.4.10) may have isolated eigenvalues
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A ¢ iR that correspond to the eigenvectors in H'(R). Because the scattering co-
efficients a(k) and b(k) as well as the fundamental solutions ¢*(-,k) ¢ L?(R) are
not singular for any k£ € R, no eigenvalues may be located for k € R, that is, for
A € iR. However, for a particular value k = &; + in; with n; > 0, there may exist
an eigenvector qﬁj‘ € HY(R) of the spectral problem (1.4.10) that decays to zero
exponentially fast according to the boundary conditions

Tr—>—00

lim e(&— "J)m¢+( ) =ey, lirf e(figﬂr”j)x(j)j(:p) = cje_, (1.4.22)
Tr—r+oo

where c; is referred to as the norming constant. Compared with the definition of
the fundamental solution ¢ (z, k) for k € R, the eigenvector qi);' (z) can be thought
to be identical to ¢T(z,&; + in;) if there is a way to extend ¢™ (=, k) analytically
in the upper half of the complex k plane. The following lemma shows that this is
indeed the case.

Lemma 1.5 Let u € L®(R) satisfy the exponential decay (1.4.9). Then, for
any Ko € (0,%/{), eFryt (2, k) and e= %~ (z,k) are analytic functions of k for
Im(k) > —ko whereas e #*2¢~(x, k) and e**y*(z, k) are analytic functions of k
for Im(k) < kg.

Proof It is sufficient to prove the statement for the function
M(z, k) = e*2¢F (z, k).

The proof for the other functions is developed similarly. The integral equation
(1.4.12) is rewritten in the equivalent form

{Aﬁ@$y—kimebe@CMM’

o z€R, keR. (1.4.23
My, K) = 7, Mo a(e )My (oK), (1423

Consider the Neumann series,

My(z, k) =1+ Z m® (2, k), Ms(z, k) Z m® D (2 k),
neN neN

where the terms are defined recurrently by

m@n=1) (g k):fzoo 2ik(e—a") g (2" Yym (2 =2) (¢! k)da!
m) (z, k) f mE =D (2! k)da’,

for z € R, k € R, and n € N. For any kg € [0,4r), k € {C: Im(k) > —£o}, and
x < 0, we use the exponential decay (1.4.9) and obtaln

m® (2, k)| < /

—00

‘€2ik(z—z')a($/)

dz’ = / eV |u(x — y)|dy
0
C

K — 2K

6/{1’

oo
< C/ 62n0y7n|mfy\dy —
0
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and

m® (z, k)| < /

—00

< ¢ /I gy = e,
T k—2kKo J_o 2k(Kk — 2Kg)

‘u(x')m(l)(az’, k:)) dx’

By the induction method, for any < 0 and k € {C: Im(k) > —ko} we obtain
2n—1
Im=1 (g, k)| < ¢ er@n=De
(26)"=1(k — 2K0)™

CQn
(26)™(Kk — 2Ko)™

|m(2”)(x7k)| < "2 e N,

Therefore, the Neumann series for any « < 0 is majorized by the uniformly con-
vergent series for any k € C such that Im(k) > —kg. Since each function of the
Neumann series is analytic in k& (because it does not depend on k), the uniformly
convergent series of the analytic function (function M (x,k) for < 0) is analytic
in k in the same domain. The analyticity is then extended to x > 0. O

Because of Lemma 1.5, it follows from expressions (1.4.16) and (1.4.17) that
alk)y=1- /Ru(w)Mg(x, k)dz, keR
is analytic for any Im(k) > —kg, whereas
b(k) = /R e 2keq(x) My (z, k)dz, keR

cannot be extended off the real k-axis in the general case. Comparison of the scat-
tering problem (1.4.15) with the boundary conditions (1.4.22) shows that a(&; +
in;) = 0, whereas the norming constant c¢; serves as an equivalent of b(k) at
k=& +in;.

Note again the symmetry: if (¢1,12) is a solution of system (1.4.18) for k € C,
then (—q,11) is also a solution of the same system (1.4.18) for k. Using this
symmetry, we can see that if k = &; + in; is the eigenvalue with the eigenvector
qzbj' (z) for n; > 0, then k = &; — in; is also an eigenvalue with the eigenvector

95 (x) = 01036 (). (1.4.24)

We note that there is at most one eigenvector of the spectral problem (1.4.10) for
each value k = {; +in; since the other linearly independent solution is exponentially
growing as © — —oo. Therefore, the geometric multiplicity of the eigenvalue k =
& +in; is one. If k = &; +in; with n; > 0 is the m; th root of a(k) = 0, we say that
m is the algebraic multiplicity of the eigenvalue k = &; + in;.

Although we are not precise on the index j and on the algebraic multiplicity
of eigenvalue at k = &; + in;, we can show that the total number of eigenvalues
taking account of their algebraic multiplicity is finite thanks to the exponential
decay (1.4.9).
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Let us denote
Dy :={keC: Im(k)>0}, D_:={kecC: Im(k)<O0}.
The closed half-planes are denoted by D, and D_.

Lemma 1.6 Let u € L*(R) satisfy the exponential decay (1.4.9). There exists at
most a finite number of eigenvalues of the spectral problem (1.4.10) taking account
of their algebraic multiplicity.

Proof By Lemma 1.5, functions M(z,k) = e**¢*(z, k) and a(k) are analytic in
D, . Integrating equation (1.4.23) by parts for large k in D, yields the asymptotic
expansion

My, K) = 1 o 7, Ju(a!)[2da’ + O(k2),
{ (2, k) 31t J oo [U(a")[Pda’ + O(k72) zeR,  (1.4.25)

My(z, k) = —5cu(z) + O(k=2),

which hence induces the asymptotic expansion
1
a(k) =1+ —/ |u(x)|*dz + O(k~?). (1.4.26)
21k R

Therefore, a(k) has no zeros for large values of k in D because im0 a(k) = 1
in Dy. On the other hand, a(k) is analytic in D, and hence it has only finitely
many zeros of finite multiplicities in D . O

Having identified both the continuous spectrum and the eigenvalues of the spec-
tral problem (1.4.10) for a given u(z), we should now address the inverse problem:
recover the potential u(x) from the given continuous spectrum and eigenvalues of
the spectral problem (1.4.10). Because the time evolution of spectral data is going
to be somewhat trivial (Exercise 1.25), the inverse problem will enable us to recover
solutions of the NLS equation (1.4.8) for any ¢ > 0.

Exercise 1.25 Consider the time evolution of the second equation in system
(1.4.6) in the limit |z| — oo, that is

O = 2iN°039h,
and prove that the scattering data evolve in ¢ € R as follows:
a(k,t) = a(k,0), b(k,t) = b(k,0)e ¥t c;(t) = ¢;(0)e & Hm* (1.4.27)
where (§;,7;) are t-independent.

We shall now consider solutions of the inverse problem for the spectral prob-
lem (1.4.10). Let us rewrite the scattering relations (1.4.15) and (1.4.20) in the
equivalent form,

pt(a, k) = v (2, k) + p(k)e? vt (z, k),
) keR, 1.4.28
{ @) = v k) — e P k), (1429
where
1 ikx — _ 1 —ikx —
,LL+($,I€) = @ek ¢+(I7k)7 M (‘TJC) - me k ¢ (ka)7

v (2, k) = e M (2, k), v (a,k) = Pyt (e k), and p(k) =
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We know from Lemmas 1.5 and 1.6 that u*(z, k) are meromorphic functions in D
and v*(x, k) are analytic functions in D. The boundary conditions

lim pf(z,k) =esr and lim v5(z,k) = ex
hold in the corresponding domains D4 . Using these data, we set up the Riemann—
Hilbert problem: find meromorphic extensions of 2 x 2 matrix functions

m* (2, k) = [t (@, k), vt @ k)], me (k) = (v (e k), (k)]

such that m*(z,k) — I € M?*2 as Im(k) — o0 from the jump condition on the
real axis

mt(z,k) —m™ (z,k) =m ™ (z,k)W(x,k), kER, (1.4.29)

where
lp(k)[> plk)e e

Wz, k) = .
(IE ) p(k)621kz 0

Let us consider the two simplest solutions of the Riemann—Hilbert problem
(1.4.29).

Case I: Assume that a(k) has no zeros in D, which implies that m™* (z, k) are
analytic in D.

Let f(2) : R — C be a continuous function such that lim .| f(2) = 0. Let us
define Plemelej’s projection operators

(PEh)(z) = ﬁé%dc, (1.4.30)

where +i0 indicates that if Im(z) — 0, the contour of integration in ¢ should pass z
from below for (P* f)(z) and from above for (P~ f)(z). From the Cauchy Integral
Theorem, we know that f¥(z) := (P*f)(z) is analytic in D1 and f*(z) — 0 as
|2] = co in D4. Complex integration shows that

lim f*(z) = %p.v./]&g(fozdg:l:%f(z), z € R,

Im(z)—0

where p.v. denotes the principal value integral, and the limits are taken inside the
corresponding domains Dy . Therefore, f*(2) and f~(2) solve the Riemann—Hilbert
problem,

fr@) - ()= f(2), z€R,

for a given f € CP(R) subject to the boundary conditions f*(z) — 0 as |z| — oo
in Di.

Let f¥(k) = m*(z,k) — I, k € Dy and f(k) = m_(z,k)W(x,k), k € R. To
ensure the decay of f(k) at infinity, we need the decay of scattering coefficient p(k)
as |k| = oo. The following lemma is obtained from Plemelej’s projection operators
(1.4.30).

Lemma 1.7 Assume that a(k) has no zeros in Dy and p(k) — 0 as |k| — oo.
There exists a unique solution of the Riemann—Hilbert problem (1.4.29) in the form

m+(1:,k):1+i m_(z,OW(z,&)

omi Jp € — (k +10) de (1.4:31)
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and

m_(z,k) =1 + zjn | %d@ (1.4.32)

From the solution (1.4.31)—(1.4.32) of the Riemann-Hilbert problem (1.4.29), we
can recover the solution of the inverse problem using the asymptotic expansions
(1.4.25) and (1.4.26) in inverse powers of k. It is clear that

m_(z, k)W (z, k) = [P(k’)l/)_(x, k)R (k) (z, k)e—ikz] )

On the other hand, we have the asymptotic expansion in D,

1
ma (k) = I — — /m,(x,g)W(x,g)dg+0(k—2) as |k = oo (1.4.33)
2mik Jg
Comparing (1.4.33) with (1.4.25) and (1.4.26), we obtain
1 .
() = 1 / p(k)eR oy (z, k)dk. (1.4.34)
T Jr
Thanks to symmetry (1.4.19), equation (1.4.34) is equivalent to
1 .
u(w) = / pk)e eyt (2, k) dk. (1.4.35)
T JR

Case II: Assume that a(k) has only simple zeros for Im(k) > 0 and p(k) = 0 for
all k e R.

The Riemann—Hilbert problem (1.4.29) tells us that m™(x, k) = m™(x, k) repre-
sents a globally meromorphic function for all £ € R with a finite number of simple
poles. Therefore, we write

mT(z) m; (x)
k =7 J J _
me(z, k) +§j:k7kj+§]:k_kj,

where the range of summation in j is finite and k; = &§; +in; with n; > 0. It is
more convenient to rewrite this solution of the Riemann-Hilbert problem in the
component form

1 kot (2, k) = bt (2, k) = ey + Z w (1.4.36)
a(k) o ki) (k = kj) h
and
efikz —(z _ 1 efikm ~(z —e eiil;]m(z)j_(m)
V(@ k) = sase e (@ k) = 7+;7@,(kj)(k_,%), (1.4.37)

where eigenvectors ngj[(z) are defined by the boundary conditions (1.4.22) and sym-
metry (1.4.24). Using the norming constants, we set ¢j+ (z) = ¢j¥; (x) and rewrite
the second equation (1.4.37) in the equivalent form

ks 030103¢ ()

kj)(k — kj)

e Ry (2, k) = e_ +Z (1.4.38)



1.4 Integrable equations and solitons 47

By Lemma 1.5, function e~*%¢~(x, k) is analytic in DT and, hence, we can asso-
ciate 1 (x) = ¢; (z,k;). As a result, the eigenvectors ;" (z) are determined by the
system of algebraic equations

e_iEJijfflUgl/); (.’E)
(kj —k;) 7

where C; = ¢;/a’(k;). The inverse problem is solved from the asymptotic expansion

ey (z) = el + Y (1.4.39)
j

in inverse powers of k by

a(x) = 7212 Cie™i® (17 )a(x). (1.4.40)

Exercise 1.26 Show that if p(k) = 0 for all £ € R and a(k) has only simple zeros
in Dy, then

From solution (1.4.40) with only one zero of a(k), we obtain a soliton of the NLS
equation (1.4.8). Let C; = 2in;e?"%1=1% for convenience, where s; € R and ¢; € R.
Solving the system of two equations (1.4.39) for only one j, we obtain

¥y (x)

1

elki® —e—2n;(w—s;)—i0;
T 14 en(z—s))

Using the representation (1.4.40), we obtain the soliton at ¢ = 0:

a(x) = 2n; sech (2n;(z — sj))emsjz—iej.

The time evolution of the scattering coefficients follows from equation (1.4.27) as
C;(t) = 2inje2”jsj e~ 4i(€;+in;)?t—i0;
As a result, we obtain the time-dependent soliton of the NLS equation (1.4.8),
a(z,t) = 2n;sech (2n; (v — 4€;t — Sj))62i£]w74i(€?77}?)t7i6],

or explicitly,

u(z,t) = 2n; sech (2n;(x — A&t — s;))e 2T HHE —n])1+i0; (1.4.41)
The exact soliton (1.4.41) is a stationary and traveling localized mode of the NLS
equation (1.4.8) with arbitrary parameters (s;,0;,&;,1;) € R*.

Exercise 1.27 Construct a solution of the Riemann—Hilbert problem (1.4.29)
with one double zero of a(k) in Dy and p(k) = 0 for all £ € R and find the
corresponding solution of the NLS equation (1.4.8).

Zeros of a(k) in Dy may bifurcate from zeros of a(k) on R when the potential
u(z) is continued along a parameter deformation. As a result of this bifurcation,
the number of eigenvalues of the discrete spectrum in the spectral problem (1.4.10)
jumps. These bifurcations in the context of the NLS equation have been studied by
Klaus & Shaw [116].
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Exercise 1.28 Consider system (1.4.18) for a real-valued potential u € L!(R)
and prove that a(0) = 0 if and only if [, u(z)dz = 5(2n —1), n € N.

The inverse scattering transform is also useful to obtain exact eigenvectors and
eigenvalues of the spectral stability problem associated with the soliton of the NLS
equation (1.4.8). The corresponding expressions can be found in the paper of Kaup
[109], where some earlier results are also mentioned.

1.4.2 The NLS equation with variable coefficients

The inverse scattering transform can also be applied to the nonlinear Schrodinger
equation with variable coefficients in space x and time ¢. Besides the x-periodic
potentials, which are met in this book, the ¢t-periodic coefficients in front of the linear
dispersive and cubic nonlinear terms are often used to model effects of dispersion
and diffraction management, and for nonlinearity management. It is common to
refer to the equations with time-dependent coeflicients as non-autonomous systems
and to the equations with space-dependent coefficients as inhomogeneous systems.
Let us consider the cubic NLS equation with variable coefficients

i + D(x, ) uge + V (2, t)u + G(x, t)|ul*u = 0, (1.4.42)

where D(z,t),V(z,t),G(x,t) : R x R — R are given coefficients. We are looking
for the change of variables under which the NLS equation with variable coefficients
(1.4.42) reduces to the cubic NLS equation,

iUT+D0Uxx+G0|U|2U:0, (1.4.43)

where Dy and Gy are constant coefficients. The change of variables that transforms
(1.4.42) into (1.4.43) is known as the point transformation. Recall that the cubic
NLS equation (1.4.43) is integrable by the inverse scattering transform method
(Section 1.4.1).

The point transformation of (1.4.42) to (1.4.43) exists under certain constraints
on D(x,t), V(z,t), and G(x,t). An algorithmic search for the most general con-
straints on the coefficients of the equation can be performed with the method of
Lie group symmetries [21] because the existence of non-trivial commuting contin-
uous symmetries implies the possibility of a transformation of a given equation
with variable coefficients to an equation with constant coefficients. The transfor-
mation of a general NLS equation with variable coefficients (1.4.42) was studied
by Gagnon & Winternitz [61]. Some particular cases of this transformation were
recently rediscovered in the physics literature [8, 22, 188].

Consider the change of variables

T=T(z,t), X=X(z,1t), w=uX,T,UX,T)).
The chain rule gives

up = uxXe +urTy + uy(Ux X¢ + UrTy)
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and

Uz = Ux Xgz + U Tys
+uy (Ux Xoo + UrToe + Uxx (X)) 4+ 2Ux1 X Ty + Urr (T3)?)
+ Xo(uxx Xo +uxrTy + uxu(Ux Xy + UrTy))
+ T (urx Xo + urr Ty + ury (Ux X + UrTy))
+(Ux X, + UrTy) (uwux Xe + uwprTy + vpu(Ux Xy + UrTy)).

Removing the terms U)Q( and Upp, which are absent in the NLS equation (1.4.43),
we have constraints uyy = 0 and T,, = 0, so that

WX, T,U) = Q(X,T)U + R(X,T), T =T(t).

Removing terms U2, we set R(X,T) = 0. It is easier technically to write @ in
old variables (z,t), so that we write Q = Q(z,t). Expressing iUy from the NLS
equation (1.4.43) and removing terms Ux, Uxy, |U|?U, and U, we obtain the
remaining constraints

0=iQX; + D(z,)QX s + 2D(z,t)Qu X, (1.4.44)
(Xa)?
0= D(z,t) Ty~ Do (1.4.45)
2
0= Glat) 'TC?(|t) G, (1.4.46)
0=1iQ: + V(z,t)Q + D(x,1)Qzx- (1.4.47)

Constraints (1.4.44)—(1.4.47) on parameters of the transformation X (z,t), T'(¢),
and Q(z,t) on the one hand, and variable coefficients D(z,t), G(z,t), and V(x,t)
on the other hand, give non-trivial conditions for integrability of the NLS equation
with variable coefficients (1.4.42). Of course, there are too many possibilities in the
general transformation. Therefore, it is useful to consider a number of particular
examples.

Case I: Assume that D(z,t) = Dy and G(z,t) = Gy.
Equations (1.4.44)—(1.4.46) admit solutions for X (z,t) and Q(z,t):

X(z,t) =2 (T/(t))w Q) = (T/(t))l/Q exp <_%TN/((?)> .

Substituting these expressions into the last equation (1.4.47), we obtain

1,2(3(T//)2 _ 2T/T//l) iT//
16Do(T")? aTr

V(z,t) =

The requirement of V' € R sets up the constraint 7" (¢) = 0, after which V(z,t) =
0. As a result, the Gross—Pitaevskii equation with a potential V(x,t) is not an
integrable model for any choice of the potential.
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Case II: Assume that D = D(t) and G = G(¢).
Equations (1.4.44)-(1.4.46) admit solutions for X (z,t) and Q(z,t):

v o (B0

0ot = (S0) o (-2 (s - 2.

Substituting these expressions into the last equation (1.4.47), we obtain

22 /T DY\ D22/T' D\° i/T' 26 D
V(z,t)=— ) 2 i IR +=).
s \ DT D2 16 \DT" D2 4\7 G "D

The requirement of V' € R is satisfied if

after which we find the potential V (x,t) = Q2(t)x? with
D)D) - (D'()* | GHG"(H) —2AC' (1) | D' (HE (D)
1D3(0) DO I EOIEION

Serkin et al. [188] obtain the same constraint using a direct search of the pair of Lax
operators for integrability of the NLS equation with variable coefficients (1.4.42).

Q2(t) = —

Exercise 1.29 Assume that D = D(z), V = V(z), and G = G(z), and obtain
a constraint on coefficients D, V, and G for integrability of the NLS equation
with variable coefficients (1.4.42). Can this constraint be satisfied for real periodic
functions D, V, and G?

Exercise 1.30 Consider a linear wave-Maxwell equation with the variable speed,
Ut — 02($)uww = 07

where u(z,t) : R x R — R and ¢?(z) : R — R. Find the constraint on c(z) and the
change of variables (z,t,u) — (X,T,U), so that the linear wave-Maxwell equation
can be reduced to the Klein-Gordon equation,

Urr —Uxx + kU =0,

where U(X,T) : R xR — R and « € R is a constant coefficient.
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Justification of the nonlinear Schrodinger equations

As far as the laws of mathematics refer to reality, they are not certain, as far as they are
certain, they do not refer to reality.
— Albert Einstein.

The 20th century was the century of least squares, and the 21st may very well be that of
ell-one magic.
— B.A. Cipra, “Ell 1-magic”, SIAM News (November 2006).

Show us the equations! — a common wail of mathematicians when they hear
physicists speak. Physicists argue that even the basic physical laws may incorrectly
model nature. Physicists like to discuss various observations of real-world effects and
thus admit a freedom of juggling with model equations and their simplifications.

This approach is however unacceptable in mathematics. Even if one model can
be simplified to another model in a certain limit, mathematicians would like to
understand the exact meaning of this simplification, proving convergence in some
sense, studying bounds on the distance between solutions of the two models, and
spending years in searches for sharper bounds.

Since this book is written for young mathematicians, we shall explain elements
of analysis needed for rigorous justification of the nonlinear Dirac equations, the
nonlinear Schrédinger equation, and the discrete nonlinear Schrédinger equation, in
the context of the Gross—Pitaevskii equation with a periodic potential. Justification
of nonlinear evolution equations in other contexts has been a subject of intense
research in the past twenty years (see [186, 187] on the Korteweg—de Vries equations
for water waves, [66, 68] on the Boussinesq equations for Fermi—Pasta—Ulam lattices,
and [182, 183] on the Ginzburg-Landau equations for reaction—diffusion systems).

The models we are interested in are formally derived with the asymptotic multi-
scale expansion method (Section 1.1). Good news is that the scaling of the asymp-
totic multi-scale method and computations of the first terms of the asymptotic ex-
pansion can be incorporated into a rigorous treatment of the corresponding solution,
hence our previous results will be used for the work in this chapter. Nevertheless,
this time we shall go deeper into analysis of the Gross—Pitaevskii equation with a
periodic potential. In particular, we shall review elements of the Floquet—Bloch—
Wannier theory for Schrédinger operators with periodic potentials and develop non-
linear analysis involving decompositions in Sobolev and Wiener spaces, fixed-point
iteration schemes, implicit function arguments, and Gronwall’s inequality.
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We shall separate justification of the time-dependent and stationary equations for
localized modes in a periodic potential. Our reasoning is that the time-dependent
problem is governed by a hyperbolic system, while the stationary problem is given
by an elliptic system. Asymptotic reductions of hyperbolic systems hold generally
for large but finite time intervals, whereas reductions of parabolic and elliptic sys-
tems can be extended to all positive times with the invariant manifold theory. In
other words, time-dependent localized modes in periodic potentials may become de-
localized beyond finite time intervals, whereas the stationary localized modes can
be controlled for all times in an appropriate function space.

A general algorithm of the justification analysis for time-dependent problems
consists of the following four steps.

(1) Decompose the solution into the leading-order term, which solves a given non-
linear evolution equation in a formal limit € — 0, and a remainder term.

(2) Remove the non-vanishing part of the residual as ¢ — 0 by a normal form
transformation of the remainder term.

(3) Choosing an appropriate function space, prove that the residual of the time-
evolution problem maps elements of this function space to elements of the same
function space under some constraints on the leading-order term.

(4) Prove the local well-posedness of the time evolution problem for the remainder
term and control its norm by Gronwall’s inequality.

A general algorithm of the justification analysis for stationary problems reminds
us of the method of Lyapunov—Schmidt reductions (Section 3.2) and consists of the
following three steps.

(1) Decompose the solution into two components, one of which solves an e-dependent
equation for a singular operator and the other one solves another e-dependent
equation for an invertible operator.

(2) Prove the existence of a unique smooth map from the first (large) component
of the solution to the second (small) component of the solution uniformly as
e — 0.

(3) Approximate solutions of the e-dependent equation for the first component by
solutions of the limiting equation as e — 0 and estimate the distance between
the two solutions.

In both problems, we shall use similar function spaces, which generalize the space
of absolutely convergent infinite series. An alternative choice would be the space
of squared summable infinite series and its generalizations. There is a similarity
between analysis in the two different spaces, but we believe that our choice is
better suited for the problem of justification of asymptotic multi-scale expansions
for localized modes in periodic potentials.

2.1 Schrodinger operators with periodic potentials

Since we are working with the nonlinear evolution equations for localized modes in
periodic potentials, we shall start with a simpler linear problem. It is true here and
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in many other instances in the book that linear problems provide useful information
for solving nonlinear problems associated with the localized modes.

Let us start with the one-dimensional Schrédinger operator L = —92 + V(x),
where V is a real-valued 2m-periodic potential on R. If V' € L°°(R), then the
operator L maps continuously H2(R) to L?(R) in the following sense. There exists
C > 0 such that

Vi€ H*R): |Lflr2 < Cllf|lse. (2.1.1)

To see this bound, we use the Cauchy-Schwarz inequality and obtain
LA = [ (2 =2V " + V2P de
R

< / (F")2de + 2]V / I+ (V]2 / Pde
R R R
1 2
< (17" e + VI 1 Fl12)
< (14 [V )? 1.

As a result of bound (2.1.1), we conclude that H?(R) is continuously embedded
into the domain of operator L,

Dom(L) = {f € L*(R): Lf € L*R)},

for which operator L is closed in L2(R).
Moreover, L is extended to a self-adjoint operator in L?(R), since

Wf,g€ HAR): (Lf g) = / (—f" +V f)gde

=('f- 19

Tr—r 00

+/f(fg” + Vg)dx
T——00 R
= <f7 Lg>L27

where f(z), f'(z) — 0 as |z| = oo if f € H?(R) (Appendix B.10).

Because L is self-adjoint in L?(R), the spectrum of L is a subset of the real
axis and the eigenvectors of L are orthogonal. Although these two properties follow
from the Spectral Theorem for any self-adjoint operator (Appendix B.11), we shall
clarify different representations which exist for solutions of the spectral problem
Lu = Au. In particular, we shall work with the Floquet theory [59] and the series
of periodic eigenfunctions (Section 2.1.1), the Bloch theory [20] and the integral
transform of quasi-periodic eigenfunctions (Section 2.1.2), and the Wannier theory
and the series of decaying functions (Section 2.1.3).

The first representation is described in the easy-reading text of Eastham [52]. The
second representation is covered in Chapter XIII of Volume IV of the mathematical
physics bible by Reed and Simon [176]. The third representation originates from the
classical paper of Kohn [117]. Although this theory is widely known by specialists (in
particular, in solid-state physics), we shall present a coherent introduction suitable
for young mathematicians.
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2.1.1 Floquet theory and the series of periodic eigenfunctions

When we deal with the spectrum of an operator L in L2(R), we set up the spectral
problem

Lu = Mu, (2.1.2)

for an eigenfunction v € Dom(L) C L?*(R) and an eigenvalue A € C. Since
L = —0? + V(z) is self-adjoint in L?(R), then A € R, and since Lu = Au becomes
a differential equation with real coefficients, we may choose a real-valued eigen-
function u € L*(R). However, a striking feature of the spectral problem (2.1.2) for
L = —0? + V(z) with 27-periodic V(z) is the fact that it admits no solutions in
L2(R)!

Therefore, it may be strategically simpler to consider all possible solutions of
the differential equation (2.1.2) for € [0, 2n], thanks to the 27-periodicity of the
potential V. Thus, we set

—u"(z) + V(2)u(z) = Mu(z), z € (0,2m), (2.1.3)

subject to some boundary conditions at x = 0 and x = 27. To understand the
boundary conditions, let us view the second-order differential equation (2.1.2) in
the matrix—vector notation

il = Lver-a o]0 @19

or simply as

y=Ax)y, y= { B } Az) = { V(m())f/\ é } (2.1.5)

This formulation is common in dynamical system theory (since we work in the
space of one dimension). Because the dynamical system (2.1.5) is defined by a 27-
periodic matrix A(x), the Floquet Theorem (Appendix B.3) states that there exists
a fundamental matrix of two linearly independent solutions ®(z) € M2*2 of the
matrix system ® = A(z)® in the form

where P(z) € M?*? is 27-periodic and @ € M?*2 is z-independent.

If ®(z) is normalized by the initial condition ®(0) = I, then P(0) = I. The matrix
M = ®(27) = €™ is referred to as the monodromy matrix. A unique solution of
the vector system (2.1.5) starting with the initial condition y(0) = yq is given by

y(x) = 2(z)yo.

Repeated evolution of y(z) after several periods [0, 2], [27, 47], and so on, depends
on the eigenvalues of M called Floquet multipliers.

Because the trace of matrix A(z) is zero for any z € R, the Wronskian of two
solutions of the linear system (2.1.5) is constant in z, so that

det(M) = det(I) = 1.
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Let 1 and po be the two Floquet multipliers of M. Multipliers pq and po are
defined by the roots of the quadratic equation

p? = ptr(M) +1=0. (2.1.6)

In particular, we note that p; + pe = tr(M) and pype = 1.
By the Spectral Mapping Theorem (Appendix B.3), we have

(M) = e2rle(@)+in), (2.1.7)

for any integer n, where o(M) denotes the spectrum of eigenvalues of M. Eigen-
values of @ are referred to as the characteristic exponents. Because of the above
representation with an arbitrary integer n, characteristic exponents are uniquely
defined in the strip

N —

1
——<Im(v) <

2

Let 11 and vy be the two characteristic exponents. There are only three possi-
bilities for the values of Floquet multipliers and the corresponding characteristic
exponents.

Case I: |tr(M)| < 2.
It follows from the quadratic equation (2.1.6) that u;, pue € C and since us = fig,
then |p1] = || = 1. Let k € [0, ] and define

_ eka: — 8727r1k.

M1 y o M2

From the spectral mapping (2.1.7), we recognize that v; = ik and vy = —ik. Since
the eigenvalues of ) are distinct, matrix @ is diagonalizable with a similarity trans-

SlQS[ik 0 }

formation

0 —ik

involving an invertible matrix S. The fundamental matrix ®(z) is self-similar to

eik k

S710(@)S = 5L P(x)SeS 95 { e*un(e) e ura(o) }

gy (z) e FPugy ()

where w;;(z) for 1 < j,1 < 2 are complex-valued 2m-periodic functions. Since com-
ponents of the first row of matrix ®(z)S give two particular solutions of the scalar
equation (2.1.3) and since the equation has real-valued coefficients, the two solutions
have the form

u(z) = e*w(x), a(z) = e Fo(z),

where w(z) = w(z + 27) for all z € R. We note that v € L>(R) but u ¢ L?(R)
because u(z) is a quasi-periodic function of x € R.
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Case 2: |tr(M)] > 2.
It follows from the quadratic equation (2.1.6) that p1, u2 € R and since pypug =1
we may have two situations: either uq, s > 0 or pq, pe < 0. Let £ > 0 and define

piaspp >0 gy =€ g = e,

1, fho < 0: 1= e27‘m+i7‘r U = e—27‘rﬁ+i7r.
From the spectral mapping (2.1.7), we recognize that 11 = k and vy = —k for
wi,pue > 0or vy =K+ % and vo = —K + % for p1, p2 < 0. In what follows, let us

only consider the case pq, 1o > 0.
Since the eigenvalues of @) are distinct, matrix @ is diagonalizable with a simi-
larity transformation

_ k 0
sas-[5 )

involving an invertible matrix S. The fundamental matrix ®(x) is self-similar to
S710(2)S = 5~ P(a) e 195 [ Fun(@) e Fun(o) }

e ugy(x) e Fuga(x)

where wj;(z) for 1 < j,I < 2 are real-valued 2m-periodic functions. Two solutions

of the scalar equation (2.1.3) now take the form
up(z) = e wy(z), u_(z)=e "w_(2),

where wy (z) are real-valued 27m-periodic functions. Note that uy ¢ L>°(R) because

et5® grows exponentially either as  — co or as & — —oo.

If p1, po < 0 needs to be considered, we can use the previous construction with
the 2m-antiperiodic functions uj;(z) and wy(z).

Case 3: |tr(M)| = 2.

It follows from the quadratic equation (2.1.6) that either 11 = po = 1if tr(M) = 2
or u; = pe = —1 if tr(M) = —2. Therefore, we have a double Floquet multiplier,
which can be obtained after a coalescence of two simple multipliers of Case 2 as
k — 0. The two characteristic exponents are repeated too, either at 11 = vy = 0
for,ulz,ug:loratm:Vg:%forplz,uQ:fl.

Since the eigenvalues of () are now repeated, matrix (Q may not be diagonalizable.
This leads to the branching of Case 3 in the following two subcases. Again, we
restrict our attention to the case uy = ps = 1.

Case 3a: () is diagonalizable.

There exist two 2m-periodic linearly independent solutions u;(z) and us(x) of the

scalar equation (2.1.3).

Case 3b: (@ is not diagonalizable.
There exists only one 27-periodic solution ug(z) of the scalar equation (2.1.3).
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Exercise 2.1 For Case 3b, assume that there exists an invertible matrix S, which
transforms @ to the Jordan block

e [0 1
S QS—{O 0].

Show that the second solution of equation (2.1.3) grows linearly in = on R.

Exercise 2.2 Assume that V(z) is a smooth confining potential near x = 0 and
consider a smooth T-periodic solution z(¢; ) of the nonlinear oscillator equation

1
F4+V()=0 = E:§j2+V(x):constint€]R,

such that 2(0; E) = a(E) > 0 and ©(0; E') = 0, where a(E) is found from V(a) = E
with V/(a) > 0. Compute the monodromy matrix M associated with the Schréodinger
operator with T-periodic potential

L=~ V"(x(t))

for A = 0 and show that Case 3a occurs if 7/(F) = 0 and Case 3b occurs if
T'(E) # 0.

The three cases above occur for different values of the spectral parameter A in
equation (2.1.3). It is now time to give a precise meaning of the spectrum of operator
L in the case when the 2m-periodic potential V' is restricted on [0, 27].

Let u(z) = e**w(z) for any fixed k € T, := [0, 3] and rewrite the differential
equation (2.1.3) as a regular Sturm—Liouville spectral problem,

(2.1.8)

—w"(z) — 2ikw’(z) + K2w(z) + V(2)w(z) = Mw(z), = € (0,2n),
w(2m) = w(0), w'(27)=w'(0).

The operator
Ly := e " LR = 92 — 2ik0, 4+ k* + V(z)

is self-adjoint in L?(R) since a multiplication by €!** is a unitary operator. When
Ly, is restricted on the compact interval [0,27] subject to the periodic boundary
conditions, its spectrum is purely discrete. In other words, there exists a countable
infinite set of eigenvalues { £, (k)}nen for each fixed k € T, which can be ordered

as

Er(k) < Ba(k) < Bs(k) < ....

If w(z) is a solution of the second-order differential equation (2.1.8), the second
solution of the same equation is e~?*#@(x) and it does not satisfy the periodic
boundary conditions unless kK = 0 or k = % Therefore, the equality in the ordering
of the eigenvalues may only happen if £ = 0 or k = %7 while the strict inequality
holds for k € (0, %)

If V € L*°(R), then there exist constants C > C_ > 0 such that eigenvalues

{En(k)}nen satisfy a uniform asymptotic distribution (Theorem 4.2.3 in [52])
C_n® < |E,(k)| < Cyn®, neN, keT,. (2.1.9)
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Eigenvalues F, (k) for k = 0 and k = % play an important role in the spectral
analysis of operator L in L?(R). Let us denote the corresponding eigenvalues by
E} = E,(0) and E,; = E, (1). The corresponding eigenfunctions of operator L are
27-periodic for E; and 2m-antiperiodic for E,. Both E and E, are eigenvalues
of the same operator L restricted on [—27, 2] with the 47-periodic boundary con-
ditions. Since there are at most two eigenfunctions of a second-order self-adjoint
operator for the same eigenvalue and the 27-periodic and 2m-antiperiodic eigen-
functions may not coexist for the same eigenvalue, we conclude that the eigenvalues
{ET, E; }hen can be sorted as follows:

Ef <Ef <E, <Ef <Ef <E; <E; <Ef <Ef <.. (2.1.10)

The equality sign corresponds to Case 3a, when (@) is diagonalizable, while the strict
inequality corresponds to Case 3b, when @ is not diagonalizable.

Exercise 2.3 Set V =0 and show that ;" = 0 and

(2n —1)2

1 , neN

E;n = E2+n+1 = n27 E;n—l = E;n =
In other words, only Case 3a occurs if V = 0.

By the Spectral Theorem (Appendix B.11), the set of eigenfunctions of Ly, forms
an orthogonal basis in L]?m([O7 27]). Let us denote the set of orthogonal eigenfunc-
tions of Ly, for a fixed k € T4 by {wy(z;k)}nen. If the amplitude factors of the
eigenfunctions are normalized by their L? norms, the orthogonal eigenfunctions

satisfy

27

(wn (5 ), wn (5 8) 12, ::/ wn (3 K)o (23 ) = S (2.1.11)
' 0

where n,n’ € N and 6, is the Kronecker symbol. Since the set {wy,(-;k)}nen

is a basis in L2_,([0,27]), there exists a unique set of coefficients {¢n }nen in the

decomposition

Vo e L2, ([0,27]) 1 é(z) =D dpwn(;k), (2.1.12)

neN
given by
¢n = <¢a wn('; k))Lz , nE N.

per

Substituting ¢, back into (2.1.12), we find that the set of eigenfunctions

{wn (; k) }nen must satisfy the completeness relation in L2 ([0, 27]):

Z wy(x; k)0, (y; k) =0(x —y), =,y €[0,2x], (2.1.13)
neN

where d(z — y) is the Dirac delta function in the distribution sense. Since wy,(z; k)
is periodic in z, the completeness relation (2.1.13) can be extended on the real
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axis by

Z wy,(z; k)W, (y; k) = Z o(z+2mm—y), z,yeR (2.1.14)
neN meZ

We shall use symbol ¢ to denote the vector of elements of the sequence {¢,, } nen-
The decomposition (2.1.12) with the orthogonality relations (2.1.11) immediately
gives the Parseval equality

9l Lz, 0.271) = DIz v)-

per

The series of periodic eigenfunctions (2.1.12) can be useful to replace an element
of the function space (e.g. HF..([0,27]) C L2.,([0,27]), k € N) with an element of
another function space (e.g. (2(N) C I?>(N), k € N) and to reformulate the problem
from one coordinate representation to another coordinate representation. In other
words, if ¢ € L2, ([0, 27]) satisfies additional restrictions, we can still work with the
series of eigenfunctions (2.1.12) but add some constraints on ¢ € (?(N). As a result,
an underlying problem for ¢(x) can be reformulated as a new problem for {d, }nen-
For applications to differential equations, we need to work with ¢ € C7. ([0, 27])
for an integer r > 0.

The vector ¢ can be considered alternatively in two weighted spaces I1(N) or
I2(N) for any s > 0. Although I! spaces are used throughout this chapter, some
results extend easily to 12 spaces and will be treated in exercises.

Lemma 2.1 Fiz an integer r > 0 and define ¢(x) by the decomposition (2.1.12).
If ¢ € IL(N) for any integer s > r + %, then ¢ € C5.([0,2]).

Proof By the triangle inequality, we obtain

I8llcp,, < D 1oalllwn (k)|

neN

cr

per’

By the Sobolev Embedding Theorem (Appendix B.10), there exists a constant
Cs,» > 0 such that

l[wn (5 F)llog

per

< C's,r|

1
wn(,k)Hngr, S>T+§, nGN, k€T+
Since V' is bounded in the supremum norm, fix a constant Cy such that
Cv > 1+ |[V|e (0,27

For any f € L2_,([0,2n]), there exists a constant C' > 0 such that

(Cv + LS e, = (Cv =WV llegs, ) lgllea,, + 10903, > llgl.,.

per

where g(z) = ¢!** f(x). Continuing this estimate for an integer s > 0, we obtain

[ (5 )Frg,, < (O + L) wn (3 k), wn (3 K)) 2z

per

= (CV + En(k))s7
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where u, (2;k) = ¢*®w, (r; k) and the normalization condition (2.1.11) has been
used. By the asymptotic distribution of eigenvalues (2.1.9), we finally obtain

Illcg,, < C Y Iénlllwn(; k)l

per per

neN
< Z |Pnlllun (s )HH;cr
neN
<O (4 o]
neN
for some constants C,C’,C” > 0 and any integer s > r + % O

Remark 2.1 The statements of Lemma 2.1 can be extended for non-integer s
and 7 if the definitions of the norms in H® and C” with fractional derivatives are
used and a spectral family of operators (Cy + Lg)® is considered.

Exercise 2.4 Prove that if ¢ € [2(N) for an integer s > 7 + %, then ¢ €

Cre:([0,27]) for any given integer r > 0.

We finish this section with two explicit examples of the periodic potential V' (z).
In the first example, V(x) is a piecewise-constant 27-periodic function

(2.1.15)

The scalar equation (2.1.3) can be solved explicitly by

(x) u(0 )COShvb*/\er (0) 5 sinh Vb — Az, x € (0,7,
u(z) =
u(27) cos VA(z — 2m) + u\%ﬂ sinvVA(x —27), € [ 2n].

for any 0 < A < b. Continuity of u(z) and «'(x) across the jump point x = 7 leads
to the monodromy matrix with the trace

b— 2\

tr(M) = 2 cosh(mvb — X) cos(mV/A) + m

sinh(mvb — A) sin(mV/A).
This equation is valid for 0 < A < b and it is analytically extended for A > b to the
equation

tr(M) = 2 cos(mv/A — b) cos(mV ) + % sin(mv/A — b) sin(mV/A).

Figure 2.1 shows a typical behavior of tr(M) versus A (top) and the eigenvalues
{E,(k)}nen versus k (bottom) for the piecewise-constant potential (2.1.15) with
b=2.

Figure 2.2 shows the first three eigenfunctions {u.; (z)},en for &k = 0 (top) and
{u;, (z)}nen for k=% (bottom) for the shifted potential V(z — 2I), for which 0 is
a center of symmetry in the middle of the potential well.
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Figure 2.1 Top: schematic representation of the behavior of tr(M) versus A.
Bottom: typical behavior of the eigenvalues { Ey, (k)}nen versus k.

In the second example, V(z) is a smooth 27-periodic function
V(z) = Vpsin? (g) . (2.1.16)

Figure 2.3 shows the dependence of the first five spectral bands between {E; },.en
and {E;, }nen versus Vp for the smooth potential (2.1.16).

Exercise 2.5 Let V = 2¢V,, cos(nx) for a fixed n € N and a small € > 0. Compute
the asymptotic dependence of (E;, E; ;) for even n and (E, , E, ) for odd n on
€ up to the terms of O(e?).
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Figure 2.2 The first three eigenfunctions {u; (z)}nen (top) and {u; (z)}nen
(bottom).

2.1.2 Bloch theory and the integral transform of
quasi-periodic eigenfunctions

We can now reiterate on the question about the spectrum of operator L = —92 +
V(z) in L*(R). To answer a similar question in L2 ([0, 27]), we have introduced the

set of orthogonal 27-periodic eigenfunctions {wy, (z; k) } nen for the set of eigenvalues
{E0(k)}nen of the self-adjoint operator Ly = e~ ** Lel*™ for a fixed k € T = [0, %} .
Let us now continue these eigenfunctions on the closed interval T .
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Figure 2.3 The boundaries of the first five spectral bands versus Vj.

Setting u, (z; k) = *w, (z; k), we obtain a quasi-periodic solution of Lu = Au
for A = E,, (k) that satisfies

Un (x4 2m; k) = 2 Fu, (z;k), z€R, keT,, neN.

In many applications of solid-state physics, eigenfunctions w, (x; k) are referred to
as the Bloch wave functions, while the parameter k is referred to as the quasi-
momentum.

For any fixed k € T4, u,(-; k) belongs to L>(R). On the other hand, solutions
ut(z) of Lu = Au for A ¢ Upenrange,cp[En (k)] are unbounded on R and thus
ugr ¢ L°°(R). Therefore, it should be no surprise to know that the spectrum of
L = —82 + V(z) in L?(R) is purely continuous and consists of the union of the
intervals in the range of functions {E, (k) }nen-

Definition 2.1 Let M be the monodromy matrix associated with the system

dlul| _ 0 1 U
de [ v ]| | V(@)-X 0 v |
We say that A belongs to the spectral band of operator L = —92+V (z) if [tr(M)| < 2

and to the spectral gap if |tr(M)| > 2. The point of A for which |tr(M)| = 2 is called
a band edge.

The nth spectral band of operator L in L?(R) is hence defined by

rangeycr, [En (k)] CR,
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whereas the interval
(super., [Ba(k)] infrer, [Bura (k)

if it is non-empty, defines the spectral gap between the nth and (n + 1)th spectral
bands. The spectral gap is non-empty in Case 3b, when EF < Eij, and it is empty
in Case 3a, when Eff = Efﬂ, where n € N. In other words, the spectral bands are

disjoint in Case 3b and overlap at the point E;f = Ef_H in Case 3a.

Exercise 2.6 Show that tr(M) is a C* function of A that crosses with a nonzero
slope the values £2 in Case 3b and touches with a zero slope the values £2 in
Case 3a.

All eigenfunctions of L can be defined for values of k taken in the interval T, =
[0, 3], but we would then need two eigenfunctions uy, (z; k) and i, (z; k). To use the
same eigenfunction u,, (z; k) in both cases, we adopt a technical trick and extend the
interval for k£ to T := [—%, %} The interval T is referred to as the Brillouin zone in
the Bloch theory. Since uy,(z; k), n(z; k), and u,(x; —k) solve the same equation
Lu = Mu for A = E,(k), it is clear that one solution is a linear combination of
the other two solutions. Therefore, it would make sense to normalize uniquely the

phase factors of the eigenfunctions by the constraint
Up(z; k) =up(x;—k), neN, keT, zeR, (2.1.17)
which implies the reflection
E,(-k)=E,(k), neN, keT. (2.1.18)

We shall now list useful properties of functions E,, (k) in T for a fixed n € N.

e By Theorem XIIL.89 in [176], E, (k) is analytic in k on T\ {—3,0,3} and con-
tinuous at the points k € {—1,0,1}.

e By Theorem XIIL.90 in [176], the extremal values of E, (k) may only occur at the
points £ =0 and k = :I:%, that is at the values Ef and E;, respectively.

e By Theorem XII1.95 in [176], E,, (k) is extended to an analytic function of k on
T if the nth spectral band is disjoint from the adjacent spectral bands.

The reason why we describe properties of functions E,, (k) and u,,(z; k) in so much
detail lies in our ultimate goal to use the eigenfunctions of L as an orthogonal basis
in L?(R). By Theorems XII1.97 and XII1.98 in [176], the orthogonal eigenfunctions
satisfy

(un (k) uns (5K )) g2 == /Run(a:; k)t (@5 k' )dx = 6,00 (k — k'), (2.1.19)
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where n,n’ € N and k, k' € T. Completeness of the Bloch functions follows from
the completeness relation (2.1.14) by explicit computations

/TZun(x;k)ﬂn(y;k)dk = /Ee“ﬂ@*y) (Z wn(x;k)wn(y;k)> dk

neN neN
= / eik(@—y) (Z O(z + 2mm — y)) dk
T meEZ
= Z O(z +2mm —y) / e~ 12mmk g
meZ T
=6z —vy), z,yeR. (2.1.20)
Let us define a unitary transformation from L?(R) to L?(T,I?(N)) by
6uk) = [ S)maly )y, mEN, KET. (21.21)
JR
The inverse transformation referred to as the Bloch decomposition is
Vo € LA(R) : /qun Yun(z; k)dE, € R. (2.1.22)
neN

By explicit computations, we obtain the Parseval equality,

lol72 = //Z > bnlk Vo (') (tn (5 ), e (-5 K')) 2 dled’

neNn’eN

/Z\% )[*dk =: H¢>HL2(T12(N))

neN

According to the Bloch decomposition (2.1.22), space L*(R) is decomposed into
a direct sum of invariant closed bounded subspaces associated with the spectral
bands in the spectrum of operator L. Let &, for a fixed n € N be an invariant
closed subspace of L2(R) associated with the nth spectral band. Then,

Vo € E, C L*(R) /d)n Y (z; k)d (2.1.23)

where ¢, (k) is defined by (2.1.21).

Similarly to what we have done in the case of L2_.([0,27]), we can now work
with the Bloch decomposition in some restrictions of L?(R). Since T is compact,
we do not need a weight under the integration sign and can work either in space
LY(T,1%(N)) or in space L%(T, 2(N)). A natural definition of the norm in L!(T, I}(N))
is

1002 2 vy —/Z (1+n2)%/2$, (k)| dk, s>0.

neN
The following lemma gives an analogue of Lemma 2.1.
Lemma 2.2 Fiz an integer r > 0 and define ¢(x) by the Bloch decomposition

(2.1.22). If ¢ € LY(T,IX(N)) for an integer s > r + L, then ¢ € CJ(R) and
(), ..., 8 (x) = 0 as |z| — 0.



66 Justification of the nonlinear Schrdodinger equations

Proof The proof is similar to that of Lemma 2.1 since the asymptotic bound (2.1.9)
is uniform for all k € T. Therefore,

Ille; < / S 10 () 1t (5 ) o,

neN
<0/Z|¢n e ) 15, dk
neN
¢ [ S ak(C + Bu)*2a
TnEN

< (10l ern )

for some constants C, C’,C" > 0, Cy > 14|V s, , and any integer s > r+3. The
decay of ¢(x),...,6") () to zero as |z| — oo follows from the Riemann-Lebesgue
Lemma applied to the Bloch decomposition, after the integrals on k& € T and the
summation on n € N are rewritten as a Fourier-type integral

(x) = /RGB(P)U(UC;P)dP (2.1.24)

Here ¢(p) and u(z; p) for p € [—%, -2 U252, 2] are equal to én(k) and @, (2; k)
for k € T. Since u(z;p) is uniformly bounded in C(R x R) with respect to both
z and p and ¢(p) € LY(R) with s > 7 + 1, the Riemann-Lebesgue Lemma (Ap-
pendix B.10) applies to the Fourier-type integral (2.1.24) and gives the decay of

é(x), ..., 8 (x) to zero as || — oo. O

Exercise 2.7 Prove that if ¢ € L2(T,I2(N)) for an integer s > r + 1, then
¢ € CJ(R) and ¢(2),..., ") (x) — 0 as || — oo for any given integer r > 0. Use
the property

o € Dom(L) |9l < II(Cv + L)1z
for some Cy > 1+ ||V| L~ and any integer s > 0.

The Bloch decomposition can be used for the representation of solutions of partial
differential equations with space—periodic coefficients. In the same context, a dif-
ferent representation that also involves the Fourier-type integrals has been used in
the literature, e.g. by Eckmann & Schneider [53] and Busch et al. [24]. For the sake
of completeness, we shall finish this section by formulating the main ingredients of
this approach. Setting u,,(x; k) = €**w, (z; k) and denoting

=Y on(k)wn(z;k), z€R, kET, (2.1.25)
neN

we rewrite the decomposition formula (2.1.22) in a compact form,
Vo € L2(R):  ¢(z) = / o(x; k)e* dk, xeR. (2.1.26)
T

We recognize that gzNS(m,k:) is represented by the series of 27-periodic eigenfunc-
tions {wy,(z; k) }nen for any fixed k& € T, which provide an orthogonal basis in
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L2,.([0,27]). Therefore,

per

oz 4+ 2m k) = p(a;k), xeR, keT.

Using the orthogonality relation (2.1.11), we can invert the representation as

2

On(k) = (D(5 k), wn (1 k))2r = ) B(y; k) (y; k) dy.

On the other hand, using the definition of ¢, (k) in (2.1.21) and the completeness
relation (2.1.14), we obtain

k) = 3 [ o) a3y, ()

neN
= / d(y)e v (Z wn<x;k)wn(y;k)> dy
R neN
= / B(y)e kY (Z d(x + 2mm — y)) dy
R meZ
= ¢ ke Z oz + 2rm)e”2mmk e R, (2.1.27)

meZ

Substitution of (2.1.27) back into (2.1.26) recovers ¢(x). Transformations between
¢(x) and ¢(x; k) are not standard, so it is important to establish the precise meaning
of the Bloch transform (2.1.26).

Lemma 2.3 The Bloch transform (2.1.26) is an isomorphism between L2(R) for
#(x) and L? . ([0,27] x T) for ¢(x; k) with the Parseval equality

per

27
lolfze = [ [ iolestPdudt = 10l qoamsr (2129

Proof This relation is proved with explicit computations since
R R 2
612 = 101sco.00) = [ 3 10n0Pdk = [ [ 160i k) P,
TneN TJo

where we have used the decomposition (2.1.25) and the orthogonality relations
(2.1.11). O

Exercise 2.8 Prove the Parseval equality (2.1.28) in the opposite direction start-
ing with direct representation (2.1.27) of ¢(z; k) in terms of ¢(x).

The Bloch transform (2.1.26) is directly related to the Fourier transform for func-
tions in L2(IR). With a slight abuse of notation, let us introduce here the standard
Fourier transform by

o@) = [ dw)erdp. o) = 5 [ ele)e vde, weR per
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Using this definition and representation (2.1.27), we obtain

o(x; k) = Z /Rg,(p)ei(pfk)(w%m)dp

meN
_ (Zg(p)ei(p—k)z < ei27rm(p—k)) dp
/ %
= / G(p)e' P (Z S(p—k - n)) dp
R neL

=Y dk+n)*", zeR, keT.
nez
Properties of the Bloch transform (2.1.26) have similarities with those of the stan-
dard Fourier transform. In particular, multiplication of two functions in z-space
corresponds to the convolution operator in k-space

(uwo)(z; k) := (u*0)(z; k) = /ﬂ(az, k—Ko(x; k")dE .
T
However, the convolution integral involves values of @(z; k) beyond the interval T
and, therefore, it is necessary to extend definitions of the Bloch functions w, (x; k)
as 1-periodic functions in k-space.

2.1.3 Wannier theory and the series of decaying functions

Recall that the characteristic exponents v associated with the monodromy matrix
M are unique in the strip Im(v) € (-3, 3]. Thanks to relation (2.1.7), they are
1-periodic along the imaginary axis. Therefore, we can now extend functions E,, (k)
and u,(z; k) in k beyond the interval T = [f%, %] using 1-periodic continuations of
these functions. The best tool for a periodic extension of functions on a real axis
is the Fourier series. Therefore, we fix n € N and represent these functions by the

Fourier series

En(k) =Y Epme®™, kR, (2.1.29)
meZ
and
up(z; k) = Z Ty (7)™ k€R, z€R. (2.1.30)
meZ

Inverting the Fourier series, we find Fourier coefficients in the form
Epm = / E,(k)e 2™k dk m e Z, (2.1.31)
T

and

Upm(x) = /un(x; ke 2mmkqk, meZ, zeR. (2.1.32)
T

Since

E, (k) = E,(k) = B (—k), un(2;k) = Gy (2; —k),
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the coefficients of the Fourier series (2.1.29) satisfy properties

Bom =B = By i () = i (). (2.1.33)
In particular, the functions @, ,,(x) are real-valued. Because of the quasi-periodicity
Up(x + 215 k) = up(x; k)eiQ”k, rcR, kcR,

we obtain another property of the functions i, ,,(x):
Upom () = Upm-1(x —27) = ... = dpo(r —27m), neN, meZ, (2.1.34)

which shows that all functions 4, () are generated from the same “mother”
function @, o(x) by a spatial translation to the m-multiple of the period of V().

Functions {@, m}nen,mez satisfying properties (2.1.33) and (2.1.34) are called
the Wannier functions. These functions are not eigenfunctions of operator L =
—02 4+ V(z). Nevertheless, for a fixed n € N, Wannier functions {i, m }mez lie in
the invariant subspace &, associated with the nth spectral band and they satisfy a
closed system of second-order differential equations

Litym =Y Enmemiinm, meL. (2.1.35)

m'€Z

System (2.1.35) is obtained after the Fourier series (2.1.29) and (2.1.30) are sub-
stituted into the linear problem Lu,(z;k) = E,(k)un(z;k). Therefore, the set
{Gn,m }nez,mez can be used for the same purpose of building an orthogonal ba-
sis in L2(R) as the set {u,(z;k)}nen ket

Exercise 2.9 Assume that u,(0;k) > 0 for all k € T and a fixed n € N and
consider functions

un (@ k) ionk
m = e mdk, Z, R.
gm () /ﬂ-un(o;k)e m e T €

Prove that gn,(2n7m’) = dpm s for all m,m’ € 7Z, so that ¢(x) = 3,y dmgm(®)
solves the interpolation problem

o(2mm) = ¢, mE L.

Orthogonality and normalization of the Wannier functions follow from the or-
thogonality relation (2.1.19) for the Bloch functions by explicit computations

/an,m(x)ﬁn’,m’(x)dl‘: ///un(I;k‘)ﬁn/(:r;k,)ei%(klml_km)dkdk/dx
R JRJTJT
= S / / §(k — K2R =m) gk
TJT

=6, n//ei2wk(m’7m)dk
"o

/ /
= 6n,n’6'm,m’, n,n € N, m,m € 7.
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Similarly, completeness of the Wannier functions follows from the completeness
relation (2.1.20) for the Bloch functions by explicit computations

Z Z Uy (T) g (Y Z //un @ k)i (y; k)e2 K —Pm g g/

neNmeZ neENmeZ

—Z//un(x;k)un(y;k’)<z i2m (k' —k)m )dkdk’

meZ
—Z/un x; k)un (y; k)dk

neN
:5($7y)7 JU:?JGK

where we have used the orthogonality relation for discrete Fourier modes
> ek RIm — 5k — k), kK €T.
meZ

A unitary transformation from L2(R) for ¢(x) to I>(N x Z) for {¢n.m fneNmez i8
given by

Onm = / &(@)lp,m(z)dz, neEN, meZ. (2.1.36)
R
The inverse transformation referred to as the Wannier decomposition is
\v/qs e L2( Z Z QS'!L TILUTL TVL 7 x e R- (2-1.37)
neNmezZ

The Parseval equality now reads

1817 =D > [dnml® =t 1Dl ixz):
neNmezZ

where ¢ denotes a vector with elements in the double summable sequence
{¢n,m}n€N,m€Z'

Exercise 2.10 Assume that the nth spectral band of L is disjoint from the
adjacent spectral bands, so that F, (k) and w,(x; k) are analytic in k£ on T. Show
that there exist n,, > 0 and C,, > 0 for any fixed n € N such that

liino(x)| < Cpe ™2l 2 e R, (2.1.38)

Figure 2.4 shows the first two Wannier functions @1 o(z) (top) and s o(z) (bot-
tom) for the piecewise-constant potential (2.1.15) (dotted line).

Recall that &, for a fixed n € N denotes the invariant closed subspace of L?(R)
associated with the nth spectral band. If ¢ € &,, it can be represented by the in-
tegral (2.1.23) involving Bloch functions. Although Wannier decomposition can be
used to represent any element of L2(IR) by the double sum (2.1.37), it is more prac-
tical to use the Wannier decomposition for a particular &, C L2(R). The relevant
representation involves a single summation

Vo e&n CLAR) . @(x) =Y bmilnm(x). (2.1.39)

meZL
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0.8

Uy o)

Figure 2.4 A typical example of Wannier functions @1,0(z) (top) and d2,0(x)
(bottom) relative to the periodic potential V(z) (dotted line).

With a slight abuse of notation, we shall now use ¢ to denote a vector with elements
in the set {¢m }mez for a representation of ¢ € &, . Similarly to other decompositions
of this section, we shall study constraints on ¢ to ensure that ¢ belongs to a subspace

of &, C LX(R).

Lemma 2.4 Let ¢(z) be defined by the decomposition (2.1.39). If ¢ € 1*(Z), then
¢ € H*(R) for any integer s > 0, so that ¢ € Cy(R) for any integer v > 0 and
(), ..., 6 () = 0 as |z| — oo.

Proof Since ||¢|l;2 < ||@ll;2, we have ¢ € 1%(Z) and, hence, if ¢ is given by (2.1.39)
and ¢ € [1(Z), then ¢ € &, C L*(R) for a fixed n € N. We use the triangle
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inequality and obtain

lle < Z |Gl Gnmll s = lldn0l 1

meZ

¢Hl17

thanks to property (2.1.34). Therefore, we only need to check that 4,0 € H*(R)
for any integer s > 0. Since V' € L*°(R), we obtain

vfeDom(L): |flF < I(Cv +L)*2f||72, 520,
for any fixed Cy > 1+ ||V|| . It follows from system (2.1.35) that @, o € Dom(L).

Using the integral representation (2.1.31), the orthogonality relations (2.1.19), and
the asymptotic distribution (2.1.9), we hence obtain

[ < I(Cv + L) i 0|7

_ /R /T /T (Cv + L)*up(2; k)] i (2 k) dhed! dac

Hﬁn,()

- / (Cv + En(k))* dk
T

< C,(1+n?)e,

where the positive constant Cs depends on s for any s > 0. Therefore, for a fixed
n €N, ¢ € H*(R) for any integer s > 0 if ¢ € [1(Z). By the Sobolev Embedding
Theorem (Appendix B.10), we obtain that ¢ € C} (R) for any integer r < s — % and
H(z), ..., 8 (x) decay to zero as |z| — oco. O

Exercise 2.11 Prove that if ¢ € [?(Z) and there is C >0 such that >* ., |Epm| <
C for a fixed n € N, then ¢ € H*(R) for any integer s > 0.

Because of our interest in the exponentially decaying solutions of nonlinear evo-
lution equations, we shall also study the conditions under which the Wannier de-
composition (2.1.39) recovers exponentially decaying functions ¢(x) as |z| — oo.

Lemma 2.5 Fizn € N and assume that Gy . (x) satisfy the exponential decay
(2.1.88). Let ¢(x) = 3,y Pmlinm(x). If there exist C > 0 and r € (0,1) such
that |¢pm| < Crl™l for all m € Z, then there exist C* > 0 and n*= > 0 such that

: +niz

Proof By continuity of ¢(z), it is sufficient to prove that there exist C' > 0 and
q € (0,1) such that |p(27k)| < Cql*l for all k € Z. Let k > 1 (the proof for k < —1
is similar). Using the exponential decay (2.1.38), we obtain

lp(2mk)| < Cp (11 + 12 + I3), (2.1.40)
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where
e
I I e [
m=1
k
12 = Z |¢kf’m|6_2m7nm7
m=0

0o
Ig — e—2ﬂ'77nk Z ‘(Zﬁfml(:‘_gﬂ—n"m.
m=1

Since r < 1, and q := e~ 2™ < 1,1 is bounded by C;r* for some C; > 0, while
I3 is bounded by Cs¢* for some Cy > 0. On the other hand, I is bounded by

k1=p*t?

e,

p<l
T‘k 4 ,rk—le—27r17n N e—27rnnk _

kykl=p "'
p 1_p—1 ’ p > ]-7

where pr = e=2™_If p < 1, I, is bounded by Car¥, while if p > 1, I, is bounded
by Chq* for ¢ = %™ < 1, where Cy, Cl > 0 are some constants. Thus, all three
terms of (2.1.40) decay to zero exponentially fast as k — oco. O

Exercise 2.12 Using only the exponential decay (2.1.38) for Wannier functions,
show that if ¢ € I1(Z), then ¢ € CP(R).

Results of Lemmas 2.4 and 2.5 specify constraints on ¢ to ensure that ¢ in the
Wannier decomposition (2.1.39) belongs to a subspace of £, C L%(R). On the other
hand, the decomposition formula (2.1.39) can be used for representation of other
functions as well. For instance, the Fourier series (2.1.30) for the Bloch function
un(x; k) is an example of the Wannier decomposition (2.1.39) with the explicit
representation

o(z) == up(z; k), Gy = 2T

This decomposition corresponds to the case when ¢ ¢ I}(Z) and ¢ ¢ L%(R).

2.2 Justification of the nonlinear Dirac equations

The first example of the justification analysis deals with the nonlinear Dirac
equations,

(2.2.1)

i(ar + nax) = Voa + Vb + (|a|? + 2[b]?)a,
i(by —nbx) = Vpa + Vob + (2]al? + |b|?)b,

where (a,b) € C? are amplitude functions in new (slow) variables (X,T) € R%, n €
N is fixed, Vp and V,, are the zeroth and nth Fourier coefficients of the Fourier series
for V(z). The nonlinear Dirac equations (2.2.1) appear from the Gross-Pitaevskii
equation

i = —Ugy + €V (2)u + |ul’u (2.2.2)
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in the limit of small potentials, measured by the small parameter ¢ > 0 (Sec-

tion 1.1.1). The functions (a,b) represent amplitudes of two resonant counter-

propagating Fourier modes e**»* with k, = 5 at the bifurcation point E, = %2,

from which the band gap between two adjacent band edges EX and E;E_H diverges
if V}, # 0. Here the plus sign occurs if n is even and the minus sign occurs if n is
odd (Exercise 2.5).

The limit of small potentials changes the construction of the Bloch functions.
Operator L = —92 + ¢V (x) becomes Ly = —92 at € = 0 and the Fourier transform
replaces the Bloch decomposition (2.1.22).

Exercise 2.13 Construct eigenfunctions of Ly = —92 in L2_.([0,2x]) and L*(R)

and write Fourier analogues of the Bloch decompositions (2.1.12) and (2.1.22).

As an alternative to the direct method in Exercise 2.13, the relevant Fourier
decompositions can be deduced from the Bloch functions (Section 2.1.1). First,
solving the regular Sturm-Liouville spectral problem (2.1.8) with V' = 0 for a fixed
k € T, we find one eigenfunction

1
wy(ry k) = —
1( ) \/ﬂ
for the first eigenvalue
Ei(k) = K2
and two linearly independent eigenfunctions
1 . 1 .
wop (23 k) = —€™,  wopt1(z;k) = —e™*, neN

V2m V2m

for all subsequent eigenvalues
Egn(k) = E2n+1(k‘) = (k + ’I’L)Q, n €N,

where the normalization condition (2.1.11) has been used.
Let us list two eigenfunctions for n € N by extending n from N to Z. In this way,
the decomposition (2.1.12) becomes the complex Fourier series

Vo e L2, ((0.27) 1 d(z) =) cne™, (2.2.3)
nez
where
1
27 Jo
We note that the complex Fourier series (2.2.3) is independent of parameter k.
Recall that u,(z; k) = e*®w,, (x; k) satisfies

27
Cn = d(x)e ™ "dx, ncZ.

wn (x4 2m; k) = €2y, (2 k), = €R.

If k is set to 0, then the complex Fourier series (2.2.3) represents a 27-periodic

function ¢(z). If k is set to %, then the complex Fourier series represents a 2m-

antiperiodic function ¢(x) satisfying ¢(x + 2m) = —¢(z), or explicitly,

V¢ € Lintiper([07 27‘—}) : ¢($) = Z dnei(”"'%)z7

neL
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where
1 27

d, = o ), (;S(x)e*i(”Jr%)mdm, n € Z.

As an immediate use of the complex Fourier series, we write

V(z) = Z V,ene, (2.2.4)
neL
We note that if V is real, then V_,, = V,, for all n € N.

The complex Fourier series (2.2.4) is an isomorphism between M., ([0,27]) for
functions V(z) and [2(Z) for vectors V representing sequences {V,}ncz for any
integer s > 0. This discretization of H},,([0,27]) can be exploited to study bifurca-
tions of stationary 2m-periodic or 2m-antiperiodic solutions of the Gross—Pitaevskii
equation (2.2.2) [65].

Exercise 2.14 Consider a stationary periodic solution u(z,t) = ¢(x)e~'“! of the
Gross—Pitaevskil equation (2.2.2), where ¢(z + 27) = ¢(z) and w = %2 + €92 for
an even integer n > 2 and a fixed € R. Assume that V(z) is given by (2.2.4),
V € 12(Z) for a fixed s > 3, and V,, # 0. Prove that there exists a non-trivial
periodic solution ¢(z) given by Fourier series (2.2.3) with ¢ € [2(Z) if and only if
there exists a non-trivial solution for (a,b) € C? of the bifurcation equations

{ Qa = Voa + Vab + (Jaf* + 2|0*)a + €Ac(a, b),

3 (2.2.5)
Qb = Vya + Vob + (2]al? + |b|2)b + €Bc(a, b),

where A.(a,b) and B(a,b) are analytic functions of e satisfying the bounds
Ve € (0,60) : 3Co>0: |Ac(a,b)| + |Be(a,b)| < Co(lal + 10]), (2.2.6)
for some €y > 0. Moreover, prove that

Vee (0,e): 3IC>0: H(;S — e (aeik"' + be_ik”')HCO < Ce? (2.2.7)

per

where k, = 5.

Exercise 2.15 Repeat Exercise 2.14 for a stationary antiperiodic solution of the
2

Gross—Pitaevskii equation (2.2.2) with w = - 4 €Q for an odd integer n > 1 and

a fixed Q € R.

To work with the nonlinear Dirac equations (2.2.1) in the time-space domain,
we shall look for a representation of an element of L?(R) rather than that of
L2..([0,27]) in terms of eigenfunctions of Ly = —d2. To do so, let us define the
Bloch functions in the form

1 .
uy(z; k) = elke

Ver

and

1 . )
\/ﬂel(kﬁ'n)x’ UQn+1(.CL'; k) _ \/T?el(kfn)zy n €N,
where k£ € T := [f%, %} The Bloch decomposition (2.1.22) involves integration
over k € T and summation over n € N. Extending the enumeration of n to Z as

uon(x3 k) =
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before, we can incorporate the summation into an integral over R since the interval
T for k translates to the interval [n — %, n -+ %} for k+n, where n € Z. In this way,
the Bloch decomposition (2.1.22) becomes the inverse Fourier transform

Vo e LA(R):  o¢(z) = zi/ d(k)e* dk, z e R, (2.2.8)
T JR
where q{)(k) is the Fourier transform given by
b(k) = / p(x)e *dx, keR.
R

The Fourier integral (2.2.8) reminds us of the Fourier-type integral (2.1.24) in-
troduced in the proof of Lemma 2.2 by unfolding T into [—%,—271] U [251, 2].
Although the method of concatenations of T x Z into R is different from what is
used in Lemma 2.2, the resulting Fourier integral is the same if V' = 0.

The inverse Fourier transform (2.2.8) is an isomorphism between H*(R) for ¢(x)
and L2(R) for ¢(k) for any integer s > 0. However, the Sobolev space H*(R) is not
convenient for our analysis in the sense that if ¢(z) = a(X)e*? where X = ex

and kg € R is fixed, then

k — ko
€

0= a (

. ) , keR. (2.2.9)

As a result, for any sufficiently small 0 < ¢ < 1, there is Cs > 0 such that
Illzze < Coe™?lal| -

Therefore, the H® norm of ¢ may diverge as ¢ — 0 even if a € H*(R). On the
other hand, let us consider the Wiener space W*(R) of functions with the Fourier
transform in L!(R) equipped with the norm ||¢|lws = [|@]| 1. If ¢(z) = a(X)ei*o?,
where X = ex and kg € R is fixed, for any sufficiently small 0 < ¢ < 1, there is
Cs > 0 such that

¢l
Moreover, if s = 0, then L!(R) is invariant with respect to the scaling transforma-
tion (2.2.9) and

Ll < Os”d‘

1.

ol = llallL:
As a result, the Wiener space W#(R) is more convenient for the justification anal-
ysis of the nonlinear Dirac equations (2.2.1). By the Sobolev Embedding Theorem
(Appendix B.10), there is Cs 4 > 0 such that

" 1
¢|‘L§+q7 s 07 q > 5 (2210)

1]

Hence H5"9(R) is embedded into W*(R) and the L?,, norm of o(k) may diverge

s

Ll S C(57q|

as € — 0, while the L norm of #(k) may remain bounded.

Justifications of the time-dependent nonlinear Dirac equations (2.2.1) were de-
veloped by Goodman et al. [72] in the context of the Maxwell-Lorentz equations
and by Schneider & Uecker [185] in the context of the Klein-Fock equation with
quadratic nonlinear terms. The error terms were bounded in space H'(R) in [72]
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and in Wiener space W (R) = WO(R) in [185]. A similar use of the Wiener spaces for
justification of the envelope equations for description of modulated short pulses in
hyperbolic systems was developed by Colin & Lannes [39]. Stationary reduction of
the nonlinear Dirac equations for gap solitons was justified by Pelinovsky & Schnei-
der [162]. Persistence of traveling wave solutions of the nonlinear Dirac equations
(2.2.1) was considered by Pelinovsky & Schneider [163].

According to the strategy of this chapter, we shall separate justification of the
time-dependent and stationary equations. The error bounds for the time-dependent
solutions are valid on a finite time interval, whereas the error bounds for the sta-
tionary solutions can be controlled globally in time in the corresponding norm.
In the latter case, the justification analysis also proves persistence of stationary
solutions of the nonlinear Dirac equations (2.2.1) as stationary solutions of the
Gross—Pitaevskii equation (2.2.2).

2.2.1 Justification of the time-dependent equation

Let us fix n € N and assume that V,, # 0 in the Fourier series (2.2.4). A solution of
the Gross—Pitaevskii equation (2.2.2) is represented by the asymptotic multi-scale
expansion

u(z,t) = el/2 (a(X, T)eik"z +b(X, T)e_ik"z + e¢5(x,t)) e 1Bt

where X = ex, T = et, and parameters (k,, F,) are fixed at the bifurcation values
ko =% and E, = "TQ. We let (a,b) satisfy the nonlinear Dirac equations (2.2.1)
in variables (X,T) and write the time evolution problem for the remainder term
©e(x,t) in the form

i0ppc + Enpe = _8.5905 + Fe(a,b, @), (2.2.11)
where the residual term Fy is written explicitly by

P’6 = —€ (axxe+ + bXXe,) + f/aae+ + f/bbe, + the
+aes +be_ + epc*(aey +be +epe) — (la* + 2|b*)aey — (2]al* + [b]*)be_,

with ep = eT*n® and

Vo=V = Vo4 Vone ™), V=V — (Vo + Voe™).

We have performed the first step in the general algorithm of the justification anal-
ysis. It remains to perform three more steps.

e Remove the non-vanishing terms of the residual F, as ¢ — 0 by a normal form
transformation of the remainder term ..

e Choosing the Wiener space W (R) for ¢, at a fixed ¢t € Ry, prove that the residual
term F, of the time evolution problem (2.2.11) maps an element of W (R) to an
element of W (R) under some constraints on the solution (a,b) of the nonlinear
Dirac equations (2.2.1).

e Prove the local well-posedness of the time evolution problem (2.2.11) in W (R)
and control the size of ||¢.|lw using Gronwall’s inequality.
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We will show that all three goals can be achieved if there is a time Ty > 0 such
that

(a,0)(T) € C([0, To], W3(R) x W2(R)) N C ([0, Tp], WH(R) x W(R)). (2.2.12)

By Theorem 1.4 (Section 1.3.3), the nonlinear Dirac equations (2.2.1) are locally
well-posed in Sobolev space H"(R) x H"(R) for any r > £. Inequality (2.2.10) tells
us that if s = 2, then any r > g gives a good solution (2.2.12). For instance, r = 3
does the job. The following theorem formulates the main result of the justification
analysis.

Theorem 2.1 Assume that V is given by (2.2.4) and V € I}(Z). Fizn € N such
that V,, # 0. Fiz Ty > 0 such that

(a,b)(T) € C([0, Ty), H3(R) x H3(R)) N C*([0, Ty, H*(R) x H*(R))

is a solution of the nonlinear Dirac equations (2.2.1) with initial data (ag,bo) €
H3(R) x H3(R). Fiz Cy > 0 such that ug € W(R) satisfy the bound

Huo — /2 (ao(e-)eik”' + bo(e«)efik"') HCO < Cpe’/2,
b

There exist eg > 0 and C > 0 such that for all € € (0,¢€p), the Gross—Pitaevskii
equation (2.2.2) admits a solution u(t) € C([0,e 1 Ty], W(R)) such that u(0) = ug
and for any t € [0,e'Ty),

< 02, (2.2.13)
0

Hu(.7t) —l/? (a(e,ﬁt)eikw n b(e.’et)e_ikn.) o—iEnt i
b

2
where k, = 5 and B, = 7.

Remark 2.2 Solution u(z,t) constructed in Theorem 2.1 is bounded, continuous
in z on R, and decaying to zero at infinity as |x| — oo for any t € [0, e~ 1Tp] thanks
to the Riemann—Lebesgue Lemma (Appendix B.10).

Our first task is to show that the non-vanishing terms in F. as € — 0 can be
removed by a normal form transformation of ¢.. The non-vanishing terms in F, as
e — 0 are written explicitly by

Fy= f/aae+ + \N/},be, + a%ei + blaed.
Explicitly, Fy can be rewritten as the Fourier series

Fo= Y fuX, 1)l +i),

n'€Z\{0,~n}
which contains no resonant terms with n’ = 0 and n’ = —n, where
fo=0a%b4+ Vya+ Vapb, foop =b%a+ V_ona + V_pb,
and

fmn = Vma+ Vipgnb, m ¢ {n, 0,—n, _277'}-
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By writing ¢ = ¢1 + ¥ with
fn'(X7T) i(n'+ﬂ)w
Y1 = — Z ﬁe 2/, (2214)
v fo—n} ™ (n+n')

we rewrite the time evolution problem for 1), in the abstract form

iaﬂ/& + End)e = —331/16 + eGe (a7 ba M)» (2215)

where
Fﬁ(a7b7 Y1 + 1/)6) B FO(a7 b)
€

Ge= — (100 +202x + €d%x) ¢1- (2.2.16)

Our second task is to show that the residual term F; of the time evolution problem
(2.2.11) maps an element of W(R) to an element of W(R) provided that (a,b) €
W2(R) x W2(R).

Lemma 2.6 Assume that V € ['(Z). Then,
F.(a,b, ) : W2(R) x W2(R) x W(R) — W(R)

is a locally Lipschitz map for any (a,b, ).

Proof We shall convert F,(a,b, p.) to Fourier space and show that
Fe(a,b,¢c) : L3(R) x L3(R) x L'(R) — L' (R)

is a locally Lipschitz map for any (&,5, $¢). Multiplication of two functions wu(x)
and v(z) in physical space corresponds to the convolution integral

(i ) (k) = / Ak )o(k — k')dk!

R

in Fourier space. Thanks to the bound
Vi, o € L'(R) = flax o gy < [[all ][9] e,

space L'(R) forms the Banach algebra with respect to convolution integrals (Ap-
pendix B.1). Thanks to the scaling invariance of W (RR) with respect to the scaling
transformation, we have |laey||w = ||@||p:. Similarly,

mewW=AﬁWMWSMM;

Therefore, the V-independent terms of Fe(d, b, $e) give a Lipschitz map from L1 (R)x
LY(R) x LY(R) to L'(R). It remains to bound multiplications of V(z) given by the
Fourier series (2.2.4) and u(x) given by the Fourier integral (2.2.8). In Fourier space,
this multiplication corresponds to the convolution sum

(@* V) (k) := > Viii(k —m),
mezL
which can be bounded by
va e L'(R), YV € IN(Z) : [a* V| < i |V

Therefore, the V-dependent terms of Fe(d,é, ©e) give also a Lipschitz map from
Li(R) x L3(R) x L' (R) to L'(R). O
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Using Lemma 2.6, we show that G¢(a, b, ?.) is a Lipschitz map in a ball Bs(W (R))
of radius 6 > 0 provided that (a,b) are solutions of the nonlinear Dirac equations
(2.2.1) in a ball Bs,(W2(R) x W2(R)) of radius dy > 0. Again, we shall formulate
and prove the statement in Fourier space for ¢, and (a,b).

Lemma 2.7 Assume that V € [*(Z) and (a,b) are solutions of the nonlinear Dirac
equations (2.2.1). Assume that there exists 5o > 0 such that (G,b) € Bs,(L3(R) x
Li(R)). For any fized § > 0 and any small € > 0, there exist C(5p,8) > 0 and

K(80,6) > 0 such that if 1., Ve € Bs(L'(R)), then
|Gl ) < C(60.0) (lalog + [blog + Il ). (227)

|G, b, ) — Gl b, ) |1 < K (00, 0)|[the — ellpe.  (2.2.18)

Proof Although the definition of G in (2.2.15) involves T-derivatives of (a,b),
these terms are eliminated by the nonlinear Dirac equations (2.2.1). From the exact
expression (2.2.14), there is a constant C'(dg) > 0 such that

lidrenllw + 1021 llw + 10%xerllw < C(6o) (lallzy + bllsy ) -

Combining this analysis with Lemma 2.6, we know that G’e(&,l}, ¥e) is a locally
Lipschitz map from Li(R) x Li(R) x L'(R) to L!(R). Bounds (2.2.17) and (2.2.18)
follow from expression (2.2.16). O

Our third task is to prove local well-posedness of the time evolution problem
(2.2.15) in the same Wiener space W (RR) for 1. This is not a difficult task, thanks
to Lemma 2.7.

Lemma 2.8 Assume that V € [}(Z). Fiz Ty > 0 such that
(a,b)(T) € C([0, To], L3(R) x Ly(R)) N C*([0, Tol, Li(R) x Li(R)).

Fiz § > 0 such that ¢(0) € Bs(L'(R)). There exist ato > 0 and a ey > 0 such that,
for any € € (0,¢), the time evolution problem (2.2.15) admits a unique solution

1/}6(t) € C([O7 tO]: W(R))

Proof Transforming (2.2.15) to Fourier space and using Duhamel’s principle, we
write the time evolution problem in the integral form

2y ~ t . 2\ A A ~

De(t) = e En=kDeh (0) + e/ ) EkI G (a(es), bles), he(s))ds.  (2.2.19)
0

Existence of a unique solution .(t) € C([0,%], W(R)) for a fixed o > 0 and

any small ¢ > 0 follows from bounds (2.2.17)—(2.2.18) by the Banach Fixed-Point

Theorem (Appendix B.2). O

It remains now to control the remainder term 1&6 in the L' norm, after which the
proof of Theorem 2.1 appears to be complete.

Proof of Theorem 2.1 Using bound (2.2.17) and the integral equation (2.2.19), we
obtain

[9Ollr < 1901 +eC00,8) [ (laes)ley + Ibes)ley + 4e(s) o) .

t
0
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By Gronwall’s inequality (Appendix B.6), it follows that

sup | ()] 2
tel0,e—1Tp)

~ TO ~
< (||1/)e(0)||L1 +C00,8) [ (1a()ey + 1T s,) dT) ToC(008)
0
<.
This bound is satisfied by a choice for o > 0 and § > 0. ]

Exercise 2.16 Use two subsequent normal form transformations and justify non-
linear Dirac equations (2.2.1) for the system of Gross—Pitaevskii equations with
quadratic nonlinear terms and a bounded 27-periodic potential V' (x)

iuy = —ugy + €V (2)u + vw,
iwy = —Wyy + u?,

where € is a small positive parameter.

2.2.2 Justification of the stationary equation
Consider the stationary reduction of the nonlinear Dirac equations (2.2.1),
a(X,T) = A(X)e iO@HVT (X, T) = B(X)e (@+V0)T

where  is a real-valued parameter and (A, B) satisfy the stationary nonlinear Dirac
equations,
inA'(X) + QA =V,B + (JA]*> + 2|B|*) A, (2.2.20)
—inB'(X)+ QB = V, A+ (2|42 + |B|*)B. -
We are looking for localized modes of the stationary system (2.2.20) that may exist
for any Q € (—|V,|,|Val|). The interval e(Vy — |V,|, Vo + |Va|) corresponds to the
narrow gap between two spectral bands of L = —92 + V() that bifurcates from
2
the point E, = “- as € > 0 (Exercise 2.5). Localized modes of the stationary
nonlinear Dirac equations (2.2.20) correspond to localized modes of the stationary
Gross—Pitaevskii equation

—0"(z) + eV (2)D(z) + |P(2)|*P(z) = wd(x), (2.2.21)
which arises from the Gross—Pitaevskii equation (2.2.2) after the substitution
u(z, t) = ®(z)e
Decaying solutions of system (2.2.20) are found explicitly (Section 3.3)

AX — Xg)e® = V2 VvV — 2

V3V V, — Qcosh(KX) +iy/V, + Qsinh(K X)
= B(X — X)e'®0, (2.2.22)

where K = 1,/V2 — 02, (6, X) are arbitrary parameters and V;, > 0. (Normal-
ization of V,, to a real positive number can be achieved by a shift x — = 4+ z¢ in
the stationary Gross—Pitaevskii equation (2.2.21).)
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Before we estimate the distance between decaying solutions of systems (2.2.20)
and (2.2.21), we should realize that the nonlinear Dirac equations (2.2.20) are in-
variant with respect to gauge transformation and spatial translation

(A,B) — (A4,B)e®, (A, B)(X)— (A,B)(X — Xy), (©0,X0) € R?,

while the Gross—Pitaevskii equation (2.2.21) with a nonzero V (x) is only invariant
with respect to the gauge transformation

s Pl Gy e R.

Without loss of generality, we can set Oy = 0 in the exact solution (2.2.22). On the
other hand, we do not have freedom to remove parameter X, from consideration.
To simplify the justification analysis, we shall add an assumption that

V(—z)=V(x) foral xeR.

In this case, the stationary Gross—Pitaevskii equation (2.2.21) admits two solutions
®(z) and ®(—z), which are identical if ®(z) = ®(—=z). This construction allows us

to consider even solutions (2.2.22) and set Xy = 0. We note that
V(i—z)=V(z), zeR = V_,=V,, nelk (2.2.23)
and
O=Xo=0 = AX)=A(-X)=B(X), XeR. (2.2.24)
The following theorem formulates the main result of the justification analysis.

Theorem 2.2 Let V(—z) = V(x) be given by the Fourier series (2.2.4) and
V € INZ). Fiz n € N such that V,, # 0. Let A(X) = A(=X) = B(X) be the
localized mode (2.2.22) for Q € (—|V,|,|Va|). There exist ¢¢ > 0 and Cy > 0
such that for all € € (0,¢€p), the stationary Gross—Pitaevskii equation (2.2.21) with
w=FE, + Vo + Q) admits a real-valued solution ® € W(R), even in x, decaying
to zero as |x| — oo, satisfying the bound

@ — €!/? (A(e)e™ + B(e)e ) llco < Coe®/®, (2.2.25)

2
where k, = 5 and E, = .

Remark 2.3 IfV,, > 0 and Q =V, the exact solution (2.2.22) with ©g = Xy =0
degenerates into the algebraically decaying solution

A A
AR = V3(n 4 2iV, X)’ BX) = V3(n = 2iV, X)’ (2.2.26)

Although A € W(R), the persistence of algebraically decaying solutions cannot be
proved with our analysis. The reason lies in Lemma 2.10 below, where the linearized
operator (2.2.35) associated with the algebraically decaying solution (2.2.26) admits
a continuous spectrum that touches the origin.

To prove Theorem 2.2, we substitute the Fourier transform (2.2.8) for ®(x) and
the Fourier series (2.2.4) for V(z) into the stationary Gross—Pitaevskii equation
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(2.2.21) with w = E, 4+ (Vo 4+ Q). If we use the rescaling ®(k) — €'/2d(k) for
convenience, the resulting integral equation becomes

( , + e — k‘2 Z Vn’(I) )
n'€Z\{0}
- e// (k1) ® (ko) B(k — ky + ko) dkydks. (2.2.27)

Since E,, = %2, the first term in brackets vanishes near k = -k, = £5 and ¢ = 0.
This fact results in singularities of ®(k) near k = £k, if we are to invert the first
term. To single out these singular contributions, we decompose ®(k) into three
parts

b(k) = Py (k)xwy, (k) + ©—(k)xr: (k) + Po(k)xr, (k), (2.2.28)

where xg(k) is a characteristic function and the sets R/, , R” and R}, are
' = [:I:wn -8 tw, + 3|, R)= R\(R. UR.).

The components éi(k) represent the largest part of the solution i)(k) near the
resonant values k = =k,, whereas the component <i>0(k:) represents a small re-
mainder term. The largest terms are approximated by solutions of the nonlinear
Dirac equations (2.2.20) in Fourier space, whereas the small remainder (k) is
determined uniquely from &, (k) and ®_ (k).

We have performed the first step in the general algorithm of the justification
analysis. It remains to perform two more steps.

e Prove the existence of a unique smooth map from (&, _) e LY(R/,) x L*(R")
to @ € L*(RY).

e Approximate (;,®_) by solutions (A, B) of the nonlinear Dirac equations
(2.2.20) rewritten in Fourier space and prove the persistence of solutions for

(@4, ®_) in LY (R),) x L' (R.).

These steps are performed in the following two lemmas. Note that we can take
LY(R.) instead of LI(R!.) compared to Section 2.2.1 because R/  are compact
intervals.

Lemma 2.9 Let V be given by (2.2.4) with V € I1(Z). There exist ¢g > 0, o > 0,
Co > 0, and a unique continuous map

U(D,,d_e): L'(R,) x LY(R.) x R — L'(Ry), (2.2.29)

such that (k) = \II(CI>+, €)(k) solves the integral equation (2.2.27) on R for
any € € (0,¢0) and d+ € By, (Ll(R’ )). Moreover, the map satisfies

[ (®1, @, €)1 (ry) < €7/3Co (H‘h“u(n&;) + ”(i)—HLl(]RQ)) : (2.2.30)
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Proof We project the integral equation (2.2.27) onto R{:

( +eQ — k:2 <I>0 )+e Z Vi XR’ @(k —n')
' €ZN{0}

= exmy ( / / (k1) D (ko) B(k — ky + ko) dler ks, (2.2.31)

where ®(k) is represented by (2.2.28). Because of the definition of R}, for any
€ € (0,¢q), there is C,, > 0 such that

min ‘En — k2’ > Cne2/3.
kER),

Since V € [1(Z), the convolution sum in the integral equation represents a bounded
perturbation of the linear operator (E, + e — k?) in L'(R}). Therefore, the lin-
earized integral operator

Ldg = (B, +€Q — k?) € > Ve (F)®o(k—n')
n’€Z\{0}

is continuously invertible near ¢ = 0 and

Ve € (0,60) :  3C, >0: HL XR,f’ < Cue | fllpiry).  (2.2.32)

LY(RY)

Recall that €2/3 > € for sufficiently small € > 0. Inverting L, we rewrite the integral
equation (2.2.31) as a near-identity equation, where the right-hand side has the
order of (’)(el/ 3). By Lemma 2.6, the vector field of this integral equation consists
of convolution integrals, which map elements of L!'(R) to elements of L!(R).

Fix §p > 0 such that

194 1|1,y + 12Nl 1 er ) < o

By the Implicit Function Theorem (Appendix B.7), there exists a unique map
(2.2.29) for & € Bs,(L'(R")) and € € (0,€p). Since a unique trivial solution
dy = 0 exists if 1 = 0, then the map satisfies ¥(0,0,¢) = 0. The desired bound
(2.2.30) follows from analyticity of the integral equation (2.2.31) in ® and € and
the bound (2.2.32). O

Lemma 2.10 Let V(—x) = V(z) be given by (2.2.4) with V € I}(Z). Fizn € N
such that Vi, # 0. Let A(X) = A(—~X) = B(X) be the localized mode (2.2.22) for

€ (=|Val,|Val). There exists g > 0 and Co > 0 such that the integral equation
(2.2.27) for any € € (0,¢0) admits a solution in the form (2.2.28), where ®y(k) =
\I/(<i>+, d_, €)(k) is given by Lemma 2.9 and &i(k) satisfy the bound

(i)Jr_lA(-—kn) @,—EB<.+I€”>
€ € € €

Proof Let us first map the intervals R/, for ®4 (k) to the normalized interval
Rg = [—e71/3,e71/3] for W4 (p) given by

(k) = 1\i/i (%) . (2.2.33)

€

< 0061/3
LY (RL)

+
LY(RY)
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The new functions W (p) have a compact support on Ry and satisfy
IPxllzrry) = 1WallLr (R,

thanks to the scaling invariance of the L! norm. The integral equation (2.2.27) is
projected to the system of two integral equations for p € Ry:

(QF np) Ui (p) + ViV (p)
,/R /]R {¢/+(p1)\i’+(p2) +¢1_(p1)\if_(p2) \i}i(pfpl +p2)dp1dp2

7/ / Uy (p1) W (p2) V= (p — p1 + pa)dpidps
Ry JRg
= epQ\Ili(p) + 61/3]%:|:(‘Ij+7 v_, \IIO(\II-H v_, 6))7
where the linear terms p?¥ . (p) are controlled by the bounds
P Vs ()1 ey < €21Vl Lr(ro)

and the remainder terms Ry are controlled by the bound (2.2.30) in Lemma 2.9,
Vee (0,60): 30 >0:  |Relligey < Cu (||¢’+||L1(RD) + H\ij—HLl(Ro)) :

Therefore, the system on W, (p) is a perturbation of the nonlinear Dirac equations
(2.2.20) in Fourier space after it is truncated on Ry and perturbed by the remainder
terms of the order of O(¢'/3).

Let us now consider solutions of the system of integral equations for Wy (p) for
all p € R. We do this by extending the residual terms from L!(Rq) to L*(R) with
a compact support on Ry. Let ¥ = (‘i’+7 \i/_, V., ¥_)T and denote the system of
integral equations by an abstract notation

N(¥) = R(¥).
If ¥ = A + O, where A is a decaying solution of N(A) = 0, then © solves the
nonlinear system in the form
L6 =F(©):=R(A+6)- [N(A +6) - ﬁé} , (2.2.34)

where L = D AN(A) is a linearized operator and the nonlinear terms satisfy the
bounds

3C>0: |[N(A+©)—LO|Lir) < ClO]71g
and
Ve€ (0,60): 3C>0: [R(A+O)|piw) < Ce'/3.
The linearized differential operator associated to the nonlinear Dirac equations

(2.2.20) in physical space is given by a self-adjoint system of 4 x 4 component Dirac
operators,

indx + Do —A? Vo —24B  —24B
—A?  —indx+Dy  —24B  V,-24B
L= V, —2AB —2AB —indx + Dy _R2 . (2.2.35)

—2AB V, —2AB — B2 indx + Dy
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where Dy = Q2—2(|]A|?+|B|?). The linearized operator (2.2.35) is block-diagonalized
into two uncoupled 2 x 2 Dirac operators, each having a one-dimensional kernel
(Theorem 4.20 in Section 4.3.5). The two-dimensional kernel of the linearized op-
erator (2.2.35) is spanned by the eigenvectors

(A(X),B'(X),A(X),B'(X)), (iA,iB,—iA, -iB), (2.2.36)

which are related to the symmetries of the nonlinear Dirac equations (2.2.20) with
respect to spatial translation and gauge transformation. The zero eigenvalue of the
linearized operator (2.2.35) is bounded away from the rest of the spectrum of L if
e (_|Vn‘7 |‘/n|)

By the Fredholm Alternative Theorem (Appendix B.4), there exists a solution
of system (2.2.34) if and only if the right-hand side F(@) lies in the range of
the linearized operator L. We recall that the original stationary Gross—Pitaevskii
equation (2.2.21) inherits only gauge invariance, so that we can uniquely fix the
phase factor of ®(z) by requiring that

Im ®(0) = 0.

On the other hand, if V(—z) = V(z), then both ®(z) and ®(—x) are solutions of
(2.2.21) and one can look for even solutions under the constraint

Re ®'(0) = 0.
These two constraints are compatible with the localized mode satisfying
AX)=A(-X)=DB(X) forall X cR.

Since eigenvectors (2.2.36) violate the aforementioned constraints, we infer that the
operator L is invertible in the corresponding constrained space.

By the Banach Fixed-Point Theorem (Appendix B.2), there exists a unique
solution

© =L"'F(©) e X = L'(R) x L'(R) x L'(R) x L*(R)
such that
Vee (0,e0): 3C,C">0: [O]x <C|R(A)|x < C'e'/3.
As a result, for all € € (0, €g), there exists C' > 0 such that

< Ce/B. (2.2.37)
L'(®)

i, A

+ H\II, - B‘
LY(R)

Lastly, we consider the system of integral equations for \i/i(p) for all p € Rq. This
system is different from system (2.2.34) by the terms bounded by ||©|| L}(R\Ro,C4)-
We need to show that these terms have the order of at least O(e'/?) to agree
with the order of the residual term R(A) To show this, we recall that the inverse
operator L~ is a map from L'(R,C*) to Li(R,C*) thanks to the first derivatives

in the differential operator (2.2.35). Therefore, for any € € (0, ¢y) and any solution
O = L7'F(©) € Li(R,C*), there exist C,C’ > 0 such that

1811 mzo.c) < 18Nl ct) < CIR(A) i en < C'e V.
The desired bound of Lemma 2.10 follows from the bound (2.2.37). O
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We can now prove Theorem 2.2 using Lemmas 2.9 and 2.10.

Proof of Theorem 2.2 When the solution ®(z) is represented by the Fourier trans-
form @ (k) and both scaling transformations of Lemma 2.9 and 2.10 are incorporated
into the solution, we obtain the bound

. 1./ —k, 1./ +k,
€ € € €
This bound in Fourier space implies the desired bound (2.2.25) in the original

physical space.
It remains to prove that the solution ®(z) constructed in this algorithm is real-

< O3,
L1(R)

Ve € (0,60): 3C>0:

valued and even in x. The real-valued property follows from the symmetry of the
map Py(k) = Wo(dy, &, €) constructed in Lemma 2.9 with respect to the inter-
change of &, (k — k,) and ®_(k + k,,) and complex conjugation. As a result, the
system of integral equations for W (k) has the symmetry reduction W, (p) = ¥_(p),
which is satisfied by the localized mode (2.2.22). When the partition (2.2.28) is sub-
stituted into the Fourier transform with the symmetry & (k — k,) = ®_(k + ky,),
the resulting solution ®(x) becomes real-valued. Similar arguments apply to prove
that the solution ®(x) is even in x, which corresponds to the symmetry reduction
&, (k—ky) = ®_(k+ k,) and the invariance of the map ®¢(k) = ¥o(d,,d_,€)
with respect to this reduction. O

Exercise 2.17 Thin intervals R/, used in Theorem 2.2 have small length ce”,
where c =2 and r = % Generalize all proofs for any constant ¢ > 0 and any scaling
factor % <r<l.

Persistence of non-symmetric decaying solutions in the stationary Gross—Pitaevskii
equation (2.2.21) can be resolved at the algebraic order of the asymptotic expan-
sion in e. It does not involve beyond-all-orders expansions at the exponentially small
order, unlike the case of the continuous NLS equation (Section 2.3).

Exercise 2.18 Assume the general case of non-symmetric V' (x) and find a con-
straint on parameter Xy in (2.2.22) from persistence analysis of Lemma 2.10.

Exercise 2.19 Consider the stationary two-dimensional Gross-Pitaevskii equa-
tion with a small 27-periodic potential in each coordinate

—(02, + 02,) (w1, w2) + €V (21, 32) (w1, T2) + |¢]°) = w(w1, 22). (2.2.38)

Characterize the set of resonant Fourier modes of the double Fourier series and
derive the following system of algebraic equations,

= (Ja1|* + 2|az|? + 2|as|? + 2|aq|?)as + 2a2a3a4,
Qas +V_o _sa; +V_ogaz+ Vo _sas = (2as|® +|az|® + 2|az|* + 2|as|?)
Qag + Va,_sa4 4 Vo,—2a1 + Va0a2 = (2|a1|* +2|az|* + |as|* 4 2|as|?)
Qay + Voo saz+ Voo gar + Vo 2as = (2|a1|* + 2|az|® + 2|as|® + |as|?*)as + 2aza; a2,

Qay + Vo pas + Vo 2a3 + Vo pay
as + 2a1azay,

as + 2aq4a10a2,
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for four antiperiodic resonant modes

e {3 () G (1)

corresponding to the same value w = %

The system of four coupled equations in two-dimensional periodic equations

was derived by Agueev & Pelinovsky [6]. It is important to realize that the two-
dimensional Schrédinger operator

L=-02 —02 +¢€V(x1,22)

has no spectral gaps for small € > 0. As a result, no localized modes exist in the
stationary two-dimensional Gross—Pitaevskii equation (2.2.38) in the limit of small
periodic potential. Hence the justification analysis of the differential system of four
coupled equations must break down. Indeed, the operator |k|? — w with w = i and
k € R? is not invertible in the neighborhood of a circle of radius |k| = . Since only
finitely many parts of the circle are excluded from the compact support of ®¢(k),
Lemma 2.9 fails and no map from finitely many large parts of the solution <i>(lf) for

the resonant Fourier modes to the small remainder part ®o(k) exists.

2.3 Justification of the nonlinear Schrédinger equation

The second example of the justification analysis deals with a regular case of bounded
potentials. The asymptotic multi-scale expansion method (Section 1.1.2) and the
spectral theory of Bloch decomposition (Section 2.1.2) give everything we need to
reduce the Gross—Pitaevskii equation with a periodic potential,

iy = —Ugy + V(2)u + |ulu, (2.3.1)
to the nonlinear Schrédinger equation,
iar = aaxx + Blal*a, (2.3.2)

where ¢ = a(X,T) : R x R — C is an amplitude function in new (slow) variables
and (o, B) are nonzero numerical coefficients.

Roughly speaking, the NLS equation (2.3.2) is valid for small-amplitude slowly
modulated packets of the Bloch wave wu,,(x; ko)e ot where ng € N and kg € T
are fixed numbers for the spectral band and the quasi-momentum of the spectral
problem Lu,, = woun, corresponding to the eigenvalue wy = E, (ko). The new
variable X is related to the moving coordinate x — E;, (ko)t. Stationary solutions
of the NLS equation (2.3.2) approximate moving pulse solutions of the Gross—
Pitaevskii equation (2.3.1) if Ej, (ko) # 0. However, moving pulse solutions do not
generally exist in the periodic potentials V' (Section 5.6).

This fact is not a contradiction, since the time-dependent NLS equation (2.3.2)
is only justified for finite time intervals and the moving pulse solutions of the
NLS equation (2.3.2) decay in amplitude during their time evolution in the Gross—
Pitaevskii equation (2.3.1). Nevertheless, we shall avoid dealing with moving pulse
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solutions and shall choose ko € T such that E] (ko) = 0. In this case, the new
variables X and T are rescaled versions of x and ¢.

By properties of E, (k) (Section 2.1.2), the only possibility of E;, (ko) = 0 is
that wo = En, (ko) is chosen at the band edge (either at E;f or at E ) of the
noth spectral band. Moreover, if the ngth spectral band is disjoint from another
spectral band by a nonzero band gap, then E;, (ko) = 0. Hence we assume here
that wy = Ey, (ko) is chosen at the band edge between a nonzero band gap and the
noth spectral band.

Exercise 2.20 Let wy = Fy,, (ko) be the band edge and assume that there exists
only one linearly independent 27-periodic solution ug of

Lu = wou,
normalized by |luo]| rz,, = 1. Use the Fredholm Alternative Theorem (Appendix
B.4) and show that there exists a 2m-periodic solution of the inhomogeneous equa-
tion
Luy = wouy + 2ug(x),
which is uniquely defined by (ug,u1) rz,, = 0. Expand solutions of

Lkwno (.1’; k) = E"o(k)w7lo (x; k)

in power series of k near ky = 0 using analyticity of E, (k) and wy,, (z; k) and prove
that E7, (ko) = 0 and E7 (ko) = 2 + 4(uo, Opur) 12, -

A simple method exists to determine the numerical coefficient a of the NLS
equation (2.3.2) from the spectral theory of operator L = —82 + V(x) without
developing the nonlinear analysis of the problem. If the nonlinear term |u|?u is
dropped, the Gross—Pitaevskii equation (2.3.1) becomes the linear time-dependent
Schrodinger equation which is solved with the Bloch wave function

u(a,t) = e Fro Wl (a3k) = 0B Wy, (2 k),
where wy, (z; k) is a solution of
Lwp, — 2ik0wn, + k*wny = By W, -

For simplicity, let kg = 0 and consider 2m-periodic Bloch functions. Since the ngth
spectral band is disjoint from other spectral bands, there exists a unique 27-periodic
eigenfunction wy of operator L for wy = E,,(0) and the functions E, (k) and
W, (z; k) are analytic near k = 0. Using the Taylor series expansions (Exercise
2.20), we obtain

E,, (k) =wo + wok? + (’)(k4), W (T3 k) = uo(x) + ikuy (x) + O(kQ),

where wy = $E) (0) =1+ 2(uo, Ogur) 2, -

Let us express the smallness of k using a formal small parameter € > 0 and the new
e-independent parameter p with the correspondence k = ¢!/2p. If k € T := [—%, %],
then p € T, where

1 1
T, = {Tl o /Q} .
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The Bloch wave function is now represented by the expansion in powers of ¢!/2

as follows:
u(z,t) = ele’/pa—it(wotewap®+O(e)) (uo(x) +ie' 2 puy () + O(e))
= 70! (X, Thuo(2) + €/2ax (X, T (x) + O(e))
where X = €'z, T = et, and a(X,T) = elPX—ip’woT gatisfies iar = aaxx with
a=-—wy=—-1-— 2<u0,8wu1>Lger.

To compute the numerical coefficient 8 of the NLS equation (2.3.2), we consider
2m-periodic solutions of the Gross—Pitaevskii equation (2.3.1) in the form

u(z,t) = e'/? (a(T)uo(x) 4+ O(e€)) e iwot

where T = et. Substitution of the asymptotic expansion into the Gross—Pitaevskii
equation (2.3.1) and projection to wy using the Fredholm Alternative Theorem
(Appendix B.4) shows that a(T) satisfies iar = 8|a|?a with 8 = \|uo\|‘]{4er

We still need to justify the NLS equation (2.3.2) for solutions ¢(z, t) Pdecaying to
zero as |z| — oo. Our method will follow the work of Busch et al. [24] but the L'
space for the Bloch transform will be used instead of the L? space. This approach
is similar to the recent work of Dohnal et al. [50]. We will also look at the relevance
of the stationary NLS equation for bifurcation of localized modes of the stationary
Gross—Pitaevskii equation. Further works on the justification of the stationary NLS
equation can be found in Dohnal & Uecker [51] for the cubic nonlinearity and in
Ilan & Weinstein [90] for a more general power nonlinearity.

Other works, where the time-dependent NLS equation was justified in the con-
text of spatially homogeneous hyperbolic equations, include the works of Colin [3§],
Kirrmann et al. [113], Lannes [129], and Schneider [184]. A difficulty that arises in
problems with space-periodic coefficients compared to problems with space-constant
coefficients is that the approximation equation (2.3.2) lives in a spatially homoge-
neous domain, where Fourier analysis is used, whereas the original system (2.3.1)
lives in a spatially periodic domain, where Bloch analysis is applied. We will get
around this difficulty by cutting the support of the Bloch transform around the res-
onance point k = kg for n = ng and by applying a scaling transformation suggested
by the asymptotic multi-scale expansion method.

2.3.1 Justification of the time-dependent equation

Let us fix ng € N and wg = E,, (ko) for either kg = 0 or ko = % We define functions
up(x) and uq (z) as in Exercise 2.20. For simplicity, we will assume ko = 0 and work
with 27-periodic functions throughout this section. Our main result is the following
justification theorem.

Theorem 2.3 LetV € L ([0, 27]). Fizng € N and assume that the noth spectral

per

band of operator L = —0% + V (x) is disjoint from other spectral bands of L. Fix
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To > 0 such that a(T) € C(]0,To], HS(R)) is a local solution of the NLS equation
(2.3.2) with coefficients

a=—1-2(up,0pur)rz,, B =uollz

and the initial data a(0) € HS(R). Fiz Co > 0 and s € (1,1) such that 4(0) €
LY(T,IL(N)) is the Bloch transform of u(0) € CY(R) satisfying the bound

[u(0) — €'/2a(e"/?-,0)ug | L= < Coe.

There exist eg > 0 and C > 0 such that for all € € (0,¢€p), the Gross—Pitaevskii
equation (2.58.1) admits a solution u(t) € C([0,e 1Ty, CP(R)) satisfying the bound

llu(-,t) — €/2a(e/?., et)uge 70| Lo < Ce, t€[0,e ' Ty). (2.3.3)
Moreover, u(z,t) — 0 as |z| — oo for all t € [0,e ' Tp).
Proof The proof of Theorem 2.3 consists of four steps.

Step 1: Decomposition. Let us represent a solution of the Gross-Pitaevskii
equation (2.3.1) by the asymptotic multi-scale expansion,

u(z, t) = €'/? (a(X, TYuo(x) + € 2ax (X, T)uy () + e(pf(;v,t)) eTwot (2.3.4)

where X = ¢'/2z and T = et. Assuming that a(X,T) solves the NLS equation
(2.3.2), we find the time evolution problem for ¢¢(z,t) in the form

10spc = (L — wo)pe + Fe(a, vc), (2.3.5)

where

Fe(a,pc) = —2axx (8zu1 - <U075zu1>LgerU0) — e'/2 (iaxrur + axxxu1)
+ |aug + € 2axu; + epe|? (aug + €/ 2axu; + epe) — Blal®auq.

The term ep, of the asymptotic expansion (2.3.4) is referred to as the remainder
term and the vector field F¢(a, p.) of the time evolution problem (2.3.5) is referred
to as the residual term.

Step 2: Normal form transformation. Justification of the NLS equation
(2.3.2) is based on the application of the Gronwall inequality (Appendix B.6) to
the time evolution problem (2.3.5). However, a simple inspection of this equation
shows that the residual term is of the order of O(1) as € — 0 and it will result in
the remainder term ey, of the same order O(1) as the leading-order term aug at
the scale t = O(e7!) or T = O(1) as € — 0. Therefore, before proceeding with the
nonlinear analysis, let us remove the leading-order part of the residual term with a
simple transformation

Epe = €p1 + 61/2¢67

where 7 is a solution of the equation

(L — w0)<p1 = QaXX <8IU1 — <U0,8IU1>L?)HUO) —_ |a‘2a(u8 —_ <’lL0, u%)Lgeruo) (236)
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and €'/24), is a new remainder term, which solves a new time-dependent problem
i0phe = (L — wo) e + €Ge(a, ) (2.3.7)

with a new residual term in the form

Ge(a, we) = *iﬁl/QaTLpl — 28§X<p1 — 61/28§(XQ01 — iaTXu1 —axxxul + 671/2

X (|au0 + e 2axu; + €p1 + 61/21/}€|2((J,U0 + e 2axu + €p1 + 61/21/16) - |a|2au8) .

By the Fredholm Alternative Theorem (Appendix B.4), a linear inhomogeneous
equation

(L —wo)p=nh

admits a unique solution ¢ € HZ (R) for a given h € L2_.([0,2x]) if and only if

(uo,h)rz, = 0. (Recall that ug € L2..([0,2n]) is the only 2m-periodic solution of
the homogeneous equation (L —wp)ug = 0.) To eliminate the homogeneous solution
and to determine ¢ € H2 ([0, 27]) uniquely, one needs to add the orthogonality
condition (ug, ) rz, = 0. As a result, the linear inhomogeneous equation (2.3.6)

admits a unique solution in the form
¢1 = axx fi(z) + |alafa(x),

where unique fi2 € HZ. (R) satisfy (uo, f1,2)r2,, = 0. Note that the choice of
coefficients (o, 8) in the NLS equation (2.3.2) gives the orthogonality of the right-

hand side of the inhomogeneous equation (2.3.6) to ug in L2, ([0, 2n]).

per

Remark 2.4 Non-resonance conditions such as

3C>0: inf |E,(3ko) — 3E,, (k)| > C
ne€N\{no}

are required typically to ensure the existence of the normal form transformation

[24]. We do not need any non-resonance conditions thanks to the gauge invariance

of the Gross—Pitaevskii equation (2.3.1), which allows us to detach the factor e~iwot

from the solution u(x,t).

The theorem will be proved if we can show that the remainder term €'/2¢), has
the order of O(¢'/2) at the scale t = O(¢~!) as € — 0.

Step 3: Fixed-point iterations. It is now time to make all formal computations
of the asymptotic multi-scale expansion method rigorous. We shall work in the
space L(T,I}(N)) for the Bloch transform of the solution of the Gross—Pitaevskii
equation (2.3.1) for a fixed t > 0. By Lemma 2.2, if ¢ € L'(T,I}(N)) with s > 3,
then ¢ € CP(R) and ¢(z) — 0 as |z| — oo.

Let us apply the Bloch transform to the time evolution equation (2.3.7) and write
it in the abstract form

10yhe = (L — wo)the + €Gela, e), (2.3.8)

where L is the image of L after the Bloch transform, ’LZJG is the Bloch transform of
e, and a is the Fourier transform of a. We note that the differential operator L
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becomes a pseudo-differential operator L after the Bloch transform, whose symbol
is a multiple-valued dispersion relation expressed by {F,(k)}nen for k € T.

We need to show that the residual term G, (a, 1/36) for a fixed @ maps an element
e in the ball Bs(L!(T,I}(N))) of radius § > 0 to an element of the same ball and
it is Lipschitz continuous in Bs(L*(T,}(N))). Generally, it is only possible under
some conditions on G and we will identify these conditions in our analysis.

If we have a product of two functions ¢(z) and p(z) of z € R, then the Bloch
transform of the product is given by the convolution operator

(90) 0= [ [ % Kummallbro k)b (k) (ka)ibrdt - (239)

m1ENmoEN

and

K7L,n1,n2 (kv kla kQ) = / ﬂn(:ry k)unl (x7 kl)UnQ (x7 k’g)dl’
R
Since the convolution operator (2.3.9) is not a standard discrete or continuous
convolution, it would have been a difficult task to study how nonlinear terms
are mapped by the residual term if not for the remarkable approximate convo-
lution formula found in Appendix A of Busch et al. [24]. They proved that, if
V e L2..([0,27]), then, for any fixed p € (0,2), there exists a positive constant C,,
such that
Gy

(1+|n—mn1 —ng|)P’

(2.3.10)

/ U (25 k), Uy (25 k1 )y (25 ko) dz| <
R

for all (n,ni,ne) € N® and (k, ki, ke) € T3. Using this result, we prove that
LY(T,1}(N)) is a Banach algebra with respect to the convolution operator (2.3.9).

Lemma 2.11 Let V € L3,
C > 0 such that

([0,27]) and fix s € (0,1). There exists a constant
Vo, ¢ € LNT,IEN)) +  |ldx@llracrarqny) < Cllollraollo oy (2.3.11)
Proof Using the bound (2.3.10), we develop explicit computations and obtain

16 Gll Lm0 vy

< /T /T /T ne}%mms S ST (K O,y 5o [, () | (k) by

n1ENnyeN

s s L+n ° 1
<C2, D (Lm)+na) Z((1+n1)(1+n2)) (14 |n—ny —ng|)P

ni1ENnyeN neN

x /T /1r 1By (1) |G (k) ey
i s s n® 1
SO D (mylm) ) (1+ (1+m)‘9(1+n2)3) (1+n)r

ni1ENngyeN neN

x /T /T (B (k) | (k)| b
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for some C,C" > 0. If p > 1 and p—s > 1 (that is 0 < s < 1), the bound is
completed as follows
6 @llLr ey < Crlldllera ooy l@ll e eri oy + Coll Bl L e oo 161 L erm oy
< (C1+ Co) |19l Lr (r,ir oy 11 L (02 vy
for some Cq,Cy > 0. O

In view of Lemmas 2.2 and 2.11, we shall work in the space L!(T,I}(N)) for
any fixed s € (%, 1). By comparison with the Wiener space W*(R) which forms a
Banach algebra with respect to pointwise multiplication for any s > 0 (Appendix
B.16), there are reasons to believe that the upper bound on s in Lemma 2.11 is
artificial, but no improvement of it has been made so far.

We shall now consider how the Bloch transform of product terms in the residual
term G.(a,1.) are bounded in space L*(T,I}(N)). The residual term has several
product terms, which involve powers and derivatives of a(X,7T) and bounded 27-
periodic functions u(z) for a fixed T € [0, Tp]. Since X = €'/2z, we shall represent
a(X) by the Fourier transform

a(p) = W /R a(X)e "X dX.

If A(z) = a(e/?x), then
- 1 [/ k
0= i (7).

which shows that the Brillouin zone T 3 k corresponds to the new interval T, > p
and that T. — R as € — 0. If the Bloch transform in & is supported on T, it makes
sense therefore to consider the compact support of a(p) in T.. Note that the L'
norm for the Fourier transform of A(z) = a(X) is invariant with respect to the
small parameter € in the sense

HMu:AWW%:AM@W:MM-

The NLS equation (2.3.2) can be written in Fourier space using the convolution
integrals,

@Mm+w%®:ﬂééﬂmmmMWWrmwm%mpGR (2.3.12)

where the T' dependence of a(p,T) is not written. The previous discussion shows,
however, that we are going to consider approximations of solutions of this equation
on the compact set T, that is, we will deal with solutions of the e-dependent
equation

iaT(Alapp (p) + ap2dapp (p) =8 / / Gapp (pl)aapp (p2)aapp (p +p2 — p1)dp1 dpa,
Te JTe

(2.3.13)
for any p € T.. The following lemma describes the difference in weighted L' norms
between the solution a(p) of the NLS equation (2.3.12) and the approximation
Gapp(p) of the truncated NLS equation (2.3.13).
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Lemma 2.12 Fiz s > 0. Assume that there exist Ty > 0 and a local solution
a(T) € C([0,To), L1 (R)) of the NLS equation in the Fourier form (2.3.12). There
exists a solution Gapp(T) € C([0,Ty], LE(T.)) of the truncated NLS equation (2.3.13)
such that dapp(0) = a(0) for any p € Te and for any small € > 0, there is C > 0
such that

lapp(T) — a(T)||1(r.) < CEl/sz(T)HLgH(R)v T € [0, Tp). (2.3.14)

Proof Let us give the proof for s = 0. The proof for s > 0 is similar. To estimate the
difference in ||Gapp(T) — a(T)|| 11 (1.), We first estimate [|G|| ;1 r\1.) and use the fact
that L' (R) is a Banach algebra with respect to the convolution integrals (Appendix
B.16). For any small € > 0, there is C' > 0 such that

1
a(p)|dp < e (1 +p»)Y?|a(p)|dp < Ce'/?||a .
[ s [ ) Pl < Pl

2172

By variation of the constant, differential equation (2.3.12) can be written in the
integral form,

T
. T) = 7 Tap,0) i [ T
0
X (/ / a(p1,T")a(p2, T")a(p + p2 *plyTl)dpldpz) dr’.
rRJR

It follows from the integral equation that there are C1, Cy > 0 such that

[a(T) = Gapp(T)|| 1 (1) < [1a(0) = Gapp(0) |1 (r.)

T
+Ch / 1&(T") = aapp(T') |71 0, dT" + Ca€"? sup [|a(T")| L1 w)-
0 T'€[0,T)

We assume that d,pp(0) = @(0) for any p € Te. Then, bound (2.3.14) holds by the
Gronwall inequality (Appendix B.6) and fixed-point arguments. O

It remains to bound the Bloch transform of the product terms in the residual
G.(a,?.) in terms of weighted L' norms of a(T). According to bound (2.3.14), we
can replace a(7T") by compactly supported dapp(1"). We shall also project all product
terms to the ngth spectral band so that we only need the ngth component of the
Bloch transform.

Lemma 2.13  Let ¢(z) = aapp(X)uo(z), where X = €'/?x, ug € e ([0,27]), and
Gapp(p) is compactly supported on T.. For sufficiently small € > 0, there is C > 0
such that

Pnollzr(r) < Cllaappllzi(r.),

where ano is the Bloch transform of ¢ at the noth spectral band.
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Proof Using definition (2.1.21) for the Bloch transform of ¢(z), we compute
g ) = (6t (1)) 12 = [ X))t 0 )

:/aapp(X)uo(z:)wno(z;k)efikmdz
R

= / Qapp (X) <Z cn(k)ei<k“)m> dz
R

neZ

1 k—n
= %C’n(k)ﬁdapp ( el/2 ) ’
where
1
T or

27
cn (k) /0 uo(2) W, (23 k)e ™ dr, nEZL

is the nth coefficient of the Fourier series for 2m-periodic function ug(x)wn, (x; k).
Because of the compact support of dapp(p) on Te and the normalization

lway ()llza, =1, k€T,

we obtain

R 1 . k - R
ns(h) = olb) tomn (77) = mallse < ol laummllisce,

where [|co| o (1) < ﬁHUOHH . -

per

Exercise 2.21 Under the conditions of Lemma 2.13, show that if ¢(x) =

Appp (X)u1(z), then for small € > 0, there is C' > 0 such that

[@nollr(ry < ClldappllLy(r.)-

The above estimates are sufficient for the main result on the residual term
Ge(a, 1)) of the time evolution problem (2.3.8).

Lemma 2.14 Let Gapp be compactly supported on Te and all product terms be
projected to the noth spectral band. Then, for any fixed s € (%, 1), we have

Geldapp, o) - Li(R) x L'(T, [(N)) — L*(T, 13 (N)).

Fiz 89,6 > 0 such that & € Bs,(LL(R)) and ¥ € Bs(L'(T,IX(N))). There exist
positive constants C1(6o,9) and Co(dg,0) such that

|Ge(@apps o)l L1 a1 )y < C1(do,6) (H&BPPHL}I(]R) + WeHLl(T,lg(N))) ; (2.3.15)

|Ge(@app, Pe) — Gelapp, Ye)lLr(rar vy < C2(80,0)l|the — Vell 1o vy)- (2.3.16)

Proof According to the explicit form, the residual term G.(a,).) contains product

1/2

terms involving powers of a and up to the fourth derivative of ¢ in X = ¢'/?x and

bounded 2m-periodic functions of x. By Lemma 2.13 and properties of Wiener
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spaces (Appendix B.16), all product terms are controlled by the L} norm on épp-
By Lemma 2.11, every term of the residual G(a, ) belongs to L*(T,I}(N)) for a
fixed s € (,1). Bounds (2.3.15) and (2.3.16) are found from analyticity of G(a, 1)
in variables a and .. O

Step 4: Control on the error bound. By Theorem 1.1 (Section 1.3.1), the
initial-value problem for the NLS equation (2.3.2) is locally well-posed in space
H*(R) for any s > ;. By Lemma 2.14, we need to require that Gapp(7T) € Li(R)
remains for all T € [0, 7] for some fixed Ty > 0. By Lemma 2.12 with s = 4, we
need a(T) to belong to Li(R) for all T € [0, Tp)-

Recall that there exists a positive constant Cs , such that

lales < Cugllalzz,,. 520, 4> .

Therefore, we shall use the local well-posedness of the NLS equation (2.3.2) in
H*(R) for any s > 5+ %, for instance for the nearest integer s = 6.

Using the Duhamel principle, we rewrite the time evolution problem (2.3.8) after
G is replaced by the approximation @a.pp in the integral form

~ ~ t . Ny T ~ ~
Ve (t) = e HET0)e) (0) — ie / e T E=w0) G (G (et), e () dt .
0
Since L € R is a multiplication operator, we have the norm preservation of the
semi-group e~ *(E=w0) a5 follows:

Vi€ LHT,EN)) « (e 720 pyqin ) = Wl razany, ¢ € R
We shall choose §9 > 0 and § > 0 large enough for [[Gapp(T)llr < do and

[e(®)llL1(r ey < 6 so that bounds (2.3.15) and (2.3.16) of Lemma 2.14 can
be used for any fixed 7' > 0 and ¢ > 0. By the Banach Fixed-Point Theorem (Ap-
pendix B.2), existence and uniqueness of solutions in space C([0,to], L* (T, }(N)))
are proved from the integral equation if

€C2(00,0)to <1 = Ca(d,0)Tp <1, (2.3.17)
where we denote Ty = etg. We also find that
H?/;e(t)HLl(T,z;(N)) < H’d}e(O)HLl(T,lé(N))
#Cx(00.0)c [ (1apnle?ay + 1901 )
By Gronwall’s inequality (Appendix B.6), we have

sup [[ve ()| o) <
t€[0,to)
if
<|¢5(0)|L1(T,zg(N)) + C1(60,0)To sup |&app(T)|L}l> 10000 < g, (2.3.18)

T€[0,To]

Since none of the parameters Tg, dp, and & depends on e, there is always a choice
of dp > 0 and 0 > 0 to satisfy inequalities (2.3.17) and (2.3.18).
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The proof of Theorem 2.3 is now complete. O

Exercise 2.22 Consider the Gross—Pitaevskii equation with a potential V(z)
that depends on parameter n such that E, (ko) = En,+1(ko) for n = n9 > 0 but
E,, (ko) < Epg11(ko) for n > no. Let € = n — 1o > 0 be a small parameter and
justify the nonlinear Dirac equations with first-order derivative terms.

Exercise 2.23 Let ¢(x) = a(X)ug(z), where a € H(R), X = €/%z, and g €
L3, ([0, 27]). Prove that
gl < Ce™ A (Jluollzg, + llupllrg,)lalla- (2.3.19)

per per

Remark 2.5 Because of the bound (2.3.19), Theorem 2.3 can also be proved in
Sobolev space H!(R) with the error bound

lu(-,t) — €/2a(e/?. et)uge 0| g1 < Coe®/4.

Note that the error bound is larger compared to the one in Theorem 2.3.

2.3.2 Justification of the stationary equation

Consider the stationary reduction of the NLS equation (2.3.2),
a(X,T) = A(X)e

where Q is a real-valued parameter and A(X) is a real-valued solution of the sta-
tionary NLS equation,

aA"(X)+ BA3(X) = QA(X), X €R. (2.3.20)
Decaying solutions of this equation, called NLS solitons, exist for

sign(a) = sign(B) = sign(Q) =1,

where we recall that 8 = [ug||7s > 0. Since their analytical form is remarkably
Ber
simple, we are tempted to write it explicitly as
20\ /2 O\ /2
A(X) = Apsech(KX), Ap= <?> , K= (7) , (2.3.21)
@

although the exact analytical form is not used in our analysis. We consider persis-
tence of the localized mode of the stationary NLS equation (2.3.20) as a localized
mode of the stationary Gross—Pitaevskii equation,

—3"(z) + V(2)®(x) + ®3(z) = wd(x), =z €R. (2.3.22)
Equation (2.3.22) follows from the time-dependent Gross—Pitaevskii equation (2.3.1)
after the substitution
u(z, t) = ®(z)e
where w is close to the band edge wy = E,, (ko) of an isolated ngth spectral band
of L =—02+ V(x) and ®(z) is a real-valued function.
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To simplify the analysis, we assume that V(—z) = V(z) and look for even solu-
tions

To understand the role of the constraint V(—x) = V(z), we should realize that
the stationary NLS equation (2.3.20) is invariant with respect to spatial translation
(if A(X) is a solution, so is A(X — Xj) for any Xy € R), whereas the stationary
Gross—Pitaevskii equation (2.3.22) is not. Therefore, the NLS soliton (2.3.21) can be
extended as a one-parameter family of localized modes of the space-homogeneous
equation (2.3.20) but only some solutions of this family persist in the space-periodic
equation (2.3.22). Without the constraint V(x) = V(—x), the persistence analysis
becomes more complicated and involves the beyond-all-orders asymptotic expansion
(Section 3.2.2). If we impose the above constraint on V' (z), the proof of the main
result becomes simpler. The following theorem represents the main result of the
justification analysis.

Theorem 2.4 Let V € L3 ([0,27]) satisfy V(—x) = V(x). Fizng € N such that
E; (ko) =0, E; (ko) <0, and the ngth spectral band is disjoint from other spectral
bands. Let A(X) = A(=X) be a localized mode of the stationary NLS equation
(2.3.20) for Q > 0. There exists g > 0 and Cy > 0 such that for any € € (0,¢), the
stationary Gross—Pitaevskii equation (2.3.22) with w = wo+ € admits a real-valued
solution ® € CP(R), even in x, decaying to zero as |x| — oo, satisfying the bound

(@ — €2 A(eY2 Yty (-5 ko) || e < Coe®C. (2.3.23)
Remark 2.6 Since o = —3E/(kg) > 0 and Q > 0, the localized mode of the

Gross—Pitaevskii equation (2.3.22) is generated by the localized mode of the sta-
tionary NLS equation (2.3.20) near the maximum values of the band curves inside
the corresponding band gap with w > wy.

Proof The proof of Theorem 2.4 consists of three steps.

Step 1: Decomposition. The only relevant spectral band of operator L =
—02 + V(x) is the ngth spectral band with the resonant mode at k = kq. To single
out this mode, we expand the solution ®(z) using the Bloch decomposition,

B(z) = /2 / S o ()uun (s ), (2.3.24)
T

neN

where the scaling €!/2 is introduced for convenience of handling the cubic nonlinear
term. By Lemma 2.2, if ¢ € L'(T,I}(N)) with s > 1 then ¢ € CP(R) and ¢(x) — 0
as |z| = oo. Substituting (2.3.24) into (2.3.22) with w = wy + €, we find a system
of integral equations, which is diagonal with respect to the linear terms

[En(k) —wo — Q] &, (k) =
—e / S My (ks by, ki) O, (k) @, (), (ks ) dkiy dhipdis
T

3
(n1,n2,n3)€EN3

(2.3.25)
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for all n € N and k € T, where

Mn,nl,nz,ng(k7 kh k27 k3) = / ﬂn(x§ k)ﬂnz (‘TJ; k2)un1 (:L'; kl)ung (QJ; k3)dk1dk2dk37
R

for all (n,n1,n2,n3) € N* and (k, k1, ko, k3) € T4 By Lemma 2.11, the cubic
nonlinear terms of the integral equations (2.3.25) map an element of L'(T,I}(N))
to an element of L!(T,I}(N)) for any fixed s € (0, 1). Therefore, we shall consider
solutions of the integral equations (2.3.25) in the space L'(T,I}(N)) for a fixed
ENS (%, 1).

The multiplication operator E,,(k) — wy vanishes at the point k = ko, which
results in a singularity of <i>n0 (k) near k = ko when ¢ = 0. To single out this
singularity, we decompose ®(k) into three parts

Do (k) = (B0 (k)x4 (k) + Bug ()L = x4 (8))) Gy + Bulk)(1L = buny), (23:26)
where 6, ,, is the Kronecker symbol, x p,(k) is the characteristic function, and
Dy={keR: |k—ko|<€e}CT,

for a fixed » > 0. Note that the 1-periodic continuation must be used in k-space if
ko = % to ensure that Dy C T.

Step 2: Non-singular part of the solution. We can now characterize @n(k)
for all n € N and k € T in terms of ®q(k) defined for n = ng near k = k.

Lemma 2.15 Let V € L3, ([0,27]) and fiz v € (0,3) and s € (5,1). There exist

€ >0, 0y > 0, and Cy > 0 such that for any &y € Bs,(L*(Dy)) and € € (0, €),
there exists a unique continuous map

(Do, €) : LY(Dg) x R — LY(T,IL(N)) (2.3.27)
such that ®(k) = U(dg, €) solves (2.3.25) and satisfies the bound

o, < Coel=27||® ,
||A ollimy < Co ||A oll21(Dy) (2.3.28)
[Pnll LTy < Coell®ollzr(pgy), ™ # 10-

Proof Since E,, (ko) = 0 and E; (ko) # 0, for any € € (0, €p), there exists constant
Cy > 0 such that

min | E,, (k) — wo| > Coe®", inf min|E, (k) —wo| >Cy.  (2.3.29
kesupp(&)m)l o(k) —wo| = Co e min [ Bn (k) — wol 2 Co. - (2:3.29)
Ifr < %, then the lower bound (2.3.29) is larger than the cubic nonlinear terms

of system (2.3.25). By the Implicit Function Theorem (Appendix B.7), there
exists a unique continuous map (2.3.27) for &, € Bj,(L'(Dy)) and € € (0,€p).
The right-hand side of the integral equation (2.3.25) is a homogeneous
cubic polynomial of &, (k) multiplied by €, so that bound (2.3.29) gives bound
(2.3.28). O
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Using the map of Lemma 2.15, we eliminate all components but ®, from the inte-
gral equations (2.3.25). To recover the stationary NLS equation (2.3.20) in Fourier
space from the integral equation (2.3.25) at n = ng and k € Dy, we use the stretched
variable p in the scaling transformation,

R 1 k—k
®o(k) = g5(p), p= 761/20, (2.3.30)

where the scaling exponents are inspired by the scaling of variables in the asymp-
totic expansion (2.3.4). If we apply now the scaling transformation (2.3.30) to the
decomposition (2.3.24) and (2.3.26), we obtain at the leading order

61/2/ éo(k)uno(x; k)dk = 61/2/ a(p)wn, (z; ko + 61/2p)eik°”ei”xdp
Do |

p|<er—1/2
= 2a(X)ug(z) + r(z),
where

o () 1= Un, (5 ko) = Wy (5 ko )eF0%,

a)= [ e,
|p|<er—1/2
and the remainder term r(x) enjoys the estimate

IrllLe = el/? sup
z€eR

< Ce* " all L.y,

/ a(p) [wno (z; ko + 61/2p) — W, (; ko)] elForolPX g
[p|<er—1/2

thanks to analyticity of wy,(z;k) in k near k = ko. The interval Dy C T is now
mapped to the interval D, C R, where

D.={peR: |p| < Y2 CR.

The new domain covers the entire line R as ¢ — 0 if r < % The scaling trans-
formation (2.3.30) preserves the L' norm H'i>0||L1(D0) = |la| z1(p.), which means
that the bounds in Lemma 2.15 do not lose any power of e. Applying the scaling
transformation to the integral equation (2.3.25) at n = ng and k € Dy, we obtain

for p € D,
(—ap® — Q)a(p) + €/ / X Mg mg.nomo (s K, ez, kig) @o (k) o (k) o (ks )dky dkadhs
Dy
1 1 . Cor P a
= {Eno(ko + €/2p) — By, (ko) — 5ep?E,’;O(ko) a(p) + 7 P.(a), (2.3.31)

where, thanks to Lemma 2.15, for any @ € Bs(L*(D.)), there is a constant C(§) > 0
such that

|2e@)l| 220, < CO) ]2 (o,)-
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On the other hand, thanks to the analyticity of E,, (k) near k = ko, there is C' > 0
such that

3/
€ D.

Ifr > %, the linear residual term is small. Thus, we need r € (i, %) to ensure that
both remainder terms are small. They have the same order O(e!/?) if r = %

We shall now simplify the nonlinear term in the left-hand side of the integral
equation (2.3.31). We will find that the triple integration in the Bloch space results
in the double convolution integral in Fourier space at the leading order according

to the following computation

1
Bng (ko + €/7p) = Eny (ko) = 5ep®EY, (ko)

la(p)ldp < Ce / p*a(p)| dp

€

S Cé4r_1||d“L1(DE).

61/2 /Ds Mnu,noﬂoyno (k7 k1, k2, k3)(i)0(kl)ci)o(kz)éo(k?’)dkldkédkg
0

= 61/2/ / W, (23 ko + el/Qp)ano(x; ko + el/sz)wno(x; ko + el/zpl)
D3 Jr
X W, (3 ko + €/%p2)a(p1)a(p2)a(ps)e! P P32 P)X dadp, dpsdps

/ / [uo(2)|*a(p1)a(p2)alps)e' P 5P ~PIX a X dpy dpadps + Qc(a),

where ug = Uy, (7; ko) and, for any a € Bs(L*(D.)), there is a constant C(5) > 0
such that

1Qc(@)llL1(p.) < C@O)e 2 al| (..
The bound for Q.(a) is obtained from the analyticity of w, (x; k) in k near k = ko

thanks to the fact that L!(D,) forms a Banach algebra with respect to convolution
integrals (Appendix B.1). Let us now represent |ug|* € C%,.([0,27]) in the Fourier

per
series
@t =2+ 3 e,
2T
nez\{0}
where 3 = HugH‘I{4 and {c¢, }nez are some Fourier coefficients. The zero term of
Bor

the Fourier series results in the leading-order term

/ / Pl 5 p3) i(p1+p3—p2— deXdp1dp2dp3
D3
—8 / a(p1)(p2)i(ps)3(p1 + ps — p2 — p)dprdpadps

= ﬁ/ a(p1)a(p2)a(p — p1 + p2)dpidpo,

where (p; + p3 — p2 — p) is the Dirac delta function in the sense of distributions.
All nonzero terms of the Fourier series for |ug(x)|? with n € Z\{0} give zero con-
tribution to the triple integral since the singularity of the delta function at

n
pP1+Dp3—p2—p= a7
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is beyond the compact support of a(p1)a(p2)a(ps). Combining the previous results,
we write the reduced equation for a(p) in the form

(—ap® — Q)a(p +5/ / a(p1)a(pz)a(py + p2 — p)dpidps = Re(a), (2.3.32)
where

Ve € (0,60) ;A0 >0 HRe(d)HLl(DS) < C’Emin(‘lril’li%’)‘|d||L1(D6).

Step 3: Singular part of the solution. The integral equation (2.3.32) is dif-
ferent from the stationary NLS equation (2.3.20) rewritten in the Fourier domain in
two aspects. First, the convolution integrals are truncated on D, C R. Second, the
residual terms of order e™(4r=1.1=2r) 416 present. The first source of error is small
if solutions of the stationary NLS equation (2.3.20) decay fast in Fourier space as
|p| — oo, which is the case for the NLS solitons (2.3.21) (they decay exponentially
in Fourier space). The second source of error can be handled with the Implicit
Function Theorem. For notational simplicity, we write the stationary NLS equation
(2.3.20) as

F(A):=aA” + A —QA=0
and the linearized Schrddinger operator at a solution A = A(X) as
Ls = DsF(A) := ad% + 364%(X) — Q.

These quantities in the Fourier domain are rewritten as F(A) = 0 and L, =
D ;F(A). The integral equation (2.3.32) can be written as F(a) = Rc(a), where a
is compactly supported in D..

Lemma 2.16 Let V € L% ([0,27]) satisfy V(—x) = V(x). Let A(X) = A(-X)
be a localized mode of the stationary NLS equation (2.3.20) for Q > 0. Fix r = %
(for simplicity). For any e € (0,¢€), there exist C > 0 and a solution & € L*(D,)

of the integral equation (2.3.32) such that
la— Allip,y < Ce'/3. (2.3.33)

Proof First, we consider the integral equation (2.3.32) with r = % in L*(R) by
extending the residual terms to R with a compact support on D, C R. Decompose
the solution of the extended system F'(a) = R.(a) into a = A + b and write the
nonlinear problem for b in the form

Lab=N(b) = Re(A+ [ (A+b)— m;} , (2.3.34)
where L4 = DAF(A) is a linearized operator, F'(A + b) — Lb is quadratic in b, and
R.(A + b) maps an element L'(R) to itself.

The linearized Schrodinger operator L 4 has a one-dimensional kernel spanned by
the eigenvector A’(X) and it is bounded away from the rest of the spectrum of L 4.
Imposing the constraint A(—X) = A(X) on solutions of the stationary NLS equa-
tion (2.3.20), we obtain a constrained space of L*(R), where the linearized operator
L4 is continuously invertible. Since the constraint ®(—z) = ®(x) is preserved by
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solutions of the stationary Gross—Pitaevskii equation (2.3.22) if V(—z) = V(z), the
fixed-point problem b= ﬁ;lﬁ (13) is closed in the corresponding constrained space.
By the Implicit Function Theorem (Appendix B.7), for any € € (0,¢p), there are
C,C" > 0 and a unique even solution b such that

bl < ClIR(A) 11 < OV,

This result implies the desired bound (2.3.33) if the error of the residual terms on
R\ D, does not exceed the error of the residual terms on D, which is of the order of
O(e'/3). The error comes from the terms ||b]| Li(®\D,) generated by the second-order
differential operators of the stationary NLS equation and from the terms b LU(R\D.)
generated by the convolution operators of the stationary NLS equation. The error
coming from || A Li®\D,) is negligible thanks to the fast (exponential) decay of
A(p) as |p| — co. Since b= L;'N(b) and L' is a map from L'(R) to L(R), for
any € € (0, €), there are C,C’,C” > 0 such that

HEHL;(R\DE) < HEHL;(R) < CIIND)| pi(r) < C'|Re(A)|| 1y < C"eV3.

Therefore, the truncation does not modify the order of the error of the residual
terms of the integral equation (2.3.32). O

We now conclude the proof of Theorem 2.4.
Fixr = % and s € (3, 1). Using the triangle inequality and the bounds of Lemma
2.15, we obtain

|® — e/2A(eY/2 Yug || e < /2 (0161/3 + Cslla — A”Loo) ,
for some C1,Cy > 0. By the Holder inequality, we have
la = Al < lla = Allps = lla = All o) + [All L @\0.),s

with the last equality due to a compact support of @ on D.. The first term is
bounded by Lemma 2.16 and the second term is smaller than any power of € if A
decays exponentially as |p| — co. Therefore, the solution ® constructed in Lemmas
2.15 and 2.16 satisfies the desired bound.

The proof of Theorem 2.4 is now complete. g

The justification analysis described above is limited in the space C?(R) (since
s € (%, 1)) and does not specify any information on the regularity of the constructed
solutions in Cf (R) for r > 1. Dohnal & Uecker [51] constructed solutions with better
regularity in H*(R) for s > 1 at the price of losing too many powers of € in the
bound on the error term. Ilan & Weinstein [90] incorporated more terms of the
asymptotic multi-scale expansion in order to get a better power of € in the bound
on the error term.

Exercise 2.24 Prove that there exists a non-trivial solution ®(z) of the stationary
Gross—Pitaevskii equation (2.3.22) in C2,,(]0,27]) such that

per
3C'>0: H<I>—el/2AuoH < Ce¥?,
L()C
if and only if there exists a non-trivial solution for A of the bifurcation equation

BA? = QA+ €eR.(A),
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where R.(A) is an analytic function of € and A such that R.(0) = 0.

Exercise 2.25 Justify the system of three two-dimensional coupled NLS
equations,
(Q — B1) A1 + (a10%, + a20%,) A
= 7141 A1+ 72(2] 42 Ay + AFAL) + 732|452 A1 + ASA,),
(Q — /Bl)Ag + (agagﬁ + a1@§(2) A2
= 71| A2|* A 4+ 72(2| A1 * Az + AT A3) + 73(2| A3|* Az + A3 Ay),
(Q = B2)As + a3 (0%, +0%,) A3
= Ya| A3 Az + 293 (| A1 * + |A2[*) A3 + 73(AT + A3) A,
with some numerical coefficients (51, 82, a1, ag, as, V1, V2, V3, 74) and parameter 2

starting with the stationary two-dimensional Gross—Pitaevskii equation with the
separable potential,

=97, + 02, 8@, w2) + 1 (V(21) + V(22)) ¢(w1, 32) + |96 = wi (a1, 22)

where 1 and w are parameters. Assume that there exists 7y such that at n = 1y,

w05 (1) = (1) 50y =25 (1),

whereas a narrow band gap between the three adjacent spectral bands bifurcates
for n > no.

2.4 Justification of the DNLS equation

The third and last example of the justification analysis deals with the discrete
nonlinear Schrédinger equation,

iam =« (aerl + amfl) + 6|am|2am7 (241)

where {a;,(T)}mez is a set of complex-valued functions in a new time variable
T, whereas o and 8 are some nonzero numerical coefficients. The DNLS equation
(2.4.1) is relevant for the Gross—Pitaevskii equation,

iup = — Uy + € 2V (2)u + |ul?u (2.4.2)

in the limit of large periodic potentials measured by a small parameter ¢ > 0. In
this context, a,,(T") represents u(z,t) in the mth potential well located for z €
[27rm, 27(m 4 1)] and it evolves in a slow time 7. The limit of large potentials is
generally singular for the spectral theory of Schrodinger operators (Section 2.1). For
instance, if V' is the piecewise-constant periodic potential (2.1.15), then V' reduces
to a periodic sequence of infinite walls of nonzero width in the limit & — oo. If
V is the squared-sine function (2.1.16), then V' becomes unbounded in the limit
Vo — OQ.

Since the limit ¢ — 0 is singular, we have to ensure that the properties of the
Wannier decomposition (Section 2.1.3) remain valid uniformly in (0, ) for small



106 Justification of the nonlinear Schrédinger equations

€0 > 0. To be precise and to extend the discussion beyond the particular examples
(2.1.15) and (2.1.16), we begin by postulating the main assumptions when the DNLS
equation (2.4.1) can be justified in the context of the Gross—Pitaevskii equation
(2.4.2).

Recall that Sobolev space H'(R) is the energy space for the Gross—Pitaevskii
equation (2.4.2) (Section 1.3.1). However, because ¢ =2V becomes singular as € — 0,
the H'! norm is not equivalent to the norm induced by the quadratic form generated
by operator L = —92 + ¢~2V (). Since the transformation

u(z, t) = u(z, t)e 0t 2V (z) = e 2V (z) + wo

does not change solutions of the Gross—Pitaevskii equation (2.4.2), we may assume
without loss of generality that V' is bounded from below. For convenience, let us
assume that V(x) > 0 for all z € R. Then, o(L) C R, and it is more convenient to
work in the function space H!(R) equipped with the operator norm

1/2
6llse :=||<I+L>1/2¢||L2:(/R <\¢'\2+e*QV|¢|Q+|¢\2>dx) L (243)

so that ||¢]l g1 < ||@]lna-

Let us assume that there is a small parameter p = p(e) > 0 such that g — 0 if
€ — 0. Pick the nth spectral band for a fixed n € N and assume that the functions
E, (k) and u, (z; k) and their Fourier series (2.1.29) and (2.1.30) satisfy the following
properties for all 0 < p < 1.

(1) A center of the nth spectral band remains bounded as p — 0:
JdEy < 00 : ‘En,O‘ < Ej.
(2) The width of the nth spectral band is small:
3CE,Co >0 CTp<|Ent] <CTp,  |Epm| < Cap®, m>2.
(3) The nth spectral band is bounded away from other spectral bands:

: inf inf n’ — An > .
3Cy, >0 nrelgll\{n} éIelT|E, (k) — En,ol > Co

(4) There exists a nonzero 4y € L?(R) such that:
3Cy > 0 : Hﬂmo — '&OHL‘X’ < Co/J,.
(5) The Wannier function 4, o(x) satisfies the exponential decay:

IC > 0: sup [tino(z)] < Cu™, m>1.
z€[—2mm,—2mw(m—1)]U2rm, 27 (m+1)]

The limit g — 0, which is characterized by properties (2) and (3), is usually
referred to as the tight-binding approximation of the nth spectral band. It is proved
in Appendices B and C of [165] that the above properties are satisfied by the
piecewise-constant potential (2.1.15) with b = ¢~ 2 and p = ee~™/¢. The small
parameter y is exponentially small in terms of the small parameter e = b=1/2.
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Exercise 2.26 Consider an L-periodic potential V(z + L) = V(z) and prove
that, if V on [0, L] consists of two constant non-equal steps, then the limit L — oo
corresponds to the limit b — oo for the potential (2.1.15) after rescaling of ¢, z, V,
and ¢.

Exercise 2.27 Consider a 27-periodic potential supported at a single point on
[0,27], e.g. V(x) = §(x — m) for all z € [0, 2], and show that property (2) is not
satisfied for this potential.

Exercise 2.28 Consider the 27-periodic squared-sine potential (2.1.16) with Vg =
¢~2 and show that properties (2) and (3) are satisfied with p = e=3/2¢=8/¢,

Recent justification of the DNLS equation for a finite lattice was performed in
the context of the Gross—Pitaevskii equation with an N-well trapping potential by
Bambusi & Sacchetti [13]. Infinite lattices for C*° potentials in the semi-classical
limit were studied by Aftalion & Helffer [4], where the DNLS equation was justified
among other models. Analysis of the coupled N-wave equations for a sequence
of modulated pulses in the semi-classical limit of the Gross—Pitaevskii equation
with a periodic potential was performed by Giannoulis et al. [67]. In a similar
context, a nonlinear heat equation with a periodic diffusive term was reduced to
a discrete heat equation by Scheel & Van Vleck [180] using the invariant manifold
reductions. Lattice differential equations were also justified for an infinite sequence
of interacting pulses with a large separation in a general system of reaction—diffusion
equations by Zelik & Mielke [221] using projection methods.

Our treatment of the problem is based on the work of Pelinovsky et al. [165] and
Pelinovsky & Schneider [164]. As in Sections 2.2 and 2.3, the justifications of the
time-dependent DNLS equation and the stationary DNLS equation are separated
into two different subsections.

2.4.1 Justification of the time-dependent equation
Let us fix n € N and use assumptions (1)—(5) listed at the beginning of this section.

The main goal of this section is to prove the following theorem.

Theorem 2.5 Fiz s > 1 and let a(T) € CY(R,12(Z)) be a global solution of the
DNLS equation (2.4.1) with initial data a(0) = ag € 12(Z). Let ug € HY(R) and
assume that there is a Cy > 0 such that

< Cop®/2.
Hl

Uy — ul/z Z A, (0) Ty
meZ

For sufficiently small p > 0, there are Ty > 0 and C > 0 such that the Gross—
Pitaevskii equation (2.4.2) admits a unique solution u(t) € C([0, u 1To], H (R))
such that u(0) = ug and

u(-,t) — ul/zefiE"*“t Z A (T) im0
meZ

<Op’?, te o, '], (24.4)
Hl
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Proof The proof of Theorem 2.5 consists of four steps.

Step 1: Decomposition. Let us represent a solution of the Gross—Pitaevskii
equation (2.4.2) by the asymptotic multi-scale expansion,

u(z,t) = M1/2 (po(z,T) + /J(,ON(CE,t))eiiE"*Ot,

where T' = ut, ¢, is a remainder term to be controlled, and (g is the leading-order
term given by
00(,T) =Y am(T)in m(x).
meEZ

According to the decomposition (2.1.39), ¢o(-,T) € &, C L?(R) if the sequence
{am(T) }mez is squared summable for this value of T € R. It does not imply,
however, that ¢, (-, t) lies in the complement of &, in L?(R). Therefore, we do not
restrict ¢, but impose a restriction on the sequence {a,(T")}mez to satisfy the
DNLS equation (2.4.1) with

By X
o= 7, , B = Hun’0|
y2

1a. (2.4.5)

The value of « is uniformly bounded and nonzero in 0 < g < 1 thanks to property
(2). Since

Hﬂn,()”’g}-{l =1 + En,07

property (1) ensures that ||, ollg < [[inollwr < (1 + Eo)'/? uniformly in 0 <
@ < 1. By the Sobolev Embedding Theorem (Appendix B.10), the value of § is
bounded. Property (4) ensures that 8 # 0 in 0 < u < 1. As a result, the DNLS
equation (2.4.1) has nonzero coefficients « and 3 as y — 0.

Substitution of ¢(z,t) into the Gross—Pitaevskii equation (2.4.2) generates an
equation for the remainder term ¢,,(x, t), which depends on the behavior of o (z,T').
The time evolution problem takes the form

. ~ 1 . R
lat@u = (L - En,O)‘Pu + - Z Z En,m’fmam’un,m

H meZm'€Z\{m—1,m,m+1}

+ (|€00 + ppul® (0o + o) = B |am2amﬁn,m) , (2.4.6)
meZ
where L = —82 + ¢ 2V(z). The term in large parentheses gives non-vanishing
projections to the complement of the selected nth spectral band in L2(R) as u — 0.
Therefore, before analyzing the time evolution problem (2.4.6), we need to remove
this non-vanishing term by means of a normal form transformation.

Step 2: Normal form transformation. Let II,, be an orthogonal projection
from L2(R) to &, C L?(R). We shall project |pg|?po onto &, and its complement
in L2(R), i.e.

lpol*wo = In|wol* o + (I — I1,) |0 0.

The following lemma is useful to control the projection (I — IL,)|w0|?@0.
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Lemma 2.17 There exists a unique solution ¢ € H'(R) of the inhomogeneous
equation

for any f € L2(R) such that

<907 ¢>L2 =0, 7/} S Snv

and for all 0 < p < 1, there is C' > 0 such that

lellws < Cllfllze- (2.4.8)

Proof Denote & = L*(R)\E,. By property (3), E,o ¢ o(Llg1), so that if ¢ is
a solution of (2.4.7), then ¢ € L?(R) for any f € L?(R). Existence of solutions of
(2.4.7) can be found by means of the Bloch decomposition (2.1.22) in the form

ok
o(x) = / Z #un/(m; k)dk,
T n’€N\{n} E”/(k‘) - E"‘ro
which implies that there is C' > 0 such that
[Foe (B2 <C <C
lell7= = > (k)—Edk S 1 fw®)Pdk < C|f]17--
Ty eN\{n} n,0) T eN\{n}

By property (1), we also obtain

3 < L+ Eno)llelze + 1£1721lZ: < ClFIIZ:,

for some C > 0. Therefore, if f € L?(R), then ¢ € H'(R) and the bound (2.4.8)
holds. Uniqueness of ¢ follows from the fact that the operator (I —1L,,)(L—E,, o)(I —
IL,)) is invertible. O

Using Lemma 2.17, we decompose ¢, (z,t) into two parts,

ou(,t) = 1(2,T) + Yu(z,t), (2.4.9)

where (7 is a unique solution of

(L—=Eno)pr=—(— Hn)|‘PO|2S@0~

Now the leading-order term in large parentheses of system (2.4.6), which gives
a non-vanishing projection to £- as u — 0, is removed with the normal form
transformation (2.4.9). The same leading-order term also gives a nonzero projection
to &,. However, thanks to property (5), this projection is as small as O(p) in H'
norm. Therefore, we substitute the decomposition (2.4.9) into system (2.4.6) and
write the time evolution problem for v, (x,t) in the abstract form

00 = (L= Eno) Y+ 1nR(@) + uN (8, ). (2.4.10)
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Thanks to the choice of « and 3 in (2.4.5), we have R(a) = > 7 rm(a)ln,m(x)
with

r’m(a) = - Z Emm'—mam’

H m/€Z\{m—1,m,m+1}
1 _
+ ; E K7n7m17m2,msam1amzam37

(m1,ma2,m3)€Z3\{(m,m,m)}

where Ko my ma,ms = (Un,ms Un,ms Un,msUn,ms ) £2- On the other hand, the nonlinear
vector field is given by

N(37 %) = _iaT@l + 2|‘P0‘2(991 + 1/’#) + 908(951 + ﬂ_’u)
+11 (21 + YulP 00 + (01 + ¥u)*@o) + 121 + Pul’ (o1 + ¥u),

where ¢y and ¢ denote

Yo = Z amﬁn,m, Y1 = 7(1 - Hn)(L - En,O)il(I - Hn)|900|2900
meN

Step 3: Fixed-point iterations. The abstract representation (2.4.10) suggests
that R(a) and N(a,,) remain uniformly bounded in ! norm for 0 < p < 1.
To control these terms, we consider a local ball of radius dp > 0 in [*(Z) denoted
by Bs,(I1*(Z)) and a local ball of radius § > 0 in H' denoted by Bs(H'(R)). The
following lemma gives a bound on the vector field of the evolution problem (2.4.10).

Lemma 2.18 Fiz dy,8 > 0 such that a,a € Bs,(1(Z)) and 1,1, € Bs(H'(R)).
For any 0 < u < 1, there exist positive constants Cr(dp), Cn(d0,9), and Kn(do,0)
such that

[R(a)[l2: < Cr(d0)llalls, (2.4.11)
[N (@, du)ll7r < Cn(bo,6) (lallir + Wpulla),  (2.4.12)
||N(a7 wu) - N(a7 &#)H'Hl < KN(607 6)pr, - 172#“7‘(1' (2413)

Proof By Lemma 2.4 (extended to H!(R) since 4,0 € H(R)), if a € [*(Z), then
0o € H'(R) and there is Cy > 0 such that ||¢o||4: < Collal|;r. Furthermore, since

lull3 = lullFr + €2V 2ullZs,

the Sobolev Embedding Theorem (Appendix B.10) implies that H!(R) forms a
Banach algebra with respect to pointwise multiplication, so that

3C>0: Yu,veH(R): luv]lzr < Cllullgg||v]a:-

Therefore, |[|ol>¢ollur < C3lpoll3, < C3C§lall? and, by Lemma 2.17, there is
Cy > 0 such that [[¢1 [+ < Cyllall?:.

Bound (2.4.11) on the vector field R(a) is proved if for any ¢ € B, (I}(Z)) there
is Cr(dp) > 0 such that [|r(a)|[;1 < Cr(do)||lall;1. The first term in r(a) is estimated
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as follows:
§ E’n,m’—mam’ < E E |En$m/_m”(lm/‘
m/€Z\{m—1,m,m+1} n meZm’€Z\{m—1,m,m+1}
< Kilal|s,
where

K= sup Z IEn,m’—m‘ = Z |En7l .

MEL €T\ fm—1,m,m+1} 1€Z\{~1,0,1}

Because E, (k) is analytically continued along the Riemann surface on k € T, we
have E,, € H*(T) for any s > 0 and hence K; < oo for u > 0. By property (2),
Epny = O(u?) for all 1 > 2, so that K;/pu? is uniformly bounded as p — 0.

The second term in r(a) is estimated as follows:

Ko yma ma @my Gmy Gy

(m1,ma2,m3)€Z3\{(m,m,m)} I

< Z Z ‘Km7m17m27m3Haml”amzuamal < KQHa”?l?
mEZ (my,ma,mz)EZ3\{(m,m,m)}

where

Ky = sup z | K, yma,ms |-
(m1,m2,m3)€Z3\{(m,m,m)} =

Using the exponential decay (2.1.38), we obtain

JA, > 0: V2 ER: Y |nm(@)] < Cp Y e M2l < 4,
meZ meZ

For all (my, ma,m3) € Z3, we have

Z [ K i1 mgma | < An/ |G,y ()| |G ()| |G s () [ d < AanLn,OH%M
R

meZ
and hence Ky < oo for pu > 0. By property (5),

_ mi1—ml|+|me—m|+|ms—m|+|me—mi|+|msz—mi|+|ms—m
Km’mhmms_@(ﬂw L=+ [ma—m|+|ma —m|+|mo—m | +|ms —m | +|ma 2|)7

so that Ko/p is uniformly bounded as y — 0 and bound (2.4.11) is proved.
Bound (2.4.12) follows from the fact that both #!(R) and I*(Z) form Banach alge-
bras with respect to pointwise multiplication (Appendix B.1). If a,a € Bs, (I1*(Z)),
then o, 1 € Bs(H'(R)) and N(a, ;) maps 1, € H*(R) to an element of H!(R).
Moreover, N(a,1,) is uniformly bounded as u — 0. The proof of bound (2.4.13)
also follows from the explicit expression for N(a,v,,). O

Step 4: Control on the error bound. To work with solutions of the time
evolution equation (2.4.10), we need to prove that the initial-value problem for this
equation is locally well-posed if a(T') is a C* function on [0, Tp] in a ball B, (I*(Z)),
where Ty may depend on dg.
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Lemma 2.19 Fiz Ty > 0 and & > 0 such that a(T) € C*([0,To], Bs, (11(Z)))
for some Ty > 0 and 6o > 0. Fiz § > 0 such that 1,(0) € Bs(H'(R)). There
exist to > 0 and pg > 0 such that, for any p € (0, pg), the time evolution problem
(2.4.10) admits a unique solution 1, (t) € C([0,to], H'(R)).

it(L—E

Proof Since L is a self-adjoint operator in L?(R), the operator e~ n0) forms

a unitary evolution group satisfying
WeH ®): e P = [[Yll, tER.

By Duhamel’s principle, the time evolution problem (2.4.10) is rewritten in the
integral form

Yult) = e Endy, (0)

t
b [T (Rlaus)) + N (alis). () ds. (24:14)
0

The vector field of the integral equation (2.4.14) maps an element of H'(R) to an
element of H!(R) thanks to bounds (2.4.11) and (2.4.12). By the Banach Fixed-
Point Theorem (Appendix B.2), there exists a unique fixed point of the integral
equation (2.4.14) in space v, (t) € C([0,to], H1(R)) for sufficiently small ¢y > 0
such that

NKN(6076)t0 <1,
thanks to bound (2.4.13). O

By Theorem 1.3 (Section 1.3.2), the DNLS equation (2.4.1) is globally well-posed
in [2(Z) for any s > 0 and the Cauchy problem admits a unique solution a(T) €
C'(R,13(Z)). If s > %, there there is Cy > 0 such that

la(T)[[x < Cslla(T) 2

Because of the relation T'= ut and the constraint in the proof of Lemma 2.19, we
need only local well-posedness of the DNLS equation (2.4.1) on the time interval
[0, Tp], where Ty = ptg < 1/Kpn. We need to select dy and ¢ large enough so that
the solutions a(7T') and 1, (t) remain in Bs,(1*(Z)) and Bs(H*(R)) on [0, 7o) and
[0, to] respectively.

Existence of a unique solution 1, (t) of the time evolution equation (2.4.10)
in C([0,To/p], H(R)) follows from Lemma 2.19 since g, 1 € HY(R) if a(T) €
C*([0, Ty], Bs, (11(Z))). We need to bound the component ¢, (t) in Bs(H'(R)) on
[0,%] assuming that ¢,(0) € Bs(H'(R)). Using bounds (2.4.11) and (2.4.12) of
Lemma 2.18 and the integral equation (2.4.14), we obtain

14l < 1[40}l + 1(Cr(0) +CN(5075))/0 lla(us)|irds

t
+ C (fo.6) / ()31 ds.
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By the Gronwall inequality (Appendix B.6), a local solution 1, (t) of the integral
equation (2.4.14) satisfies the bound

sup |1 (t) |3
t€[0,To/p]

< <|7/Ju(0)||H1 + (Cr(00) + Cn(d0,6))To sup |a(T)||11> e (80,00
T€[0,T0)
< (Co + (Cr(d0) + Cn (80, 6))Todo) €N Co:0T0 < 5,

Therefore, for given g > 0 and § > 0, one can find a Tj € (0, K;,l(éo, 6)) such that
the bound (2.4.4) is justified for some constant C' > 0 uniformly in 0 < p < 1.
The proof of Theorem 2.5 is now complete. (|

Exercise 2.29 Using the scaling transformation of {an,(T)}mez, reduce the
DNLS equation (2.4.1) to the normalized form,

ium = UO(uerl + umfl) + |um|2um7
where oy = sign(af).
Remark 2.7 The DNLS equation (2.4.1) has numerical coefficients o and 8 which
may depend on p. Exercise 2.29 shows that this dependence is irrelevant for the

justification analysis as long as parameters a and  remain nonzero and bounded
as u— 0.

Exercise 2.30 Show that the DNLS equation (2.4.1) can be justified for the
potential (2.1.16) with Vg = €2 after the modification of the asymptotic multi-
scale expansion with the algebraic factor
u(,t) = €20 (o (@, T) + pppu (@, ) e Hnot,
where p = e=3/2¢78/¢ is defined in Exercise 2.28.
Recently, Belmonte-Beitia and Pelinovsky [18] gave details of the semi-classical
analysis needed for the justification of the DNLS equations for the squared-sine

potential (2.1.16) in the context of a Gross—Pitaevskii equation with periodic sign-
varying nonlinearity coefficient.

2.4.2 Justification of the stationary equation

Consider the stationary reduction of the DNLS equation (2.4.1),
a(T) = Ae M,

where Q is a real parameter and A € [1(Z). Theorem 2.5 implies that the Gross—
Pitaevskii equation (2.4.2) admits a time-dependent solution, which remains close
to the stationary solution

u(z,t) = ®(z)e

where w = En,O + pQ and & € H(R). This correspondence is valid for a small
i > 0 and on a finite time interval [0, z~Tp]. The error bounds cannot be controlled
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beyond the finite time interval, so it is not clear if the Gross—Pitaevskii equation
(2.4.2) admits a true stationary solution in the above form. To answer definitely
and positively on this question, we consider the stationary DNLS equation,

a(Apsr+ Ap_ 1) + BlAm|* A, = QA,,, mEeZ, (2.4.15)
and the stationary Gross—Pitaevskii equation,
—0"(z) + V(2)®(z) + |®(2)*®(z) = wP(z), z€R. (2.4.16)
Our main result is given by the following theorem.

Theorem 2.6 Let A € [Y(Z) be a solution of the stationary DNLS equation
(2.4.15) and assume that the linearized equation at A admits a one-dimensional
kernel in 11 (Z) spanned by {iA} and isolated from the rest of the spectrum. There
exist po > 0 and C > 0 such that, for any p € (0, o), the stationary Gross—
Pitaevskii equation (2.4.16) with w = E,o + pS) admits a solution ® € H'(R)
satisfying the bound

o — NI/Q Z Am"ln,m

meZ

< o2, (2.4.17)
Hl

Moreover, ®(x) decays to zero exponentially fast as |x| — oo if {A,}nez decays to
zero exponentially fast as |n| — oco.

Proof The proof of Theorem 2.6 consists of three steps.
Step 1: Decomposition. We decompose solutions of (2.4.16) in the form
®(z) = p'? (pul@) + (@), (2.4.18)

where ¢, € &, and ¢, € & Unlike the standard method of Lyapunov-Schmidt
reductions (Section 3.2), we have an infinite-dimensional kernel since Dim(&,,) = cc.
Projecting equation (2.4.16) to &, and ;- using projector operators IT,, and (I—1II,,)
from Lemma 2.17, we obtain a system of two equations

(L - E7L,O - ,U/Q) @;L - _NHH‘Q@;L + :l“/)/LF(QOM + l“pu)v (2419)

(L= Buo = 19) vy = =l = T + 1o lpy + ), (2:4.20)
where L = —02 + €72V (z) and w = En,o + uf. Using the Wannier decomposition,

90;1(1') = Z amﬁn,m(x)7
mEL
we can rewrite equation (2.4.19) in the lattice form

1 - _
- § En,l (am+l + amfl) + g KnL,7n1,7n2,7n3am1 AmoGmsg
" =1 (m1,mz2,m3)€L?

= Qa,, + Ry (a,v,), meZ, (2.4.21)

where K my mams = (Un,ms Un,ms Un,ms Un,mg ) 2 and Ry, (a,),,) is given by

Ron(a,) = — /R s (0 10l (0 + 10) — Lo P0) dl
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The idea of the decomposition (2.4.18) is to invert the non-singular operator in
equation (2.4.20) and to eliminate the component ¢, from equation (2.4.19). In
this algorithm, the problem reduces to the lattice equation (2.4.21) in coordinates
{@m}mez, which is regarded as a perturbed stationary DNLS equation (2.4.15).
The Implicit Function Theorem (Appendix B.7) is used both to single out the
component v, and to analyze persistence of localized solutions in the perturbed
lattice equation (2.4.21).

Step 2: Non-singular part of the solution. Let us consider again a and ¢,
in balls Bs,(I*(Z)) and Bs(H!(R)), similarly to the time-dependent case.

Lemma 2.20 Fiz §y > 0. For all a € Bs,(I1(Z)), there exists a unique smooth
map ¥ : IN(Z) x R — HY(R) such that ¢, = ¥(a, p) solves (2.4.20), and for any
small p > 0 and any a € Bs,(1*(Z)), there is Cy > 0 such that

[bullz < pCollallf (2.4.22)
Moreover, v,,(z) decays exponentially as |z| — oo.

Proof By Lemma 2.17, it follows that operator (I — I1,)(L — Ey o — uQ)(I —11,,)
is continuously invertible for a sufficiently small ¢ > 0 and a p-independent €.
Therefore, there exist g > 0 and Cy > 0 such that for any u € (0, o)

11 = TL)(L = B — p9) (I = L)l 200 < Co.

Equation (2.4.20) can be rewritten in the form

R -1
U= = = 102) (L= Buo = 1) (1 =Tl + (93 + 115):

Because H!(R) is a Banach algebra with respect to pointwise multiplication (Ap-
pendix B.1), the right-hand side of this equation maps an element of #!(R) to an
element of #!(R) if a € By, (I1(Z)). Existence of a unique smooth map 1, = U(a, p)
satisfying (2.4.22) follows by the Implicit Function Theorem (Appendix B.7). By
the property of elliptic equations, if f € L%(R) decays exponentially as |z| — oo,
then

(=11 (L= Buo — ) (111,

also decays exponentially as |z| — oo. Therefore, ¢, (z) decays exponentially as
|z] = oc. O

Using the map in Lemma 2.20, we close the lattice equation (2.4.21) in variable
a. The residual term of this equation is estimated by the following lemma.

Lemma 2.21 There are pg > 0 and Cy > 0 such that for any p € (0, pg) and
any a € Bs, (11(Z)),

IR(a, ¢ (a, u))llx < pCollalj:- (2.4.23)
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Proof Using the uniform bound 7 |@n m(x)] < A, for all 2 € R from Lemma
2.18, there are C,C’ > 0 such that

HR(a, 7&;4(‘#’7 N))Hll <A, /R ||‘Pu + l“bu|2(89u + N¢u) - “Pu‘z‘»@u’ dx

< uClleullzp 1l
< uC'[lallp,

where we have used bound (2.4.22) of Lemma 2.20. O

Step 3: Singular part of the solution. By the estimate in the proof of Lemma
2.18, the linear term on the left-hand side of the lattice equation (2.4.21) can be
written in the form

1 .
- Z En (amyt + am—1) = a(@my1 + am—1) + uLn(a, 1),
>1

where a = E‘nyl/,u and there exists a p-independent constant C' > 0 such that
[L(a, )]l < Cllalfsn. (2.4.24)

Similarly, the cubic nonlinear term on the left-hand side of the lattice equation
(2.4.21) can be written in the form

= 2
Km,ml ;ma,m3Amy Gmymg = ﬁ|am | Qbm + N/Qn (a7 N)7

(m1,mz2,m3)€Z3

where 3 = ||iy,,0[|74 and there exists a p-independent constant C' > 0 such that

Q@ )l < Cllalli. (2.4.25)

By bounds (2.4.23), (2.4.24) and (2.4.25), we write the lattice equation (2.4.21) in
the form

« (am+1 + amfl) + 6‘am‘2am = Qap, = NNm(aa N)7 m € Z, (2426)

where the left-hand side is the stationary DNLS equation (2.4.15) and the right-
hand side is a perturbation term. For any p € (0, 110) and a € B, (I*(Z)), there is
Cp > 0 such that

IN(a, )]l < Collali (2.4.27)

We now conclude the proof of Theorem 2.6.

Let A € I}(Z) be a solution of the stationary DNLS equation (2.4.15) and the
linearized equation at A admits a one-dimensional kernel in I'(Z) spanned by {iA}
and isolated from the rest of the spectrum. Eigenvector {iA} is always present
due to the invariance of the stationary DNLS equation (2.4.15) with respect to the
gauge transformation,

A Ae? GeR.

The perturbed lattice equation (2.4.26) is also invariant with respect to this trans-
formation, since it is inherited from the properties of the stationary Gross—Pitaevskii
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equation (2.4.16). Let us fix the gauge factor 6 by picking up an ng € Z such that
|An,| # 0 and fixing

Im(a,,) =Im(4,,) =0. (2.4.28)

The linearized operator is invertible subject to the constraint (2.4.28). The vec-
tor field of the perturbed lattice equation (2.4.26) is a smooth map from I!(Z) to
IY(Z) which preserves the constraint (2.4.28). By the Implicit Function Theorem
(Appendix B.7), there exists a smooth continuation of the solution A of the station-
ary DNLS equation (2.4.15) into the solution a of the perturbed lattice equation
(2.4.26) with respect to p and there are pg > 0 and Cy > 0 such that for any
1€ (0, po),

la— Al < Cpu. (2.4.29)

By Lemmas 2.4 and 2.20, if a € I'(Z), then ¢,, ¢, € H'(R), so that both ¢, and
1, are bounded continuous functions of € R that decay to zero as |z| — oco. By
Lemma 2.5, ¢, (x) decays to zero exponentially fast as |x| — 00 if {am }mez decays
to zero exponentially fast as |m| — oco. The same properties hold for ¢, = 1/;(%“ 1)
thanks to Lemma 2.20, and thus to the full solution ®.

The proof of Theorem 2.6 is now complete. (]

Note that the assumption of Theorem 2.6 on non-degeneracy of the linearized
equation at a solution A of the stationary DNLS equation (2.4.15) is common in
bifurcation theory. If the linearized equation has a higher-dimensional kernel, it
signals that the branch of localized solutions A undertakes a bifurcation and may
not persist with respect to parameter continuation for a small nonzero p. Note that
the assumption on the non-degeneracy of the linearized equation is satisfied for any
solution A € [1(Z) of the stationary one-dimensional DNLS equation (2.4.15) in
the anticontinuum limit o — 0 but it need not be satisfied for higher-dimensional
DNLS equations (Section 3.2.5).

Exercise 2.31 Justify the stationary two-dimensional DNLS equation,
a1 (Umy1,ms + Gmy—1,m2) + @2 (Gmy mat1 + Gmy ma—1)
+ B\aml’mz\Qaml,mz = Qam, my,  (M1,m2) € 72,
starting with the Gross—Pitaevskii equation with the separable potential,
—(02, + 02,)0 + (Vi(21) + Va(22) ¢ + [6°6 = we,  (21,22) €R?,

in space H?(R?), where V; and Vj are bounded 27-periodic potentials.



3

Existence of localized modes in periodic potentials

We can’t solve problems by using the same kind of thinking we used when we created
them.
— Albert Einstein.

The irrationality of a thing is no argument against its existence, rather a condition of it.
— Friedrich Nietzsche.

Nonlinear evolution equations were less attractive if they would not admit special
solutions observed in many laboratory and computer experiments. These solutions
are stationary localized modes, which are periodic in time and decaying to zero
at infinity in space coordinates. Depending on whom we are speaking with, such
stationary localized modes are known as gap solitons or nonlinear bound states or
discrete breathers or, more abstractly, solitary waves.

This chapter covers the main aspects of the existence theory of stationary local-
ized modes of the Gross—Pitaevskii equation,

iu, = —Vu+V(z)u+olul®u, zeRY teR,

where o € {1, —1}, V(z) : R¢ — R is bounded and 27-periodic in each coordinate,
and u(z,t) : R* x R — C is the wave function.

Thanks to the gauge invariance of the Gross-Pitaevskii equation and the time
invariance of the potential function V(z), the time and space coordinates can be
separated for the stationary solutions in the form

u(z,t) = p(z)e !, zeRY teR,

where w € R is a free parameter and ¢(z) : R? — C is a function decaying to zero
as |z| — oo. Clearly, stationary solutions are time-periodic with period 7 = 27 /w,
but this time dependence is trivial in the sense that it can be detached by the
gauge transformation u(z,t) = @(z,t)e” ", where i(x,t) solves the same Gross—
Pitaevskii equation with new potential V() = V(z) — w. The stationary solution
for @(x,t) is now time-independent but the potential V(z) has a parameter w.
Stationary solutions ¢ for a fixed value of w € R can be considered in two different
senses. Recall that L = —A+V(z) is a self-adjoint operator from H?(R?) C Dom(L)
to L?(R%) (Section 2.1) and that H'(R?) is the energy space of the Gross-Pitaevskii

equation, where its conserved quantities are defined (Section 1.3).
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Definition 3.1 We say that ¢ € H?(R?) is a strong solution of the stationary
Gross—Pitaevskii equation,

~V?9(z) + V(2)d(z) + o|¢(2)*p(z) = wo(x), = €R?,
if
| =V*¢+ Ve +olo]d —wol L2 =0.

We say that ¢ € H'(R) is a weak solution of the stationary Gross-Pitaevskii
equation if it is a critical point of the energy functional E,(u) = H(u) — wQ(u),
where the Hamiltonian H(u) and the power Q(u) are given by

H(u):/Rd [IVl? + VIl + 2 jul?) d, Q(u):/w juf?da.

The stationary Gross—Pitaevskii equation has the same role as the stationary
Schrédinger equation in quantum mechanics. It coincides with the Euler-Lagrange
equation generated by the Gateaux derivative of the energy functional E,(u) =

VaiE,(0) = =V +Vo+o|d|>p —wé = 0.

Thanks to the Sobolev Embedding Theorem (Appendix B.10), if d = 1, then either
¢ € H2(R) or ¢ € H'(R) implies that ¢ € C)(R) and lim,_,1 ¢(z) = 0. The
continuity and decay properties come from bootstrapping arguments for d > 2.

Note that if ¢ is a solution of the stationary Gross—Pitaevskii equation in any
sense, then e~%4 is also a solution of the same equation for any # € R. This fact
is due to the gauge invariance and it shows that the localized mode in a periodic
potential has at least one arbitrary parameter € in addition to parameter w.

Recall that the stationary Gross—Pitaevskii equation with a periodic potential can
be reduced to the nonlinear Dirac equations, the nonlinear Schrédinger equation,
and the discrete nonlinear Schrodinger equation (Chapter 2). Instead of dealing
with the space-periodic stationary equations, one can work with the reduced space-
homogeneous stationary equations. Solutions of the reduced stationary equations
can be constructed explicitly and they give useful analytical approximations to
solutions of the original stationary Gross—Pitaevskii equation. Therefore, in this
chapter, we shall look at the construction of localized modes not only for the sta-
tionary Gross—Pitaevskii equation with a periodic potential but also for the reduced
stationary equations.

3.1 Variational methods
Let us consider the stationary Gross—Pitaevskii equation,
~V2¢(z) + V(x)o(z) + o|o(z)*p(x) = wo(x), = €RY (3.1.1)

where 0 € {1,—1}, w € R, and V(z) is a bounded, continuous, and 27-periodic
function. Because the spectrum of the linear Schrédinger operator L = —V2+V (z)
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in L2(R?) is bounded from below, we say that the localized mode ¢(z) exists in
the semi-infinite gap if w < info(L) and in a finite band gap if w > inf (L) and
w ¢ o(L).

We shall be looking for weak solutions ¢ € H'(R?) of the stationary Gross—
Pitaevskii equation (3.1.1) in the sense of Definition 3.1. Therefore, we add a trial
function w € H'(R?) to a critical point ¢ € H'(R?) of the energy functional E,,(u)
and require that

Yw e HY(RY) %Ew(¢>+ew) =0.
e=0

Direct computations show that ¢ € H(R) is a critical point of E,,(u) if
Yw e HY(R?) : / (Vo -V + Vow + o|¢|*¢pw — ww) dz = 0. (3.1.2)
Rd

If ¢ is also a strong solution, that is, if ¢ € H?(R?), then integration by parts shows
that

Vw € LA RY) 1 (=V?p + Vo + a|p|*p — wh, w) 2 = 0. (3.1.3)

By the Gagliardo-Nirenberg inequality (Appendix B.5), there is Cp 4 > 0 such
that

2 d+p(2—d d(p—1
[ull?%, < Cpallullf57E P Vu) 5970, (3.1.4)

Since E,,(u) contains |lul[3, (p = 2), for any 1 < d < 3 and V € L>*(R?), Sobolev
space H'(R?) is the space of admissible functions for the functional E,(u) in the
sense that |E, (u)| < oo if ||ul| g1 < oo. The following lemma shows that all solutions
in H'(R?%) belong to H?(R%) if 1 <d <3 and V € L>®(R9).

Lemma 3.1 Assume 1 <d <3 and V € L®(R%). The weak and strong solutions
of the stationary Gross—Pitaevskii equation (3.1.1) are equivalent.

Proof Since H?(R?) is embedded into H'(R?), the statement is trivial in one
direction. In the opposite direction, we let ¢ € H*(R?) and consider

F:=V¢+o|ofp—wo.

By the Gagliardo-Nirenberg inequality (3.1.4) for p = 3, we have F € L*(R?) if
1<d<3andV € L=®(R?). Therefore, if $ € H'(R?) satisfies the weak formulation
(3.1.2), then V2¢ = F € L?(R?%) and ¢ € H?(R?) satisfies the strong formulation
(3.1.3). O

Existence of localized modes in the semi-infinite gap is similar to the existence
of nonlinear bound states in the nonlinear Schréodinger equation with V(x) = 0.
We will prove that no nonzero weak solution of the stationary equation (3.1.2) in
H'(R?) exists if w < info(L) and o = +1 (defocusing or repulsive case), whereas
there exists always a nonzero weak solution ¢(x) if w < info(L) and ¢ = —1
(focusing or attractive case). In what follows, we will always assume 1 < d < 3 and
V € L=(RY).

Theorem 3.1 Let w < info(L) and 0 = +1. No nonzero critical points of E,,(u)
exist.
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Proof Let ¢ € H'(R?) be a critical point of E,(u) for ¢ = +1. Substitution of
w = ¢ into the stationary equation (3.1.2) gives

ILY2¢l72 = wldlZ: + 6l 7s =0,
where

142003 = [ (V6 +VIof) o
]Rd

By Rayleigh—Ritz’s variational principle for the self-adjoint operator L, we have
L1/24)12
info(L) = inf 7” 2||L2
ueH'  ||ull 1o
Therefore,

(inf o (L) — w)l|¢llZ> + 67+ <0,

but since inf o(L) > w, we have ||¢|| 2 = ||¢]|p« = 0. As a result, we have

0< [VoI2 < / (IVO[ + VIO + [V~ |6[2) de =0,

d

which proves that ||[V@|/z = 0, so that ||¢||g: = 0. Therefore, the only critical

point ¢ € H'(R?) is the zero point ¢ = 0. O
Theorem 3.2 Letw < info(L) and 0 = —1. There exists a nonzero critical point
¢ of Ey(u).

Remark 3.1 If V(z) = 0, a nonzero critical point ¢ of E, (u) exists for any w < 0.

Two different variational methods can be applied to the proof of Theorem 3.2
that rely on the existence of a minimizer of a constrained quadratic functional
(Section 3.1.1) and the existence of a critical point of a functional with mountain
pass geometry (Section 3.1.2). Equivalence between the least energy solutions of
the first method and the critical points of the second method is shown by JeanJean
& Tanaka [98].

Another variational technique based on the concentration compactness principle
was developed by Lions [134]. Using the concentration compactness principle, the
weak solutions of the stationary equation (3.1.2) is obtained from a minimizer of
the energy

H(u) = /R <|w2 V- %|u\4> de (3.1.5)

under the fixed power Q(u) = ||u[|2,. Parameter w becomes the Lagrange multiplier
of the constrained variational problem. This technique not only gives the existence
of a localized mode but also predicts the orbital stability of the minimizer (Section
4.4.2). Details of the concentration compactness principle and the orbital stability
of the nonlinear waves in nonlinear dispersive equations are reviewed in the text of
Angulo Pava [11].

It is more delicate to prove existence of localized modes in a finite band gap
associated with the periodic potential V' (z). Earlier results on this topic date back to
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the 1990s, collected together by Stuart [198], who proved existence of critical points
using the Mountain Pass Theorem. Similar variational results are also obtained by
Alama & Liu [9]. Bifurcations of bound states were analyzed by Heinz, Kiipper
and Stuart [87, 124] who proved that, depending on the sign of the nonlinear term,
lower or upper band edges of the spectral bands of L = —V2 +V(z) become points
of local bifurcations of the localized modes for small values of Q.

The same problem in a more general stationary Gross—Pitaevskii equation has
recently received another wave of interest, after Pankov [148] applied the technique
of the Linking Theorem to the proof of existence of localized modes in periodic
potentials. The following theorem gives the existence of localized modes in every
finite band gap of o(L).

Theorem 3.3 Let w be in a finite gap of o(L). There exists a nonzero critical
point ¢ of E,,(u). Moreover ¢(x) is a bounded continuous function for all x € R?
that decays to zero exponentially fast as |x| — 0.

All the above methods turn out to be useful in the discrete setting, in the context
of localized modes of the stationary DNLS equation,

—(AQ)n + 0lnl*Pn = wop, neZf (3.1.6)

where d > 1 is any dimension of the cubic lattice, A is the discrete Laplacian
on [2(Z%), 0 € {1,—1}, and w € R. The concentration compactness principle was
applied to the proof of existence of localized modes in the stationary DNLS equation
(3.1.6) by Weinstein [212]. Localized modes of a more general lattice equation were
also constructed by Pankov using the Linking Theorem in [149] and the Nehari
manifolds in [150]. Recent works in the development of these results include Shi &
Zhang [190], Zhang [222], and Zhou et al. [223].

3.1.1 Minimizers of a constrained quadratic functional

We shall prove Theorem 3.2, which states the existence of a critical point ¢ of
the energy functional E,(u) for the stationary Gross—Pitaevskii equation (3.1.1) if
w < info(L) and o = —1. The proof relies on the decomposition

Eu(u) = ()~ 3J(u),

where I(u) is a quadratic functional

I(u) = || LY?u)|2 — w|jul|2. = / (IVul® + V|u]* — wlu|?) dz, (3.1.7)
Rd
and J(u) := ||ul|74. We shall consider a constrained minimization problem
find mgl I(u) such that J(u) = Jo, (3.1.8)
ueH?!

where Jy > 0 is a fixed number.

Unfortunately, the lack of compactness of the embedding of H'(R?) into L*(R%)
is an obstacle in the proof of Theorem 3.2 in an unbounded domain. To bypass this
obstacle, we shall split the proof into two steps.



3.1 Variational methods 123

At the first step, we shall prove the existence of a minimizer of the constrained
minimization problem (3.1.8) in H} (T¢), where T is the cube in R? of the edge
length 27mn, centered at the origin, where n € N. Note that the edge length 27n is
an n-multiple of the 2m-period of the potential V (z). The embedding of H}. (T4)
into Léer(ﬂ“ﬁ) is compact and the calculus of variations is hence applied.

At the second step, we shall prove that the minimizer of the constrained min-
imization problem (3.1.8) in H_(T#) persists in the singular limit n — oo as a
minimizer of the same variational problem in H!(R?).

The first step relies on the following lemma.

Lemma 3.2 PFiz w < info(L) and 0 = —1. Let TS be the cube in R? of the
edge length 2mn for a fired n € N, centered at the origin. There exists a minimizer

Uy, € Hrl)er(Tﬁ) of the constrained minimization problem (3.1.8) for Jy > 0.

Proof 1Tt is clear from the variational characterization of eigenvalues that
I(u) = (L — wlu,u)p> > (inf o (L) — w)|ul2s.

Therefore, I(u) is bounded from below by zero if w < inf o(L). Therefore, there is
an infimum of I(uw) in H!,.(T%), which we denote by

per

= inf I(u).
m = inf (u)

Furthermore, if w < inf o (L), there exists C' > 0 that depends on the distance
|inf (L) — w| such that

I(u) > Cllul % (3.1.9)

The proof of the coercivity condition (3.1.9) is trivial if w < min,era V(x) but it
also holds for any w < inf o(L). Thanks to the coercivity of the functional I(u), any
minimizing sequence {ug}r>1 in H}., (T%) such that limy s I(ux) = m belongs to

a bounded subset of Héer (T?) and satisfies

sup ||lugllgr < oo.
k>1

Because Héer(Tfll) is not compact, boundedness of the sequence {ug}r>1 in

H! .(T¢) does not imply that there is an element u € Hl},.(T¢) to which the

per per
sequence converges stmngly in the sense

up —u in H' < lim |lux —ul|z = 0.
k—oo

Instead, by the Weak Convergence Theorem (Appendix B.14), the boundedness
of the sequence {ug}x>1 in H},(T%) only implies that there exists a subsequence
{ur,}j>1 C {ur}r>1 and a function u € H}. (T%) such that {uy,};>1 converges
weakly to u in the sense

up; = u in H' — YoveH!: ler&(v,ukj—u)leo,

where

(v,uygr == (Vo,Vu)pz + (v, u) 2.
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Thanks to the boundedness of ||V||L~ and the coercivity (3.1.9), the functional
I(u) is equivalent to the squared norm |jul|%; in the sense

3C>1: CYul3n < I(u) < COllulj?.. (3.1.10)

Inherited from the norm |lu|/ g1, the functional I(u) is hence weakly lower semi-
continuous in the sense

I(u) < liminf I'(ug,) (3.1.11)

J—0o0

whenever {uy, };>1 converges weakly to uw in H}. (T%). Since {ug}r>1 is a mini-

mizing sequence for I(u), the weak semi-continuity (3.1.11) implies that I(u) < m

and since u € H  (T%), we have I(u) > m. Therefore, I(u) attains its infimum at

per
w=1in Hl, (T2).

per
Unfortunately, the infimum of I(u) in the unconstrained minimization problem

is simply the zero solution ¢ = 0 since I(0) = 0 = m. To construct a nonzero 1
for the constrained minimization problem (3.1.8) with Jy > 0, we shall define the
space of admissible functions

Hy = {u € Hy(T3) : lullzs = Jo}-

It is obvious that this space is non-empty for any Jy > 0.
Thanks to the Gagliardo-Nirenberg inequality (3.1.4), H!, (T%) is embedded

per
into L2_.(T%) and this embedding is compact in the periodic (bounded) domain.

per
As a result, weak convergence in Hl (T#) implies strong convergence in L, (T¢)
(Theorem 8.6 in [130]), that is, for any minimizing sequence {ug }r>1 in H., (T4),
there exist a subsequence {uy, };>1 C {ug}x>1 and a function u € H}. (T%) such

per
that

up; = u in H;CI(T;IL) = U, —u in Lﬁcr(ﬂ'i’).
Let {ux}r>1 be a minimizing sequence in Hy so that J(uy) = Jo for any k > 1.

By the strong convergence in Lger('ﬂ'fl), we have J(u) = Jy, so that the limit of

{uk, }j>1, which is u € H} . (T%), is actually in Hy. Therefore, u = 1 is a minimizer
of the constrained minimization problem (3.1.8) in H}, (T4). O

We shall now consider the convergence of the sequence of minimizers {1, } nen as
n — oo. We note the following result.

Lemma 3.3 Let v, € H!

2o (TE) be a minimizer in Lemma 3.2. Then,

VI(Yn
¢>n = Ji’(ﬁn)wn € le)er(’]ri)

~

J(u) and

N[

is a critical point of E,(u) = I(u) —

Ew(¢n) = %I(an) = %J(Qén) = %JO
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Proof Using the technique of Lagrange multipliers, a minimizer of the constrained
variational problem (3.1.8) is a critical point of the functional

I(u) == I(u) = X (J(u) = Jo), (3.1.12)
where A is the Lagrange multiplier. If there exists a critical point (\,1)) for I (u),
then

O (W)= = Jo = T (1) = 0
and

Ywe H : / (Vi - Vo + Vipo — wipw — 2A\[¢p[2w) da: = 0.

For w = 1, this gives
I(¥)
2\ = —+~
J(¥)

which allows us to substitute 1(x) = (1/v/2X)¢(z) into the variational equations.
On comparison with the weak formulation (3.1.2), we infer that ¢ is a critical
point of the energy functional E,(u) with I(¢) = J(¢) = Jy. Observing that
E,(u) = I(u) — $J(u), we arrive at the statement of the lemma. O

>0,

When we pass to the limit of n — oo, the principal difficulty is to show that the
limit of a sequence of critical points {¢, }nen is a nonzero function ¢ € H'(R%).
For this purpose, we need to use the concentration compactness arguments, which
ensure that the critical point ¢, () is confined in a bounded region of R? as n — oo.

Lemma 3.4  Let {¢n}nen with ¢ € H) (T%) be a sequence of critical points
of E,(u) in Lemma 3.3. Then, there is a sequence {byYnen with b, € Z¢ such
that {¢n(z — 27by,) tnen converges weakly in H (RY) to a nonzero weak solution

¢ € HY(R?) of the stationary Gross—Pitaevskii equation (3.1.2).

Proof By Lemma 3.3 and the norm equivalence (3.1.10), the norms ||¢”HH§>cr are
bounded and nonzero as n — co. Let Q,(zo) be a cube in R? with the fixed edge
length 27, centered at the point zq € R?. We will show that there exist a sequence
of points z,, € R? and positive numbers r and 7 such that

lunllz2(@ @y Zm €N (3.1.13)

We show this by contradiction. If the condition (3.1.13) does not hold, then there
is r > 0 such that

A, sup ffunllz2@. @) =0

By Lemma I.1 in Lions [134], lim, Hu"”Léer(Tﬁ,) = 0. On the other hand, this
contradicts the fact that ¢, € H}, (T¢) is a critical point of E,(u) with J(¢,) =
”u”Hiécr(T%’) = Jy for a fixed Jy > 0.

Thanks to the condition (3.1.13), there exists a sequence of integer vectors b, €
Z¢ such that the sequence of cubes Q. (xy — 27by,) is confined in a bounded region
and ¢y, () := ¢ (2—27by,) is a critical point of E,,(u) so that the norms ”d;n”Héer are

bounded and nonzero. Passing to a subsequence, it follows that {an}neN converges
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weakly in My, (R?) to a function ¢ € H'(R?). By the compactness of the Sobolev

embedding, we have ¢,, — ¢ strongly in L{ (R?). As a result, we have

loc

Yw € H'(R?) : / (V¢ - Vo + Vo — wow — |¢|*¢w) da
Rd

= lim (v&sn N+ Vo — Wl — |¢~>n|2(j~>nw) da = 0.

n—00 Jpd
Therefore, ¢ € H'(R?) is a weak nonzero solution of equation (3.1.2). O
Lemma 3.4 concludes the proof of Theorem 3.2.

Exercise 3.1 Use a constrained minimization of a discrete quadratic functional
and prove existence of a localized mode ¢ € 1?(Z?) of the stationary DNLS equation
(3.1.6) for any w < 0, 0 = —1, and d > 1.

Exercise 3.2 Use a constrained maximization of a discrete quadratic functional
and prove existence of a localized mode ¢ € 2(Z?) of the stationary DNLS equation
(3.1.6) for any w > 4d, 0 = +1, and d > 1.

3.1.2 Critical points of a functional with mountain pass geometry

Lemma 3.3 shows that a minimizer 1 of the constrained variational problem (3.1.8)
gives uniquely a critical point ¢ of the energy functional E, (u), which is nonzero
if Jy > 0. This observation is important in the alternative proof of Theorem 3.2
from the existence of a critical point ¢ of the energy functional E,(u) in H'(R?)
for w < info(L). Let us write the corresponding functional again:

1
E,(u) = /}Rd <\Vu|2 + Vi§u|? — wlul® - §|u\4) dz. (3.1.14)

We recall that if 1 < d < 3, V € L®RY), and |Jul| g1 < oo, then |E,(u)| < oo
thanks to the Gagliardo—Nirenberg inequality (3.1.4). Since all terms are powers,
E,(u) is a C* map from H'(R?) to R.

Because of the negative sign in front of the quartic term, the functional E,,(u) is
unbounded from below. Therefore, no global minimizer of E,,(u) exists in H'(R?).

Nevertheless, ¢ = 0 is a local minimizer of E,,(u) because E,(0) = 0, Vz E,(0) =
0, and the quadratic part of E,(u) is positive definite for any w < inf o(L). This
fact suggests that we can look for a nonzero critical point ¢ € H'(R?) of E,,(u). We
shall prove that the functional E, (u) has the mountain pass geometry in H'(R%)
and satisfies the Palais—Smale compactness condition. These conditions enable us
to use the Mountain Pass Theorem (Appendix B.8).

Again, the lack of compactness is an obstacle on the Palais—Smale condition
in the unbounded domain. Similarly to Section 3.1.1, we shall first consider an
approximation of the critical point of E, (u) in the periodic domain with the period
27n, where n € N. Then, we shall prove that the non-trivial critical point of E,,(u)
persists in the limit n — oo.

Lemma 3.5 Fizw < info(L). The functional E,(u) given by (3.1.14) satisfies
conditions of the mountain pass geometry in H'(R?).
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Proof Let us start with the three conditions of the mountain pass geometry in
Definition B.4 (Appendix B.8).

(i) From (3.1.14), it follows that E,(0) = 0.

(if) Using bounds (3.1.9) and (3.1.4), we find that for any w < info (L), there
exist positive constants C; and Cs such that

Eu(u) 2 Cillullip — Callullz-

For any u € HY(R?) with |lul|z = r < (01/02)1/2, there is a > 0 such that
E,(u) > a.

(iii) Let v = tup with ¢ > 0 and ug € H'(R?) such that ||Jug| g1 = 1. Then, we
have

1 1
E(v) = ¢ (I 2ul3 — wiluol32 ) = 5¢*luollfs < Cat? = Zt*uollts.

If ¢t > (203/\|u0\|‘i4)1/2, then E,(v) < 0. It is always possible to choose
up € H'(R?) such that ||ug||z = 1 and
2o 20 G,
= luollza T Co

so that condition (iii) is satisfied. O

Lemma 3.6 Firw < info(L). Let TS be the cube in R? of the edge length 2mn
for a fized n € N, centered at the origin. The functional E,(u) given by (3.1.14)

satisfies the Palais—Smale compactness condition in Hécr(T,dl).

Proof We shall now verify that E, (u) satisfies the Palais—Smale condition in Def-
inition B.5 (Appendix B.8).

We consider a sequence {uy}x>1 € H}., (T#) and assume properties (a) and (b) of
the Palais—Smale condition. Therefore, we assume that there are positive constants

M and e such that
(a) [Eu(uk)| <M

and for any w € H! (Ti)a

per

(b)

/ (Vg - Vo + V(2)upd — wup — |ug|*upw) dz| < el|w| g
T

Moreover, € > 0 is small and
|7 (ur) — Huk||‘i4‘ —0 as k— oo, (3.1.15)

where I(u) := || LY?ul2, — w||u2..
We need to show that the sequence is bounded in Héer(']l‘ﬁ). Choosing w = uy, in
condition (b), we have

[ (ur) = gl za] < ellunlar.

Using now condition (a), we have

1 1 1 1 1
M+ selluellim 2 Buwe) = 5T00) + 3 lurlie = 5T(w) 2 5C1lunl3n.
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As aresult, there is a positive constant C'(M, €) such that ||ug|| g1 < C(M,e€) for any
k > 1. By the Weak Convergence Theorem (Appendix B.14), there is a subsequence
{ur,; }j>1 C {ur}r>1 and an element u € H! (T%) such that uy, — u as j — oo in

per

Hp, (T5).
Since H],(T%) is compactly embedded into L7, (T¢), we have uy;, — uas j — 0o
in L}, (T¢). From strong convergence in L. (T%), we have [ug,|[7. — [lul|7. as

j — oo. Using condition (3.1.15), we infer that
I(u,) = I(u) as j— oo.

Thanks to the equivalence of I(u) to [|ul|3;,, the subsequence {uy,};>1 converges
strongly to u in HJ (T%). The sequence {uy}r>1 satisfying conditions (a) and (b)

has hence a convergent subsequence in Héer(TflL). O

By the Mountain Pass Theorem (Appendix B.8), there is a critical point of the
functional E,(u) in H},(T%). Repeating the same arguments as in Section 3.1.1,
we obtain that the critical point persists in the limit n — oo and it recovers the
critical point of E,(u) in H'(RY). These facts conclude the alternative proof of

Theorem 3.2.

Exercise 3.3 Prove existence of a localized mode ¢ € 1?(Z%) of the stationary
DNLS equation (3.1.6) for any w < 0, 0 = —1, and d > 1 using the critical point
theory for a discrete energy functional.

Exercise 3.4 Similarly to Exercise 3.3, prove existence of a localized mode ¢ €
12(Z%) of the stationary DNLS equation (3.1.6) for any w > 4d, 0 = +1, and d > 1.

Let ¢ be a weak solution of the stationary Gross—Pitaevskii equation (3.1.2). If
we take w = ¢, we obtain

1(¢) = ILY¢l[72 —wléll7e = I6l7. = I (#).

This recovers the result of Lemma 3.3,

Eu6) = H(9) —wQ(8) = 1) = 37(6) = 56ll44 > 0. (3.1.16)

and shows that if E,,(u) has the mountain pass geometry and 0 is a local minimizer
of E,(u) with E,(0) = 0, then the nonzero critical point ¢ of E, (u) can be either
another local minimum or a saddle point or a local maximum of E,(¢).

3.1.3 Approximations for localized modes

A different method of finding nonzero critical points of E, (u), called the concen-
tration compactness principle, is based on another constrained variational problem:

find m'}? E(u) such that Q(u) = Qo (3.1.17)
u€H?!

for a fixed Qg > 0. Since E(0) = 0, a nonzero minimizer ¢ of E(u) for any Qo > 0
is supposed to have E(¢) < 0. It is proved by Lions [134] under some technical
conditions that if E(u) is bounded from below under the constraint Q(u) = Qg and
there is at least one v € H'(R?) such that E(v) < 0, then the minimum of the
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constrained variational problem is achieved at ¢ with E(¢) < 0. The existence of
a minimizer is related to stability of ¢ with respect to the gradient flow (Section
3.4.2), and with respect to the time evolution in the Gross—Pitaevskii equation
(Section 4.4.2).

Exercise 3.5 Let V(z) = 0. Using the Gagliardo—Nirenberg inequality (3.1.4),
prove that E(u) is bounded from below under the constraint Q(u) = Qg for d =1
and for d = 2 and sufficiently small Q.

Remark 3.2 If V(z) = 0, no bounds from below exist on E(u) under the con-
straint Q(u) = Qo for d = 2 and sufficiently large Qo and for d = 3. As a result,
no solutions ¢ € H'(R?) of the constrained minimization problem (3.1.17) exist
in these cases. At the same time, the critical points of E, (u) always exist for any
w < inf o(L) = 0 using the approach based on the mountain pass geometry.

In the discrete setting, Weinstein [212] showed that the minimizers of the discrete
energy E(u) under fixed discrete power Q(u) always exist for the stationary DNLS
equation (3.1.6) with 0 = —1 but @y must exceed a nonzero excitation threshold
for d = 2 or d = 3 (no excitation threshold exists for d = 1).

Similar results hold for the stationary Gross—Pitaevskii equation (3.1.1) with a
nonzero periodic V(z). Numerical computations of Ilan & Weinstein [90] for d = 2
show that there exists a minimizer of E(u) under fixed power Q(u) in the semi-
infinite gap of o(L) for large negative values of w. No problems with existence of
global minimizers in the constrained variational problem (3.1.17) arise for d = 1.

Figure 3.1 shows numerical approximations of localized modes in the semi-infinite
and finite band gaps for d = 1, 0 = —1, and V(z) = sin?(z/2). Figure 3.2 gives sim-
ilar results for o = 1. These numerical approximations are obtained by Pelinovsky
et al. [161] using a shooting method.

Figures 3.1 and 3.2 illustrate that localized modes exist in each finite band gap,
according to Theorem 3.3, for both ¢ = —1 and ¢ = 1. The difference between
these two cases is the bifurcation of localized modes with small values of power
Q(¢). This bifurcation occurs from the lower band edges of each spectral band for
o = —1 and from the upper band edges for 0 = 1. (Note that w = u and the
horizontal axes of Figures 3.1 and 3.2 are drawn for —p.) Similarly, localized modes
in the semi-infinite gap exist only for ¢ = —1, according to Theorems 3.1 and
3.2. Note also that two distinct branches of localized modes exist in each gap. The
multiplicity of branches is not captured by the results of the variational theory.

We shall now discuss the correspondence between the branches of localized modes
in Figures 3.1 and 3.2 and the results of the asymptotic approximations from
Chapter 2.

In the defocusing case 0 = 1, Theorem 2.4 (Section 2.3.2) establishes the corre-
spondence between the localized mode of the stationary Gross—Pitaevskii equation
(2.3.22) near each band edge with E!/(kg) < 0 (the band edge of the nth spec-
tral band at the point k = k¢ is a local maximum) and the localized mode of
the stationary NLS equation (2.3.20). This corresponds to bifurcation of localized
modes above the nth spectral band. For the focusing case o = —1, the conclusion is
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Figure 3.1 Numerical approximations of localized modes for ¢ = —1. Reproduced

from [161].
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Figure 3.2 Numerical approximations of localized modes for o = 1. Reproduced
from [161].
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the opposite: the localized mode exists near each band edge with E!(kq) > 0, that
is, below the nth spectral band. In particular, it exists in the semi-infinite gap.
Theorem 2.2 (Section 2.2.2) gives more precise information about stationary so-
lutions of the Gross—Pitaevskii equation (2.2.21) compared to Theorem 3.3. In par-
ticular, analytical approximation of the localized mode is given by the exponentially
decaying functions (2.2.22), which shows that the localized modes reside everywhere
in the finite spectral gap. One band edge becomes the small-amplitude limit of the
localized mode and the other band edge is the finite-amplitude limit of the alge-
braically decaying soliton. The asymptotic correspondence of Theorem 2.2 is only
justified in the limit |V'|| == — 0 but the same pattern holds in Figures 3.1 and 3.2.
Similarly, Theorem 2.6 (Section 2.4.2) recovers the existence of the localized mode
in the stationary Gross—Pitaevskii equation (2.4.16) from the localized mode of the
stationary DNLS equation (2.4.15). Additionally, localized modes in the stationary
DNLS equation (2.4.15) can be supported at different lattice nodes, which corre-
spond to multi-pulse localized modes of the stationary Gross—Pitaevskii equation
(2.4.16) supported in different wells of the periodic potential V. The asymptotic
correspondence of Theorem 2.6 is justified in the limit ||V| g~ — oc.

3.2 Lyapunov—Schmidt reductions

Variational methods (Section 3.1) allow us to predict existence of localized modes
¢ of the stationary Gross—Pitaevskii equation with a periodic potential in spectral
gaps of the Schrédinger operator L = —V?2 4V (x). However, these methods lack in-
formation about multiplicity of solution branches, dependence of their Hamiltonian
H(¢) and power Q(¢) versus parameter w, and analytical approximations. To study
localized modes in more detail, we shall now apply local bifurcation methods and
consider strong solutions of the stationary Gross—Pitaevskii equation in the sense of
Definition 3.1. In comparison with topological arguments of the variational theory,
the local bifurcation methods rely on the analytical technique, which is generally
referred to as the Lyapunov-Schmidt reduction method.

The algorithm of Lyapunov—-Schmidt reductions has been applied to many bifur-
cation problems and is described in several texts [56, 71, 93]. In an abstract setting,
it is used to trace roots of a nonlinear operator function F(x,€) : X x R — Y,
where X and Y are Banach spaces and € € R is a small parameter. The value € = 0
is considered to be a bifurcation point.

Let us assume that:

o F(x,¢)is C? in x and ¢;

e there is a root zg € X of F(z,0) = 0;

e the Jacobian operator J = D, F(x(,0) : X — Y has a finite-dimensional kernel
and the rest of its spectrum is bounded away from zero.

To simplify the formalism, let us assume that Ker(J) = span{¢p} C X is one-
dimensional, X C Y = L2, and J is a self-adjoint operator in L2. For strong
solutions of the stationary Gross-Pitaevskii equation (3.1.1), we have X = H?(R?)
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and Y = L?(RY), whereas ¢ is related to the distance of parameter w from a
particular bifurcation point wp, for which J is not invertible in L2(R¢). The method
of Lyapunov—Schmidt reductions consists of three steps.

Step 1: Decomposition. Let P : L? — Ker(J) C L? be the orthogonal pro-
jection operator and () = Id — P be the projection operator to the orthogonal
complement of Ker(J). If we normalize ||tg]/z2 = 1, then

VieX: P(f)= o, flrzve, QUf) = f— (o, f)r2%o.

Let us decompose the solution of the root finding problem F(x,€) = 0 to the sum
of three terms

Vee X: x=x0+ath+y,

where y € [Ker(J)]L, that is, (¥g,y) 2 = 0. With the decomposition of the solution,
we can also expand the C? function F(z,¢) near z = x¢ and € = 0:

F(z,€) = F(x0,0) + J(atbo +y) + €0 F(x0,0) + N(apo + y,€)
= Jy + EafF(flI(),O) + N(ad)o + Y, E)a

where ||[N(ao + y,€)|lzz = O(|lato + yll% + €2) as a,¢, ||ly]|x — 0. Using the
same projection operators, the root finding problem is now decomposed into two
equations for ¢ € R and y € X as follows:

QJQyY + €QOF(20,0) + QN (atho +y,€) =0, (3:2.1)
(1o, Jy + €0 F(20,0) + N(apg + y,€)) 2 = 0. (3.2.2)

Step 2: Solution of the non-singular equation. When we deal with the first
equation (3.2.1), we quickly realize that the linear operator QJ@Q no longer has a
non-trivial kernel in X, whereas the other terms of the equation are linear in € and
quadratic in (a,y) € Rx X. If a = 0 and € = 0, there exists a trivial solution y = 0
of equation (3.2.1) since © = x¢ satisfies F(x,0) = 0. By the Implicit Function
Theorem (Appendix B.7), the zero solution is uniquely continued for nonzero but
small values of (a,¢) € R2, so that there exists a unique solution y = Y(a,¢) : R? —
X of equation (3.2.1) for small (a,€) € R%. The map R? 3 (a,€) — y € X is C? and

Y(a.) = ey +Y(ae) 1 =-QJ 'QIF(x0,0) € X,
where ||V (a,€)|x = O(a? + €2) as a,e — 0.

Step 3: Solution of the bifurcation equation. We can now eliminate the
component y € X in the second equation (3.2.2) using the map y = Y'(a,€) con-
structed in Step 2. Since J is self-adjoint and Jvy = 0, we realize that the second
equation (3.2.2) can be written as the root finding problem for a scalar function of
two variables

fla,€) = €(tho, O F(20,0)) 12 + (Yo, N(atho + Y (a,€),€))r2 =0,

where f(a,e) : R?2 — R is a C? function in variables (a,¢). In a generic case, it is
expanded to the first nonzero powers as follows:

f(a,€) = ear +a*az + f(a,e),
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where
1
a1 = <w07aeF($070)>L2> Qg = §<¢07852N(0>0)¢(2)>L2

and | f(a, €)] = O(Jal®> + ) as a,e — 0. If (ay, az) # (0,0), roots of f(a,€) = 0 near
(a,€) = (0,0) are found immediately from the leading-order terms of f(a,e),

e=—2242 4 O(@a®) as a—0.
Qg
There exists no root a of f(a,e) = 0 for one sign of €, exactly one zero root
a = 0 for e = 0, and exactly two nonzero roots a = a4 (¢) for the opposite sign
of ¢, so that |as(€)] = O(e'/?). This scenario corresponds to the fold bifurcation
(also known as tangent or saddle-node bifurcations) when two branches of solutions
merge together and disappear in parameter continuation.

We summarize that the orthogonal projections and the Implicit Function Theo-
rem allow us to reduce the root finding problem on a Banach space X to a bifurca-
tion problem on a finite-dimensional subspace of the kernel of J, which is studied
with the power expansions of nonlinear functions.

Fold bifurcations occur less often when we deal with the stationary Gross—
Pitaevskii equation which has gauge invariance: given a solution ¢ € H2(R9), there
is a continuous family of solutions e?¢ € H?(R?) for any # € R. For such problems,
pitchfork (symmetry-breaking) bifurcations occur more often.

We will apply the general algorithm of the Lyapunov—Schmidt reduction
method to five particular examples of bifurcations of localized modes in the
context of the stationary Gross—Pitaevskii equation: small-amplitude localized
modes (Section 3.2.1), broad localized modes (Section 3.2.2), narrow localized modes
(Section 3.2.3), multi-pulse localized modes (Section 3.2.4), and localized modes in
the anticontinuum limit (Section 3.2.5).

These five examples have broader applicability than just the existence of local-
ized modes in periodic potentials. The readers may develop similar algorithms for
stationary localized and periodic solutions in other nonlinear evolution equations.

For all examples except for the last one, we will be dealing with the one-
dimensional version of the stationary Gross—Pitaevskii equation (3.1.1). This gives
a good simplification of the nonlinear operator function F'(z, €) since it is sufficient
to consider strong real-valued solutions of the second-order ordinary differential
equation,

—¢"(x) + V(2)d(2) + 0¢°(2) = wé(x), = €R. (3.2.3)
The following lemma justifies this simplification.

Lemma 3.7 Letd =1 and ¢ € H?(R) be a strong solution of the stationary
Gross—Pitaevskii equation (3.1.1). There is 6 € R such that ¢ : R — R.

Proof Multiplying equation (3.1.1) by ¢ and subtracting a complex conjugate
equation, we obtain for d = 1,

~6()6" (@) + 8" (@)o(x) = = ()¢ (x) ~ F (@)o(@) =0, wER
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By Sobolev’s embedding of H2(R) to C'(R) (Appendix B.10), both ¢(x) and ¢'(z)
are continuous and decay to zero at infinity, so that

o(z)¢ (x) — ¢ (x)p(x) =0, zeR.

Since both ¢(z) and ¢'(x) may not vanish at the same point € R, there are
T1, %2 € R such that

d. o)

—log=—%+=0 = ar z)) =0, x€ (x1,x2),

iz % 3(2) g(¢(x)) (1, 22)
where 6 is constant in z. Using the gauge transformation ¢(z) — ¢(z)el?, § € R
for solutions of the stationary equation (3.1.1), we can set § = 0 without loss of
generality. Then, continuity of ¢'(z) implies that

Im¢(z) =Im¢'(x) =0, =z € (x1,2).

In this case, it follows from equation (3.1.1) that Im ¢”(x) = 0 for all z € (a1, xz2)
and the trivial solution Im ¢(z) = 0 is extended globally for all z € R. O

Note that if d = 2 or d = 3, complex-valued localized modes of the stationary
Gross—Pitaevskii equation (3.1.1) also exist. Such solutions have non-trivial phase
dependence across a contour enclosing their centers although they still decay to
zero at infinity. These localized modes are often referred to as vortices. Vortices are
only included in the last example of the stationary DNLS equation (Section 3.2.5).

3.2.1 Small-amplitude localized modes

Let us start with the simplest Lyapunov—Schmidt reduction for small-amplitude so-
lutions of the stationary Gross—Pitaevskii equation (3.2.3). A 2m-periodic potential
V() can be represented in many cases by a periodic sequence of identical potentials
Vo() in the form

V(z) = Z Vo(z —2mn), z€R,
nez

where Vj(z) decay to zero as |x| — oo exponentially fast.

The infinite sequence of identical potentials lies actually beyond the applicability
of the method of Lyapunov—Schmidt reductions because the kernel of the linear
operator L = —92+V (x) becomes infinite-dimensional. Therefore, we shall only deal
with the bifurcation of small-amplitude localized modes supported by the potential
Vo(z).

Using similar techniques but much lengthy computation, one can work with
the sum of two identical potentials Vy(z) + Vo(z — 27), three identical potentials
Vo(z — 27) + Vo(2) + Vo(z + 27), and then with N identical potentials, ultimately
approaching to the limit of large N. This program was undertaken in the works
of Kapitula et al. for a potential with two wells [103], three wells [104], and N
wells [106]. Nevertheless, the limit to infinitely many wells is singular as it appears
beyond the Lyapunov—Schmidt reduction method.
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We hence consider strong solutions of the stationary Gross—Pitaevskii equation
—¢"(x) + Vo(2)p(2) + 06°(x) = wo(z), = €R. (32.4)

Thanks to the exponentially fast decay of V() to zero as |x| — oo, we shall assume
that there is a single eigenvalue wy < 0 of the Schrédinger operator Ly = —92+V(x)
with the corresponding L2-normalized eigenfunction ¢ (Section 4.1).

Let us rewrite the stationary problem (3.2.4) as the root finding problem for the
operator function F(¢,w) : H?(R) x R — L2(R) in the form

F(p,w) = (=02 +Vy — w)p + a¢®. (3.2.5)

We will show that a nonzero localized mode ¢ of the stationary equation (3.2.4)
bifurcates from the zero solution ¢ = 0 in the direction of ¢g for w near wy.

Theorem 3.4 Let wy < 0 be the smallest eigenvalue of Lo = 703 + Vo(z). There
exist € > 0 and C > 0 such that the stationary equation (3.2.4) for each w € T has
a unique nonzero solution ¢ € H*(R) satisfying

9]l 2 < Clo —wol*’?,

where T = (wo — €,wp) for o = =1 and Z = (wo,wp + €) for o = +1. Moreover, the
map I > w— ¢ € HX(R) is CL.

Proof The operator function F(¢,w) : H*(R) x R — L%(R) is analytic in both ¢
and w. The Fréchet derivative of F(¢,w) with respect to ¢ € H*(R) at ¢ = 0 €
H2(R) is

D¢F(0,w) = LO — W.

Let ¢g be the L?-normalized eigenfunction of Lg corresponding to the eigenvalue
wp < 0. Then, Dy F(0,wp) is a Fredholm operator of index zero with Ker(Lo—wp) =
span{¢o} and Ran(Ly — wg) = [Ker(Lg —z,uo)]l (Appendix B.4). Let P be the
orthogonal projection operator from L?(R) to Ker(Ly—wg) C L?(R) and Q = Id—P.
Then, we represent ¢ = agg + 1, where

Vo e H*(R): a=(do, )2 and ¥ = Q¢ = ¢ — (¢o,d)r2¢0.
The root finding equation F(¢,w) = 0 is equivalent to the following system:
QF (ago +,w) =0, PF(ago +,w) = 0.

The first equation of the system can be written explicitly as

QL —w)QY + 0Q(ago + ¢)* = 0. (3.2.6)

By the Implicit Function Theorem (Appendix B.7), there is a unique solution ¢ =
o(a,w) € H?(R) of equation (3.2.6) for any small a € R and w — wy € R. From
the same Implicit Function Theorem, the map

R xR > (a,w) = ¥ € H*(R)
is at least C3 and there is C' > 0 such that ||¢||gz < C|al®. Substituting

Y =a*P(a,w),  [lP(a,w)|ue <C, (3.2.7)
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into the equation PF(a¢g + ¥,w) = 0, we obtain a scalar equation in the real
variables a and w — wg, which can be written in the form

(wo — w) + 0a®(¢o, (¢o + a*P(a,w))®) 2 = 0. (3.2.8)

Thanks to bound (3.2.7), there is a unique root w = wy of equation (3.2.8) for
a = 0. By the scalar version of the Implicit Function Theorem, the root is uniquely
continued to (at least) the C* function w = &(a), which satisfies the expansion

@(a) = wo + 0a?||pol|1. + O(a*) as a — 0.

As a result, w > wy for 0 = +1 and w < wp for ¢ = —1 with |a| = O(|w — we|/?)
as w — wo. O

Remark 3.3 Since F(¢,w) is analytic with respect to ¢ and w, the map Z 5 w
¢ € H?(R) is actually analytic.

Exercise 3.6 Consider the Jacobian operator along the solution (w, ¢) of Theorem
3.4,

Ly = DyF(¢,w) = =07 + Vo(x) — w + 306°(x)

and prove that L is invertible for all w € 7 and has exactly one negative eigenvalue
for 0 = —1 and no negative eigenvalues for o = 1.

Remark 3.4 The result of Exercise 3.6 implies that the localized mode ¢ is stable
in the time evolution of the Gross—Pitaevskii equation for w € Z for both o = +1
and o = —1 (Section 4.3).

Exercise 3.7 Assume that the operator L = —82 + Vy(x) has two negative
eigenvalues wy < w; < 0 and prove that there exists a local bifurcation of a localized
mode of the stationary equation (3.2.4) for w near w;. Furthermore, prove that L,
has two negative eigenvalues for ¢ = —1 and one negative eigenvalue for o = +1
for w near ws.

If a localized potential Vj is replaced by a 2m-periodic potential V' (z) and wy is
the band edge of a spectral band of L = —92 + V(z), then Theorem 3.4 is not
applicable because ¢g ¢ HZ(R) (Section 2.1.2). However, the interval Z suggests
heuristically that bifurcation of small-amplitude localized modes can be expected
in the domain w < wq if ¢ = —1 and in the domain w > wy if 0 = +1 provided that
the domain is not occupied by the spectral band of operator L. This is exactly the
conclusion that we can draw from the reduction of the stationary Gross—Pitaevskii
equation with a periodic potential to the nonlinear Schrédinger equation (Section
2.3.2). Therefore, we can use the NLS equation to describe bifurcation of localized
modes from the band edge of a spectral band of L = —92 + V(z).

3.2.2 Broad localized modes

Fix ng € N and a band edge wy = Ep, (ko) of the particular noth spectral band of
L = =02 + V() with either kg = 0 or kg = 3. Recall that the Gross—Pitaevskii
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equation,
iuy = —Ugy + V(2)u + olul’u,
can be reduced with the asymptotic multi-scale expansion,
(e, t) = e'/? (a(X, T)uo(z) + O (61/2)) et X = (2 T =,

to the NLS equation,

iar = aaxx + oBal’a, (3.2.9)
where ug = U, (-; ko) € le)er([O,Zﬂ']), a = —%E;L’O(ko), and g = ||u0||‘1§?mr >0

(Section 2.3.1).
There exists an exact localized mode of the NLS equation (3.2.9) if o = sign(«)
in the form

a(X,T) = A(X — Xo)e T,

where X, € R is arbitrary, Q € R satisfies sign(Q2) = o, and A(X) is given by

20\ 1/2 QN 1/2
A(X) = Agsech(KX), Ay= <ﬁ> , K= (E) . (3.2.10)
If o = —1, the localized mode (3.2.10) exists for E; (k) > 0 and © < 0. In
other words, the ngth spectral band is located to the right of point wg whereas the
localized mode with w = wy + €} < wq exists to the left of point wy. If 0 = 1,
the conclusion is the opposite. This property of bifurcations of localized modes is
supported by numerical results of Figures 3.1 and 3.2.
Theorem 2.4 (Section 2.3.2) gives the persistence of the localized mode (3.2.10)
as the asymptotic solution,

o) = €/ (A(el/z(x — 20))uo(z) + O (61/3)) , (3.2.11)
of the stationary Gross—Pitaevskii equation with w = wg + €2,
—¢"(x) + V(2)p(z) + 0¢*(2) = wp(x), x€R, (3.212)

under the condition that V' (z) is symmetric about = 0 and 2o = 0. If V(x) has
two points of symmetry such as x = 0 and = = 7, the same theorem guarantees
existence of two different branches of localized modes with centers of symmetries
at either z = 0 or x = m. Here we show that the existence of exactly two localized
modes on the fundamental period of V' (z) is a general situation when we are dealing
with periodic potentials.

Because of the translational invariance of the continuous NLS equation (3.2.9),
the localized mode (3.2.10) can be centered at any X, = €'/2z, € R. However, this
parameter determines the center of the localized mode ¢(z) relative to the center
of the Bloch function ug(z) and, therefore, with respect to the potential V(z).
As a result, parameter Xy cannot be arbitrary but must be determined from a
bifurcation equation in the third step of the Lyapunov—Schmidt reduction method.
Unfortunately, this happens beyond all powers of the asymptotic expansion (3.2.11).
At this point, we apply formal computations developed by Pelinovsky et al. [161].

First, we note the following lemma.
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Lemma 3.8 Let ¢ € H%(R) be a strong solution of the stationary Gross—Pitacvskii
equation (3.2.12) and V € C*(R). Then,

/]RV'(x)d)z(x)dz =0. (3.2.13)

Proof Equation (3.2.12) is a spatial Hamiltonian system, which is related to the
Hamiltonian function

d 2
H.0a) == () + (V- w)o? + 5ot

The spatial Hamiltonian system is not autonomous in z € R. The change of
H(¢,¢', ) at the trajectory (¢, ¢’) is computed from

lim H(¢p,¢',x) — hm H(p, ¢, x / —dx = / V'(z)¢?(2)dx
Tr—r00
For any strong solution ¢ € H%(R), both ¢(z) and ¢'(z) decay to zero as |z| — oo,
which gives lim,_, 1o H(¢p, ¢',2) = 0 and the constraint (3.2.13). O
Exercise 3.8 Let ug € L2, ([0,27]) be a solution of the equation
—ug(z) + V(2)up(z) = woue(x), z€R.
Prove that

Cop = ), V' (z)ud(z)dx = 0.

Substitution of the leading order of the asymptotic solution (3.2.11) into the
constraint (3.2.13) gives the scalar function

f(zo,€) =€ /R V() A% (V2 (x — 20))ud (x)d. (3.2.14)

The presence of the small parameter ¢ for the broad localized mode ¢ allows us to
simplify computations of f(xg, €) at the leading order, which becomes exponentially
small with respect to €. This computation is summarized in the following lemma.

Lemma 3.9 Let
1 27

Cy = — V' (z)ud(z)e @dx # 0.
2 0

There exist exactly two simple roots of f(xo,€) =0 for xg € [0,27) and sufficiently
small € > 0.

Proof We shall prove that f(zg,€) is exponentially small with respect to € and
compute the leading order of f(wg,¢). Let us use the Fourier series for V'u2 €

_ Z Cneinw

nez

([0,27]) given by

pur
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and the Fourier transform for A2 € L%(R) given by
A2(p) = / A%(X)ePXdX.
R
Function f(zo,€) is rewritten in the form

flo, ) =€) cn/ A%V (x — x0))e™ da
nez R
= ¢l/? Z Cp A2(ne1/2)em o, (3.2.15)
nez

It follows from the analyticity of A2(X) in X that A2 (p) decays to zero exponen-
tially fast as [p| — oo. Therefore, series (3.2.15) is hierarchic in the sense that the
higher-order terms with larger values of |n| are exponentially smaller compared to
the lower-order terms with smaller values of |n| as ¢ — 0. From Exercise 3.8, the
zero-order term is absent since

1 2

Co V' (x)ud(z)dz = 0.

=5 )
Therefore, the leading order of series (3.2.15) becomes
Flzo, €) = 26'/2|Cy|A2(e7/?) cos (zo + arg(Ch)) + ... ..

Assuming that C; # 0, the leading order of f(zo,€) has precisely two simple roots
for zy € [0,27). Persistence of simple roots of f(zg,e) = 0 for sufficiently small
€ > 0 is proved using the Implicit Function Theorem. O

If V(z) is symmetric about the points = 0 and z = 7, then ¥32(x) is also
symmetric about these points and C; € iR. In this case, the two roots of f(zg,e€)
occur at the extremal points of V(z), that is, for zp = 0 and zy = =, in full
correspondence to the result of Theorem 2.4.

The limit of broad localized modes is simultaneously the limit of small powers
Q(¢) = |¢l|3.. If we substitute the leading order of the asymptotic expansion
(3.2.11) with g = 0 and perform computations similar to the proof of Lemma 3.9,
we obtain the leading order of Q(¢),

e/ A%(eY22)ud(z)dx = €'/? Z D, A2(ne /?) = /2 (DOAQ(O) +.. ) ,
R

ne”Z

where {D;, }nez are coefficients of the Fourier series for ug € L2, ([0,27]) and the

remainder terms are exponentially small with respect to €. Since

1 2m
Dy = —/ ud(z)dz > 0,
0

2
we can see that

Q(¢) = O(e"?) = O(|w — wo['/?).

There are several distinctive differences between bifurcations of broad localized
modes considered here and bifurcations of small-amplitude localized modes con-
sidered in Section 3.2.1. First, the bifurcation point wg is not isolated from the
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spectrum of the Schrédinger operator L = —82 + V(x). Second, two distinctive
branches may bifurcate from the point wgy here, compared to one branch in Section
3.2.1. Third, Q(¢) = O(Jw—wg|"/?) as w — wy here, compared to Q(¢) = O(|w—wp|)
in Section 3.2.1.

Exercise 3.9 Consider the Schrodinger operator
Ly=-0?+V(z)—w+30¢*(x), w<inf o(—02+V),

and compute (L4 A'ug, A'ug)r2 in terms of 0y, f(zo,€). Prove, for o = —1, that
the operator L, has one negative eigenvalue if 9., f(xo,€) > 0 and two negative
eigenvalues if 9y, f(zo,€) < 0.

Remark 3.5 If arg(Cy) = —F%, the root xo with 9y, f(zo,€) > 0 corresponds
to zo = 0 (that is, the minimum of V(z)) and the root xo with 0, f(zo,€) < 0
corresponds to zyg = 7 (that is, the maximum of V(z)). The result of Exercise 3.9
implies that the localized mode with xog = 7 is unstable in the time evolution of
the Gross—Pitaevskii equation, whereas the localized mode with xy = 0 is stable in
the time evolution (Section 4.3).

If the potential V' (z) is special such that C; = 0 but Cy # 0, the leading-order
terms in series (3.2.15) give

Flzo,€) = 26'/%|Cy | A2(267/?) cos (20 + arg(Ch)) + .. . .

Four branches of localized modes may bifurcate from four roots of the function
cos(2xg) on [0,27). Examples of such bifurcations were considered by Kominis &
Hizanidis [121] for the Gross—Pitaevskii equation with a small periodic potential.

3.2.3 Narrow localized modes

There is another limit we can explore to clarify the question of multiplicity of
branches in the stationary Gross—Pitaevskii equation (3.2.3). If V(x) = 0, the sta-
tionary equation (3.2.3) with ¢ = —1 has a localized mode for any w < 0,

o(x) = (2|w])?sech(|w|?(x — x0)), z0 € R. (3.2.16)

This motivates the use of a perturbation theory for small V (z) to identify persis-
tence of this localized mode for nonzero potentials, as in Kapitula [101].

Even if V(z) is not small, there is a simple way to transform the stationary
equation (3.2.3) with 0 = —1 to the same form with a small parameter in front
of the potential V(x). The technique is based on the scaling transformation, which
captures the limit of a narrow localized mode ¢ with a large power Q(¢). The
approach has been known since the work of Floer & Weinstein [58] but it has
received much attention in recent years, for instance, in the work of Sivan et al.
[191]. Using this approach, we will show that a narrow localized mode exists in a
neighborhood of any non-degenerate extremum of V().

Let us fix the center 2o € R of the localized mode (3.2.16) and apply the scaling
transformation,

w=V(zg) —E, £=EY*(x—mz), v =2E)"Y2(x). (3.2.17)
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The limit w — —oo corresponds to the limit £ — oco. Therefore, we define a small
positive parameter ¢ = E~L. If ¢(x) satisfies the stationary equation (3.2.3) with
o = —1, then ¥(§) satisfies a new stationary equation

=" (&) + Ve()y(€) — 20 (&) + v(€&) = 0, (3.2.18)
where

V(€)= e (V(xo + /%) — V(zo)) ‘

Since ||V, |z~ = 2€||V| 1, the new potential V,(£) is small as ¢ — 0 in L norm.
Recall that there exists a unique (up to translation in £ € R) exponentially decaying
solution 1o(&) = sech(&) of the stationary equation (3.2.18) for € = 0. The following
result specifies the conditions on V(x) and z(, under which the solution 1y persists
for € # 0.

Theorem 3.5 Let V(z) € L®°(R)NC%(R). For each g € R such that V'(xq) # 0,
no solutions ¢ € H*(R) of the stationary equation (3.2.18) ewist for sufficiently
small € > 0. For each o € R such that

V/(Io) = O, V”(mo) 75 O

there exists a €9 > 0 such that for any € € (0,€), there exists a unique solution
W € H%(R) of the stationary equation (3.2.18) and a constant C > 0 such that

Hd) - QZJOHHz < 0627
where (&) = sech(§).

Proof Let (&) = o(€ — s) + ¢(§), where s € R is arbitrary and ¢ (§) = sech(§).
We rewrite (3.2.18) in the form

Low = ~Velwo(- = 5) + ) + N(9), (3219)
where
Lo = —0; +1—6sech®(£ — s)
and
SN() = (ol = 5) + )P B3 = ) = BUR( — )
3vo(- — s)p” + ¢

Because H%(R) is a Banach algebra with respect to pointwise multiplication (Ap-

pendix B.1), the nonlinear vector field enjoys the bound
IN(@)llzz < 6lleliF + 2ol
Since V' € L*°(R), there is also C' > 0 such that
IVe(@ho(- = 5) + @)llzz < Cellgro(- — 8) + @llu2-

Because of the exact equation Lo, (€ — s) = 0, operator Lo has zero eigenvalue,
which is isolated from the rest of the spectrum of Lg. Therefore, the operator Lg
is not invertible in L?(R) but the method of Lyapunov-Schmidt reductions can be
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applied. Although we are supposed to decompose ¢ into the direction of Ker(Lg)
and into the orthogonal direction, we note that parameter s is not defined at this
point. If ¥g(z — s) is expanded in power series of s, then the linear term of this
expansion is parallel to Ker(Lg). Therefore, we can keep s as a free parameter and
add the constraint,

W(/)( - 8)7 SD>L2 = 0.
The values of s € R are defined by projecting of equation (3.2.19) to the direction
of Ker(Lg) C L?(R),
(00— 9), Vol = 8) + @hee + (Wh( — 8 N2 =0. (3:2:20)
Let Q : L2(R) — [Ker(Lo)]" C L%(R) be the orthogonal projection operator.
The non-singular equation for ¢ is given by
F(p,6,8) = (QLoQ)¢ + QVe(tho(- — 5) +¢) = QN(p) = 0. (3.2.21)

The vector field F(p,¢,s) : H*(R) x R x R — L2(R) is analytic in ¢ and s and C*
in e. We know that F'(0,0,s) =0 and J = D,F(0,0, s) is invertible for any s € R.
By the Implicit Function Theorem (Appendix B.7), there exists a unique solution
© = po(e,5) : R x R — H2(R) of equation (3.2.21) for small ¢ € R and any s € R.
Moreover, the map R? 3 (e,8) — o € H2(R) is C! in ¢, smooth in s, and for
sufficiently small € > 0, there is C' > 0 such that

leo(e; )2 < Ce. (3.2.22)
We substitute ¢ = ¢g(€, s) into the bifurcation equation (3.2.20) and obtain
fle,s) = fole,s) + file, ) =0,

where

fole,s) = —(@4(- — ), Veho (- — 8)) 12,
fi(e,5) = —(W(- — 3), Vepole, 8)) 12 + (¥4 (- — 5), N(o(e, 5))) 12

For sufficiently small € > 0, we have

fole, s) = %53/2/

1
V' (@o + 2R — s)ds = 562 (VV(@o)llwollfz + O /)
R
and |f1(e, s)| = O(€?) for any s € R.
If V'(z0) # 0, no root of f(e,s) =0 exists near € = 0 for any s € R. Assuming

V'(z0) = 0 and V" (z0) # 0, we represent V, € C?(R) locally near ¢ = 0 by

. 1 .

Ve(§) = 562‘///(350)52 + Re(§),
where HRsHLfg’C = o(€?) near ¢ = 0. To improve bound (3.2.22), we define ¢y =
w1 + 0, where p; € H 2(R) solves the inhomogeneous equation

(QLoQ)p1 = —QVitho (- — 9) (3.2.23)

and the remainder term 6 € H?(R) solves

(QLoQ) + Vi(p1 + ) + N(p1 +6) = 0. (3.2.24)
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Because of the exponential decay of 1y(&) to zero as £ — £o00, we have
E4o(€ —5) € LAR) and |[Retho]lz2 = of€).
Solving (3.2.23) and (3.2.24), we infer that there is a C' > 0 such that
lerlle < O, ||0]lm= < C€°,

which improves bound (3.2.22). Using this estimate for fy(e,s) and fi(e, s), we
obtain

fotes) = 562 [ ViGao + 30 (€ - 9)ds = 56 (V' (a)slvla +o(1)

and |f1(e,s)| = O(e*) for any s € R. If V"(x9) # 0, a unique root of f(e,s) = 0
exists near ¢ = 0 and s = O(e2) as € — 0. O

Exercise 3.10 Under the conditions of Theorem 3.5, prove that there exists
€0 > 0 such that for any € € (0, €p), the second eigenvalue of the Jacobian operator
along the solution branch

Ly=-02+V(z)—w—3¢*(2)
is negative if V" (x¢) < 0 and positive if V"’ (zq) > 0.

Remark 3.6 The result of Exercise 3.10 suggests that the localized mode at
the minimum of V() is stable in the time evolution of the Gross—Pitaevskii equa-
tion, whereas the localized mode at the maximum of V(z) is unstable in the time
evolution (Section 4.3).

If V(x) is a smooth 27-periodic potential with only one minimum and maximum
on the fundamental period [0,27), there are only two narrow localized modes in
the semi-infinite gap, which correspond to the non-degenerate extremal points of
V(z). Because of the scaling transformation (3.2.17), we have

Q(p) = ||9]12: = 2E2||¢[|2. = O(EY?) as E — cc.

Therefore, the limit of narrow localized modes corresponds to the limit of large
powers Q(¢) far away from the lowest band edge of the spectrum of the Schrédinger
operator L = —92 + V().

The scaling transformation (3.2.17) ensures that the new potential V,(z) is both
small in amplitude and slowly varying with respect to z. If we only require V(z) to
be small in amplitude, then an effective potential determines existence of localized
modes of the stationary equation (3.2.3).

Recall from Lemma 3.8 that if ¢(x) is a localized mode of the stationary equation
(3.2.3), then

/ V' (2)62(x)de = 0.
R

If V(z) is small in the sense that it is multiplied by a small parameter €, then
¢(x) is close to the localized mode (3.2.16) for any w < 0. This implies that the
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persistence of the solution ¢ for € # 0 can be related to the derivative of the effective
potential,

M (xo) = / V(z +20)dg(z)dz, a€R.
R
This is indeed the case, as the following exercise shows.

Exercise 3.11 Assume that V(z) is multiplied by a small parameter € and prove
that for each xy € R such that

M'(z0) =0, M"(x0) #0,

there exists a ¢y > 0 such that for any € € (0,¢p), there exists a unique solution
¢ € H%(R) of the stationary equation (3.2.3) with o = —1 satisfying bounds

AC>0:  |[l¢ = ¢o(- — x0)l|laz < Ce.

Note that if V(z) is multiplied by a small parameter, then narrow band
gaps bifurcate between two adjacent spectral bands near w = "72 > 0 for n € N.
Therefore, besides localized modes in the semi-infinite gap, there exist localized
modes in narrow band gaps according to the nonlinear Dirac equations (Section
2.2.2).

3.2.4 Multi-pulse localized modes

Single-pulse localized modes ¢ are also called the fundamental localized modes.
Multi-pulse localized modes can be thought to be compositions of fundamental
modes with sufficient separation between the individual pulses. If ¢(z) — 0 as
|z| — oo exponentially fast, overlapping between the tails of individual pulses is ex-
ponentially small in terms of the large distance between the pulses. This brings us to
the theory of tail-to-tail interaction between individual pulses, which was pioneered
by Gorshkov & Ostrovsky [73] with the use of formal asymptotic computations.
The rigorous justification of this theory using geometric ideas was developed by
Sandstede [179] in the context of pulses in reaction—diffusion equations. Infinite se-
quences of pulses in reaction—diffusion equations were recently considered by Zelik
& Mielke [221].

Let us consider again the stationary Gross—Pitaevskil equation (3.2.3) with a
2m-periodic potential V(x) in the focusing case 0 = —1 for w < wy := info(L),
where L = —02 + V(z). As we have seen in Sections 3.2.2 and 3.2.3, there exist
at least two branches of fundamental localized modes ¢. If V(x) has a spatial
symmetry

V(iz)=V(-2)=V(2r—2), z€R,
the two localized modes ¢(z) are symmetric with respect to points z = 0 and

x = m. We have also seen that the spectrum of the Jacobian operator L, for the
stationary Gross—Pitaevskii equation evaluated at the localized mode ¢ is bounded
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away from zero and includes a finite number of negative eigenvalues and no zero
eigenvalue.

We now construct a multi-pulse localized mode ® of the same stationary Gross—
Pitaevskii equation,

—3"(2) + V(2)®(x) — ®*(z) = wd(z), =R, (3.2.25)

which consists of two individual pulses ¢ centered at two particular points s; and
so with a large separation distance |s; — s1|. Since V() is 2m-periodic, we can set
s1 = 0 and s = 27n for an integer n € N. The following theorem shows that this
superposition always exists in the asymptotic limit of large n € N.

Theorem 3.6 Let w < wy and assume that there exists a fundamental localized
mode ¢ of the stationary equation (3.2.3) with an exponential decay to zero as
|x] — oo. There exists an infinite countable set {®,}nen of two-pulse localized
modes of the stationary equation (3.2.25) in the form

D, (z) = ¢p(z) + ¢p(z — 2mn) + on(x), neEN, (3.2.26)
where for any small € > 0 there is N > 1 such that

Vn>N: 3C>0: |en|lgz <Ce (3.2.27)

Remark 3.7 Because two distinct branches of fundamental localized modes ¢,
and ¢9 of the stationary equation (3.2.3) generally exist, one can use the same tech-
nique to prove existence of a two-pulse localized mode ®(x), which is represented
by the sum of ¢;(x), ¢2(x — 27n), and a small remainder term.

Proof Substitution of the decomposition (3.2.26) into the stationary equation
(3.2.25) gives an equation for ¢, (x) written in the abstract form

Ly = fn 4+ N(en), (3.2.28)
where
L:=-0>4+V(z) —w—3(¢+ bn)?,

fn = 3¢¢n(¢ + ¢n)7
N(p) :=3(¢ + ¢n)g” + ©°,

and ¢,(x) = ¢(x — 27n). Thanks to the exponential decay of ¢(z) to zero as
|z] = oo, we know that

lpdnllLe =0 as n— co.

Therefore, f, is small in L?(R) for large n € N and for any small € > 0 there is
N > 1 such that

Vn>N: 3C>0: |fullrz <Ce



146 Ezistence of localized modes in periodic potentials

On the other hand, because o (L) associated with a fundamental localized mode
¢ is bounded away from zero, o(L) is also bounded away from zero for large n € N.
Therefore, we can rewrite (3.2.28) as the fixed-point equation

pe H*R): ¢=F(p):=L'f+ L 'N(p). (3.2.29)

Since H%(R) is a Banach algebra with respect to pointwise multiplication (Appendix
B.1), there is C' > 0 such that

IN()ze < Clielize + el

The vector field F(p) is analytic in ¢ € H?(R), maps a ball of radius § > 0 in
H2(R) to itself for large n € N and small § > 0, and it is a contraction in the
ball. By the Banach Fixed-Point Theorem (Appendix B.2), there exists a unique
solution ¢, € H?(R) for sufficiently large n € N such that ,, solves the fixed-point
equation (3.2.29) and satisfies bound (3.2.27). O

Exercise 3.12 Consider the Jacobian operator
Ly =-02+V(z) —w—30%(x),

evaluated at the two-pulse localized mode ®(z) and prove that L has twice as many
negative eigenvalues as the Jacobian operator L, evaluated at the fundamental
localized mode ¢(z).

Although Theorem 3.6 only covers a two-pulse localized mode, the construction
of a multi-pulse localized mode is a straightforward exercise.

Exercise 3.13 Prove existence of a localized mode ®(z) in the stationary Gross
Pitaevskii equation (3.2.25), which consists of the sum of N individual pulses ¢(x —
2mn;) for distinct integers n; < ng < ... < ny in the asymptotic limit |n;+1 —n;| —
oo for all j € {1,2,..., N —1}.

The two-pulse localized mode ®(z) exists at the balance between two opposite
forces: the fundamental localized modes ¢(z) repel each other by their monotoni-
cally decaying exponential tails but each localized mode is trapped by the potential
V(z) of the stationary Gross—Pitaevskii equation (3.2.25). If V(x) = 0, no balance
between two individual pulses exists unless the repulsive and attractive forces arise
due to oscillatory tails of the fundamental localized modes.

We note that the technique of the Lyapunov—Schmidt reduction method was
avoided in the previous discussion because the operator L, for a fundamental lo-
calized mode ¢ had a trivial kernel thanks to the broken translational invariance
of the stationary Gross—Pitaevskii equation (3.2.25) with a nonzero potential V(z).
Let us now consider a homogeneous stationary equation, where the translational
invariance induces a non-trivial kernel of L.

If we simply take V(2) = 0, then the second-order differential equation (3.2.25)
has the fundamental localized mode (3.2.16) and it is the only solution decaying
to zero. This follows from the phase-plane analysis of trajectories on the phase
plane (¢,¢’) € R2. Since the trajectories do not intersect at any (¢, ') unless it
is an equilibrium point, homoclinic trajectories approaching the zero equilibrium
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may have at most one loop in the phase plane. If we now consider a stationary
Gross—Pitaevskii equation modified by the fourth-order dispersion term,

—¢"(x) + 29" (x) — #3(2) = wo(x), =z E€R, (3.2.30)

then trajectories live in the phase space (¢, ¢, ¢, ¢"") € R* and may approach the
zero equilibrium after several loops in the phase space.

Typically € is a small parameter in equation (3.2.30) because the fourth-order
dispersion term is considered to be smaller compared to the second-order dispersion
term in the asymptotic multi-scale expansion method (Section 1.1). However, we
can use the scaling transformation,

¢(I) = E_lw(g)v g = E_lxa W = _6_2Ca
which brings equation (3.2.30) to the form

P& =" (€) + cp(€) =P (x), EE€R, (3.2.31)

where ¢ € R is an arbitrary parameter. Note that equation (3.2.31) coincides with
the reduction of the fifth-order modified Korteweg—de Vries equation for a traveling
wave [23, 79].

Linearization of equation (3.2.31) at the zero equilibrium with the substitution
(&) = ppe”* leads to four admissible values of x found from the roots of the
characteristic equation

Kt — K>+ e=0. (3.2.32)
When ¢ < 0, one pair of roots x is purely imaginary and the other pair is purely
real. When 0 < ¢ < i, two pairs of roots k are real-valued. When ¢ > i, the
four complex-valued roots k are located symmetrically about the axes, that is, at
K = ®kKo * ikg, where kg and kg are real positive numbers.

It is proved with the variational method by Buffoni & Sere [23] and Groves
[79] that the fourth-order equation (3.2.31) has a fundamental localized mode ¢ €
C*°(R) for ¢ > 0, which is even on R and decays to zero as |{| — oo exponentially
fast.

For ¢ > %, the fourth-order equation (3.2.31) has also an infinite countable set
of two-pulse localized modes ¥ € C*°(R), which look like two copies of the funda-
mental localized modes v separated by finitely many oscillations close to the zero
equilibrium [23]. The members of the set are distinguished by the distance between
the two individual pulses.

The following theorem gives an asymptotic construction of the two-pulse solution
W, which confirms this variational result using the method of Lyapunov-Schmidt
reductions. This application of the method was developed by Chugunova & Peli-
novsky [34] in the context of the fourth-order equation (3.2.31) with a quadratic
nonlinear term.

Theorem 3.7 Let ¢ > i and denote the quartet of roots of the characteristic

equation (3.2.32) by k = £krotiky. Assume that there exists a fundamental localized
mode ¢ € H*(R) of the stationary equation (3.2.31) such that the Jacobian operator

Ly =c—0F + 0 —3¢%(¢) (3.2.33)
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has a one-dimensional isolated kernel in L?(R) spanned by 1'(£). Let 2s be the
distance between two copies of the single-pulse solution () in the decomposition

(&) =9(€ =) + (€ +5) +0(S), (3.2.34)

where (&) is a remainder term. Assume that the effective potential function W (s) :
R4+ — R is given by

Wi(s) := / P3(E)(€ + 25)d. (3.2.35)
R
There exists an infinite countable set of extrema {s,}nen of W (s) such that
. ™
A [sns1 = snl = 50

Fiz n € N and assume that W' (s,,) # 0. Then, there exists C,, > 0 and a unique
two-pulse solution ¥ € H4(R) of the stationary equation (3.2.31) such that W(£) is
even on R and

|s — 5, < Cre™2%0% ||0]|ga < Cpe 208, (3.2.36)

Proof When the tails of the fundamental localized mode ¥ (§) are decaying and
oscillatory (i.e. when ¢ > 1), the function W (s) defined by (3.2.35) is decaying and
oscillatory in s. As a result, there exists an infinite set of extrema {s, }nen. Let us
pick s, for a fixed value of n € N such that W'(s,) = 0 and W”(s,) # 0. When
the decomposition (3.2.34) is substituted into the stationary equation (3.2.31), we
obtain

(€= 02 +0¢ = 3(ts +9-)%) 0 = 3(ths +9)0% = 0° =3y (Y1 +¢-),
(3.2.37)

where 1y = YP({ £ s).
Let € = e~2%0% be a small parameter that measures the L norm of the overlap-

ping term in the sense that for each € > 0 there exist constants Cy > 0 and s¢o > 0
such that

[ = 8)(- + 8)llL < Coe, 5> so. (3.2.38)
We rewrite equation (3.2.37) as a fixed-point equation
LY =ef +N(0), (3.2.39)
where
Li=c—0; +0f =3ty +1_)%

ef =3 (Y + ),
N(0) =34 + v_)0* + 6°.

Since H*(R) is a Banach algebra with respect to pointwise multiplication (Ap-
pendix B.1), there is C' > 0 such that

IN@O)llz2 < ClONFs + 116113 (3.2.40)
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On the other hand, because L, for a fundamental localized mode (&) has an
isolated kernel spanned by ’(§) and s is large, operator L has two eigenvalues in
the neighborhood of 0 which correspond to the even and odd eigenvectors

0L(6) =/ (E+5) £ (E—5)+ Opele) as e—0.

We are looking for an even solution of the fixed-point equation (3.2.39) in the
constrained H* space

H!={0e€ H*R): (04+,0)72=0}.
Therefore, we impose the Lyapunov—Schmidt bifurcation equation
F(e,s,0) = €01, f)r2+ (04, N(0)) 2 = 0. (3.2.41)
Under condition (3.2.41), there exists a unique C'* map
Ry xRy > (e,8) — 0 € HY
such that 0 solves the fixed-point equation (3.2.39) and satisfies
3C>0: ||0]g2 < Ce. (3.2.42)
The first term of the bifurcation equation (3.2.41) can be simplified as follows:
€O+, frz = 3(0+, 304V (Y4 + Y- )) 12
= 3L, viv) e + 3L, U204 ) e + O(€)
= =@ v — W2, ¢ ) + O(e)
=—W'(s) + O(é?).
Combining with bounds (3.2.40) and (3.2.42), we conclude that
F(e,5,0) = —W'(s) + O(¢?) = 0,

where W(s) = O(e) as € — 0. Using the Implicit Function Theorem for the equation
€ 1F(e,5,0) =0, we conclude that there is a unique root s near each s, for which
W'(sp) = 0 and W"(s,) # 0. This construction concludes the proof of bound
(3.2.36). O

Exercise 3.14 Under the conditions of Theorem 3.7, prove that for any small
€ > 0, the Jacobian operator along the solution branch

Ly =c— 0+ 0 —3¥%¢)

has a simple zero eigenvalue with the odd eigenvector ¥/(£) and a small eigenvalue
in the neighborhood of 0 with an even eigenvector. Moreover, prove that the small
eigenvalue is negative if W”(s,) > 0 and positive if W"(s,,) < 0.

An infinite countable sequence of two-pulse solutions ¥(¢) exists if the inter-
action potential W(s) between two individual pulses has an alternating sequence
of non-degenerate maxima and minima (which corresponds to the case when the
fundamental localized mode ¥(§) has an oscillatory decaying tail at infinity). The
distance between the two pulses occurs near the extremal points of the interaction
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potential W (s). Three-pulse solutions can be constructed as a bi-infinite countable
sequence of three individual pulses where each pair of two adjacent pulses is located
approximately at a distance defined by the two-pulse solution. Similarly, N-pulse
solutions can be formed by an (N — 1)-infinite countable sequence of N individual
pulses.

3.2.5 Localized modes in the anticontinuum limit

Our final example of the Lyapunov—Schmidt reduction method deals with the sta-
tionary DNLS equation,

—Auy + olug U, = wu,, n€ ze, (3.2.43)

where A is the discrete Laplacian on a cubic d-dimensional lattice,

d
A’LL,,L = Z (un+ej + Un—e; — 2Un) , nec Zd,
j=1
and {ey,...,eq} are standard unit vectors on Z.

For the stationary DNLS equation (3.2.43), it is sufficient to consider one sign of
o, because the staggering transformation,

w=4d -, u,=(=1)"Ttag, = (ng,...,n4) € Z%,

transforms a solution (w, {uy, }neza) of the stationary DNLS equation (3.2.43) for a
fixed sign of o to another solution (@, {@y, },eze) of the same equation (3.2.43) for
the opposite sign of —o. Therefore, we need only consider the focusing case o = —1.

Recall that o(—A) € [0,44d]. Localized modes outside the spectral band must have
either w < 0 or w > 4d. We will show that the stationary DNLS equation (3.2.43)
with 0 = —1 admits no localized modes for w > 4d and a variety of localized
modes for w < 0. This picture resembles the existence of localized modes in the
semi-infinite gap and in each finite gap of the stationary Gross—Pitaevskii equation
(3.1.1) with o = —1 (Section 3.1), for which the stationary DNLS equation (3.2.43)
is an asymptotic reduction in the tight-binding limit (Section 2.4.2).

Lemma 3.10 No nonzero localized modes of the stationary DNLS equation (3.2.43)
with 0 = —1 and w > 4d ewist.

Proof Let us multiply (3.2.43) by %, and sum over Z? to obtain
(u, (w+A)u)ez + [uljs = 0.

If w > 4d, then (w + A) is a positive operator and the left-hand side may vanish
only for ||[ul|;z = ||ulj; = 0. In view of the discrete embedding of 12(Z9) to 1°°(Z%)
(Appendix B.1), we have u = 0, that is, no nonzero localized modes exist for
w > 4d. O

Let us then fix 0 = —1, w < 0 in the stationary DNLS equation (3.2.43) and
consider the scaling transformation,

w=—€et' u= 6_1/2¢),
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where € > 0 is a new parameter and vector ¢ is a solution of the difference equation
d
(1 - |¢n|2)¢n = EZ (¢TL+83 + an—cj - 2¢n) , nE Zd' (3244)
j=1

The limit ¢ — 0 is referred to as the anticontinuum limit of weakly coupled os-
cillators. Analysis of time-periodic localized modes in this limit was developed by
MacKay & Aubry [136]. Classification of localized modes is proposed by Alfimov
et al. [10]. Our study follows the work of Pelinovsky et al. in one [155], two [156]
and three [135] dimensions.

The difference equation (3.2.44) for € = 0 has a general set of localized modes

3O = e, nes, (3.2.45)
" 0, n € S+, -

where S C Z% is a bounded set of nodes on the lattice, S+ = Z\S, and {0, }nes
is a set of phase configurations. The set {0, }ncs is arbitrary for € = 0.

Definition 3.2 The limiting solution (3.2.45) is called a soliton configuration if
0, € {0,7} for alln € S.

The main question is: For what soliton and non-soliton configurations can the
localized mode (3.2.45) be continued in the difference equation (3.2.44) for small
nonzero €? The main idea of the reduction method is to track how the extra sym-
metries for € = 0 are destroyed for € # 0. Indeed, the complex phases {0, }nes
are arbitrary if € = 0 but they are related if € # 0 by the one-parameter gauge
transformation ¢ — e®¢ for any o € R.

Similarly to the case of the stationary Gross-Pitaevskii equation (3.2.3) in one
dimension, all localized modes of the stationary DNLS equation (3.2.43) are real-
valued modulo the gauge transformation. Therefore, only soliton configurations
have to be considered if d = 1.

Lemma 3.11 Letd =1 and ¢ € I>(Z) be a nonzero solution of the stationary
DNLS equation (3.2.44). There is € R such that ¢®¢ : R — R.

Proof Because of the gauge transformation, it is sufficient to choose § = 0. Since
¢ is nonzero, there is ng € Z such that ¢,, € R\{0}.

Let {¢n, tnez solves the stationary DNLS equation (3.2.44). Multiplying the equa-
tion by ¢, summing over Z, and subtracting the complex conjugate equation, we
can see that

o = Onbns1 — Gnbni1 = Ju—1, nEZ,

is constant for all n € Z. If lim),|,oc ¢ = 0 or if there exists ny € Z such that
¢n, =0, then J, =0 for all n € Z. If ¢y, , pp,+1 # O for some ny € Z, then J,, =0
implies that

2arg(¢n, +1) = 2arg(¢n,) mod(2m).

Therefore, if ¢,, € R, then ¢,, 11 € R.
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On the other hand, because (3.2.44) with d = 1 is a second-order difference map,
if {¢n}nez is nonzero identically, there exists at most one consequent node, say
ny € Z, with ¢,, = 0. In this case, ¢n,+1 = —¢n, -1 # 0, hence, if ¢,,, _1 € R, then

¢n1+1 e R.
Combining both cases together, we summarize that if ¢,,, € R\{0} for at least
one ng € Z, then ¢,, € R for any n € Z. O

The following result shows that the persistence question has a simple solution for
d=1.

Theorem 3.8 Let d = 1, ¢ be given by (3.2.45), and 6, € {0,7} for all
n € S. There exists a unique real-valued solution ¢ € 12(Z) of the stationary DNLS
equation (3.2.44) for any small € # 0. Moreover, the mapping R > € — ¢ € [*(Z)
is analytic near e = 0 and there is C > 0 such that

Il — @2 < Ce. (3.2.46)
Proof Let F(¢,¢):1%(Z) x R — I2(Z) be given by
Fo(¢,e) = (1_¢i)¢n_e(¢n+l+¢n—1 —2¢,), neZ.

The map F is analytic in ¢ and e. It is clear that F(¢®,0) = 0 and J =
D¢F(¢(O), 0) is represented by a diagonal matrix with entries

1-3(6)% € {1,-2}.

By the Implicit Function Theorem (Appendix B.7), there exists a unique analytic
continuation ¢ near ¢ in 12(Z) for small € # 0 satisfying the bound (3.2.46). O

We shall now consider persistence of soliton and non-soliton configurations for
d > 2. Let N = dim(S) and TV be the torus on [0,2x]" for the vector € of phase
components {6, },cs. We define the nonlinear vector field F(¢,¢) : 12(Z%) x R —
1*(2%) by

d
Fo(¢,6) = (1= [6nl)bn — €Y (Snte, + bnc, —26n), neZ’  (3.247)
j=1

The Jacobian operator is given by

DyF(¢.e) DgF(¢,¢) 2(rpd 2(7d 2(7d 2(7d

H:=[¢’ P 228 x 2(Z24) — 122 < 12(27).
DyF(.0) DyFigoe | 17 *HE) 7 HE) X EE)

This operator is not block-diagonal due to the presence of the shift operators but

we can still use a formal notation H,, for the “2-block” of H at the node n € Z,

1=2l6,2 —¢2 } d 10

H, = { ! - e§ (64, +0-c, —2) { } , (3.2.48)
2 2 > %

—¢2 1 —2|¢n] = ’ 0 1

where 6, U, = tnic;. This notation allows us to write the matrix—vector form H1p

in the component form H,,, for each 4, n € Z4.
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Exercise 3.15 Recall that the DNLS equation

d

i, = —¢ Z(unJreJ +Un_e; — 2Up) — lun [Py, n e Zl,
Jj=1

has the Hamiltonian function
¢ 1
(u) = EZ unte; — un“l22 - iHun”?‘l
j=1

and enjoys gauge invariance with the conserved power

Q(u) = [|ulf.
Define the energy functional E,(u) = H(u) + Q(u) and show that

Ve € P(EY): Bul¢+¢) = Buld) + 1 (Heoo e + Ol gl)

Let ¢ = ¢>(O>(0) be the limiting configuration (3.2.45). By explicit compu-
tations, F(¢(O),O) = 0 and H© is block-diagonal with the 2-block at the node
neZ4,

10 -1 —e¥bn
o)y _ L )y — .
(H™)n {0 1],17/65, (H™)n {_672,971 1 },nES.
We note that (e, = 0 and H®¢, = —2¢&, for all n € S C Z¢, where the
2-blocks of eigenvectors e,, and &,, at the node k € Z% are given by
ci0n eifn
n)k = i i 0 ns An = —i 0 n-
e =i| o, | B @n=| Do | o

Let P : 12(2%) x 12(Z%) — Ker(H) C 12(Z%) x I?>(Z%) be an orthogonal projec-
tion operator to the N-dimensional kernel of H(9). In explicit form, the projection
operator P is expressed by

vf e i?(z%):  (Pf), =

21 — (eien (f) — _19n f)n> ,
and (Pf), = 0 for all n € S+.

Since the operator H() is a self-adjoint Fredholm operator of zero index, the
decomposition 12(Z?) x 1?(Z%) = Ker(H?) @ Ran(H®)) is well-defined. By using
the Lyapunov—Schmidt reduction algorithm, we consider the decomposition

p=0"0)+> ane,+ ¢,

nes

where (¢, @) € Ran(H(?) and «,, € R for each n € S. We note that

V0o € TV : ¢©(00) + > anen = ¢ (80 + a) + O(|a?). (3.2.50)
nes
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Since the values of 0 in ¢(0>(0) have not been defined yet, we can set a,, = 0 for all
n € S without loss of generality. The projection equations in the Lyapunov—Schmidt
reduction algorithm are

PE(V(0) + ¢, 6) =0, (Z—-P)F(V(0)+p,e) =0. (3.2.51)

We note that F(¢,€) is analytic in € € R and (Z — P)H(Z — P) : Ran(H(?) —
Ran(H®) is invertible at € = 0. By the Implicit Function Theorem (Appendix
B.7), there exists a unique solution ¢ € 1?(Z%) of the second equation of system
(3.2.51), which is analytic in € near ¢ = 0 and depends on 8 € TV. Let us write this
map as

TV xR 3 (0,¢) — @ € 1*(2%).

From the Implicit Function Theorem, we know that, for sufficiently small ¢ € R,
there is C' > 0 such that

1@ (8,€)]l;2 < Ce, 6eTV.

As a result, there exists the nonlinear vector field g(8,¢) : TV x R — R, which
generates the reduced bifurcation equations

g(0,¢) = PF(¢'V(0) + 0V (8,¢),¢) = 0. (3.2.52)

By construction, the function g(8,¢€) is analytic in € near ¢ = 0 and g(6,0) = 0 for
any @ € TV. Therefore, the Taylor series for g(8, ¢) can be written in the form,

g(6.c) =) g™(0). (3.2.53)
k=1
Exercise 3.16 Show that
d d
0) =Y (dnie; +du-c;) =€ D (Pute, +Onc;), NES
j=1 j=1

and g%l)(H) =0 for all n € S+.
The persistence question is now answered in the following theorem.

Theorem 3.9 The limiting configuration (3.2.45) for ¢'°)(8) can be continued
for any small nonzero € if and only if there exists a root 0, € TN of the vector field
g(8,¢€) for this €. Moreover, if the root 6. is analytic in € with 0, = 0y + O(e), the
solution ¢ of the difference equation (3.2.44) is analytic in € and

[e o]
¢ =0"(0.) + 0 (0.,6) = ¢ (00) + Y _ "), (3.2.54)
k=1
where {(,‘b(k)}keN are independent of e.

Exercise 3.17 Fix 0, at the soliton configuration in the sense of Definition 3.2
and prove that there exists a continuation of the soliton configuration in

e #0.
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For the non-soliton configurations, computations of roots of the function g(8,¢)
are based on the analysis of the convergent Taylor series expansions (3.2.53) and
(3.2.54). Let M = Dgg(60,¢) : RV — RY be the Jacobian matrix evaluated at the
vector @ € TV . By the symmetry of the shift operators, the matrix M is symmetric.

By the gauge symmetry, the function g(0, €) satisfies the following relation:

Vag € R, VO e TV : g(6 + agpo, €) = g(0 + aopo, €), (3.2.55)

where pg = (1,1,...,1) € RY. As a result, Mpy = 0 and the spectrum of M always
includes a zero eigenvalue. If the zero eigenvalue of M is simple, we can use again
the Implicit Function Theorem and conclude that zeros 8, of the function g(8, €) are
uniquely continued in € modulo the gauge transformation (3.2.55). However, if the
zero eigenvalue is not simple for the first non-trivial matrix M*0) = Dgg(*0)(0,)
for some ko € N, we need to compute g¥)(8y) for k > ko and ensure that the
Fredholm condition

g™ (0y) L Ker(MFo))

is satisfied as, otherwise, the solution cannot be continued for small nonzero e.
Combining all these facts together, we formulate the criterion for persistence of
non-soliton configurations.

Theorem 3.10  Suppose that g*)(8) = 0 for k =1,2,..., ko — 1 and g(¥)(8) # 0
for some ko € N. Let 8 be the root of g(¥)(8).

(1) If Ker(M®*0)) = Span{pg} C RY, then the configuration (3.2.45) is uniquely
continued in € # 0 modulo the gauge transformation (3.2.55).
(2) If Ker(M¥)) = Span{po, p1, -, Pay, } C RN with 1 <dy,, < N — 1, then:

(i) if g*ot1)(0y) ¢ Ran(MF0)), the configuration (3.2.45) does not persist
for any € # 0;

(ii) if g*ot(y) € Ran(M*o)), the configuration (3.2.45) is continued be-
yond O(e*0).

The criterion of Theorem 3.10 can be used in the computational algorithm, which
provides a binary answer to whether the configuration persists beyond ¢ # 0 or
terminates at ¢ = 0. Let us consider a square lattice Z? and a discrete contour S
for a vortex cell,

S = {(171)7(2»1)7(272)7(172)}' (3~2-56)

Let 61 = 61,1, 02 = 021, 03 = 029, and 04 = 0 2 along the discrete contour S.
Periodic boundary conditions can be used for 6y = 64, 05 = 6, if necessary. By the
gauge transformation, we can always set 6; = 0 for convenience. We also denote
02 = 6 and choose 6 € [0, 7] for convenience.

Definition 3.3 Let S be a closed contour on Z? and Af; = 6,41 — 0; € (—7, 7]
be the phase difference between two successive nodes on S. The total number of 27
phase shifts across the closed contour S is called the vortex charge L.
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From Exercise 3.16, we compute for the contour (3.2.56),
g\ () =sin(f; — 0;1) +sin(6; —0;_1), 1<j<4 (3.2.57)
Therefore, g™ (0) = 0 if and only if
sin(fy — 61) = sin(f3 — 02) = sin(@4 — 03) = sin(f; — 64). (3.2.58)

Upon our convention on ¢; = 0 and 02 = 6 € [0, 7], there are eight soliton con-
figurations with 0; € {0, 7}, one symmetric vortex configuration of charge L = 1
with

j—1
0, = % je{1,2,3,4}, (3.2.59)
and three asymmetric vortex configurations of charge L = 1 with
(a) 91:0792:9,93:7(,94:71'4-0;
(b) 0, =0,0,=0,05=20,0,=m+0;
(C) 91:0702:0,03:7{',04:27(—0.

We can now compute the Jacobian matrix M) = Dgg(™ (@) from explicit ex-
pression (3.2.57):

cos(f;41 — 0;) + cos(0;—1 — 0;), i=j,
(M) = —cos(t; —00), i=j+1,  (3.2.60)
07 |7' - ]| Z 27

subject to the periodic boundary conditions.

Remark 3.8 Although M is just a 4 x 4 matrix, it has a generic structure,
which is defined by the coefficients a; = cos(f;j41 —0;) for 1 < j < N, where N =4
in our case.

Let ng, 2o, and po be the numbers of negative, zero and positive terms of a; =
cos(fj 11 —0;), 1 < j < N. Let n(MD), 2(MD), and p(MD)) be the numbers of
negative, zero and positive eigenvalues of the matrix M. The following lemma
proved by Sandstede [179] tells us how to count eigenvalues of MO,

Lemma 3.12 Assume that zo = 0 and
N N N
o= (f1e) (£2)
=1 j#i i= i=

Then, z(MWM) =1, and either n(MWM) =ng — 1, p(MD) = py or n(MD) = ng,
p(MWM) = po — 1. Moreover, n(MW) is even if Ay > 0 and is odd if A; < 0.

Exercise 3.18 Let a; = a for all 1 < j < N. Use the discrete Fourier transform
and prove that eigenvalues of M) are given by

)\n:4asin27]rv—n, 1<n<N.

If a > 0, then 2(M®M) =1, pMD) = N — 1, and n(MD)) = 0.
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Exercise 3.19 Let N be even and a; = (=1)7aforall 1 < j < N. Use the discrete
Fourier transform and prove that eigenvalues of M) are given by

2mn N
A= —Ap =2asin——, 1<n<—.
+N/2 asin N n 5

Hence, (M) = 1N — 1, 2(M®P) =2, and p(MD)) = IN — 1.

Let us apply these results to various solutions of system (3.2.58).

For soliton configurations with non-equal numbers of 1 and —1in a; € {—1, 1}, for
j€{1,2,3,4}, we have 2z = 0 and A; # 0. By Lemma 3.12, we have z(M®")) = 1.
Theorem 3.10 states the existence of a unique continuation of the soliton con-
figuration in € # 0. The resulting solution is real-valued thanks to the result in
Exercise 3.17. Soliton configurations with equal numbers of 1 and —1 have A; =0
and z2(M1)) = 2. Therefore, these configurations must be considered beyond the
first-order reduction O(e).

For the symmetric vortex configuration, all coefficients a; are the same and zero.
Therefore, M(1) = 0 and we need to compute the next-order corrections g(®(0)
and the Jacobian M) = Dgg(?)().

For the asymmetric vortex configurations, there are two coefficients a; = cos § and
two coefficients a; = — cos §, which are nonzero if  # 7. The result of Exercise 3.19
shows that n(M®) =1, 2(MD) =2, and p(MD)) = 1. The additional zero eigen-
value is related to the derivative of the family of asymmetric vortex configurations
with respect to the parameter 6. Therefore, continuations of these configurations
are also considered beyond the first-order reduction O(e).

To compute g(? (), we use Taylor series (3.2.54) and obtain the inhomogeneous
problem

(1= 2160 P)el) = 60?60 = 0L, + 68, + Bk, + Ole, — 40, ne 2
To solve the inhomogeneous problem, we remove the homogeneous solutions, which
would only redefine parameters 6. This is equivalent to the constraint ¢$7,1) = uﬁ} )ei(’"
with u%l) € R for all n € S. In this way, we obtain the unique solution

— 3 (cos(8j_1 — 0;) + cos(0j41 — 0;) —4) €%, nes,
(ﬁ%” = eiej, n € 5,
07 n ¢ SuU Sl,

where the index j enumerates the node n on the contour S and the nodes n € S;
C 87 are adjacent to the jth node on the contour S.

Substituting the first-order correction term 511) into the bifurcation function
(3.2.52), we find the correction term g(? (@) in the Taylor series (3.2.53)

1.
g () = 5 sin(0541 = 05) [cos(8j — Oj1) + cos(0542 — Oj41)]

1
+ 5 sin(0; -1 — 0;) [cos(6; — ;1) +cos(0; 2 = 0;-1)],  1<F<N.
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For the three asymmetric vortex configurations, we have

0 2 0
(a) g? = 8 . (b)g? = 92 sinfcosf, (c)g? = _02 sin 6 cos 6.
0 0 2

The kernel of M; for each configuration is two-dimensional with the eigenvectors
po = (1,1,1,1) and p; obtained from the derivative of the vortex configurations in

0,

0
(a) pr = Mpi=|, | @p=
1

= O = O

The Fredholm alternative (p1,g(®)gs = 0 is satisfied for the solution (a) but fails
for the solutions (b) and (c), unless § = {0, ,7}. The latter cases belong to the
cases of soliton and symmetric vortex configurations. By Theorem 3.10, asymmetric
vortex configurations (b) and (c) cannot be continued in € # 0, while (a) must be
considered beyond the second-order reductions O(e?).

For the symmetric vortex configuration (3.2.59), the Jacobian matrix M) =
DogM () is identically zero and we need to compute M) = Dgg(®(@). This
matrix is computed explicitly by

1 0 -1 0
0 1 0 -1

(2 —
M -1 0 1 0
0 -1 0 1

The matrix M® has four eigenvalues: \;y = Ao = 0 and A3 = \y = 2. The two
eigenvectors for the zero eigenvalue are p; = (0,1,0,1) and ps = (1,0,1,0). The
eigenvector p; corresponds to the derivative of the asymmetric vortex configuration
(a) with respect to parameter ¢, while the eigenvector pg = p;1 + p2 corresponds to
the shift due to gauge transformation. The presence of double zero eigenvalue for
M® confirms the result of the continuation of the asymmetric vortex configuration
(a) beyond the second-order reductions.

The presence of the arbitrary parameter 6 in the family (a) of asymmetric vortex
configurations is not supported by the symmetries of the discrete contour S in the
stationary DNLS equation (3.2.43). Therefore, we would expect that this family ter-
minates in higher-order reductions. In order to confirm this conjecture, a symbolic
algorithm was developed [156, 135]. It was found that the vector g(k)(O) computed
at the asymmetric vortex configuration (a) is zero for k = 1,2,3,4,5 and nonzero
for k = 6. Moreover, (p1,g(®)gs # 0 for any 6 # {0, 7,7}, where p; = (0,1,0,1)
is an eigenvector in Ker(M®)). Therefore, the family (a) of asymmetric vortex
configurations terminates at the sixth-order reduction O(e®).

Nevertheless, all soliton configurations and the symmetric vortex configuration
in the discrete contour S persist beyond all orders of the reductive algorithm.
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Exercise 3.20 Consider the discrete contour for the vortex cross,
S ={(=1,0),(0,-1),(1,0),(0,1)} € Z*.

Compute reduction functions g®)(8) and g(* (@) for the family (a) of asymmetric
vortex configurations and show that the family (a) terminates for any 6 ¢ {0, 7, 7}.

Persistence of time-periodic localized modes of the Klein—Gordon lattices is con-
sidered using slow manifolds for Hamiltonian systems in action—angle variables by
MacKay [137] and Koukouloyannis & Kevrekidis [120]. Essentially the same compu-
tations as in this section are performed in [137, 120] with the formalism of canonical
transformations.

3.3 Other analytical methods

The best proof of existence of a stationary localized mode is achieved if an exact so-
lution can be constructed in an analytical form. In some exceptional circumstances,
exact solutions for localized modes can be expressed in terms of elementary (expo-
nential, hyperbolic and algebraic) functions. Unfortunately, the analytical solutions
in the stationary Gross—Pitaevskii equation with a periodic potential can only be
constructed for isolated values of the frequency parameter w, whereas those for the
DNLS equation can only be found for the integrable case of the Ablowitz—Ladik lat-
tice or for some special discretizations of the nonlinear functions (Section 5.2). For
reduced evolution equations such as the nonlinear Dirac and Schrédinger equations,
the exact analytical solutions for localized modes can be found for all parameter
values, but the asymptotic validity of these equations is only justified in a subset
of parameter values.

We shall review here several methods to construct analytical solutions for the
stationary Gross-Pitaevskii equation and its reductions. Given a variety of recent
computational techniques based on explicit substitutions (such as the tanh-sech
method, the homogeneous balance method, the F-expansion method, and the like),
we will focus on the methods that are inspired by the dynamical system theory
and have a broader applicability to other problems involving nonlinear evolution
equations and localized modes. In other words, we shall avoid techniques which rely
solely on trials and substitutions.

Even if analytical expressions for localized modes cannot be found, the dynam-
ical system methods allow us to construct qualitative solutions. These solutions
clarify better the properties of the localized modes compared to the variational
methods in Section 3.1 and have a wider applicability compared to the Lyapunov—
Schmidt reduction methods in Section 3.2. In particular, the dynamical system
methods are not constrained by the presence of a small parameter in the stationary
equation.

We shall consider the construction of localized modes using symmetry reduc-
tions of the stationary Gross-Pitaevskii equation (Section 3.3.1), shooting methods
for the differential equations (Section 3.3.2), shooting methods for the difference



160 Ezistence of localized modes in periodic potentials

equations (Section 3.3.3), and exact solutions of the nonlinear Dirac equations
(Section 3.3.4).

3.3.1 Symmetry reductions of the stationary
Gross—Pitaevskii equation

Consider the stationary Gross—Pitaevskii equation with periodic coefficients,
—u () + V(2)u(z) + G(z)u?(z) = wu(z), =R, (3.3.1)

where V' (z) and G(x) are real-valued, 2m-periodic, and bounded functions.

We shall use the point transformations (Section 1.4.2) and find special coefficients
V(z) and G(z), for which exact solutions of the stationary Gross—Pitaevskii equa-
tion (3.3.1) can be constructed. Our presentation follows Belmonte-Beitia et al. [17].
A general algorithm of construction of exact solutions from symmetry reductions
of differential equations is described in the text of Bluman & Kumei [21].

We view the differential equation (3.3.1) in the abstract form

AT, Uy Uy, Ugg) = —Ugg + Vu+ Gu® —wu =0,

and look for the point transformations defined by the generator,

0 0

M= — —.

(o, 0) 5 + (1) -

Since the differential equation (3.3.1) is of the second order, we need to compute
the second prolongation of operator M,

(3.3.2)

M® = M 4y ()2

9
gy’
where
Y =10 + sy — &) — (ua)
77(2) = Nzz + “1(2777“0 - fzz) + (uz)2(77uu - 2§zu) - (uz)gfuu
g (D = 260) — Bla o

The differential equation (3.3.1) is invariant under the point transformation

if M®A = 0. Expressing uy, = Vu 4+ Gu® — wu and removing terms (uy)?,
(uz)?, Uz, and (u,)? = 1, we obtain the following system of equations on &(z,u)
and n(z,u):
guu =0,
Nuu — 2571,3: =0,

2Meu — Exe — 36 (Vu + Gu? — wu) =0,
Nee — EV'u+ G'u?) —n(V +3Gu? — w) + (ny — 26)(Vu + Gu® — wu) = 0.
The first two equations of this system show that

€(z,u) = a(@)u+b(z), n(z,u) = d(@)u® + c(z)u + d(z),
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where (a,b,c,d) are arbitrary functions. The third equation of the system shows
that if G # 0, then a(z) = 0 and 2¢/(z) — b”(x) = 0. Integrating this equation, we
write

oz) = %b’(w) el

where C' is an arbitrary constant. The last equation of the system of point trans-
formations shows that if G # 0, then d(x) = 0. Equating terms with v® and u to
zero, we obtain the following two constraints

{ 2¢(x)G(x) + b(z)G' (x) + 2V ()G (x) = 0, (333
(x) = b(x)V'(x) — 20 (2)(V(z) —w) = 0.
The first equation of system (3.3.3) can be integrated explicitly,
x g0
G(z) = % exp (—ZC/O %) ) (3.3.4)
where G is an arbitrary constant. Thanks to the scaling transformation, this con-
stant can always be normalized either to Go = 1 or to Gg = —1. The second

equation of system (3.3.3) relates the potential V(z) to the nonlinearity function
G(x) via the function b(x):

b (z) — 2b(x)V'(x) — 4" (2)(V (2) — w) = 0. (3.3.5)
This equation can be integrated in the form

%b(x)b”(m) (' (2))? + (w—V(z)b*(z) = Q, (3.3.6)

1
4
where () is a new integration constant.

Exercise 3.21 Show that the change of variables

X:X(w):/ozbd(—f::), u(z,U) = b2 (2)U,

transforms the stationary equation with variable coefficients (3.3.1) to the station-
ary equation with constant coeflicients,

—U"(X)+GoU3(X) =QU(X), X €R. (3.3.7)
Show that M = /90X in new variables and C = 0 in (3.3.4).

If b(z) is positive and bounded away from 0, then X (z) — fo0 as x — £oo. For
instance, if
b(x) =1+ acos(z), «ae€(-1,1),
then the periodic potentials (3.3.4) and (3.3.6) become

o Q _ 2acos(z) + 3a” cos®(z) 2 =
Vi) =w (14 acos(z))? 41+ acos(z))2 Glo) =

Go
(1 + acos(x))3’

An exact localized mode of the stationary equation with constant coefficients (3.3.7)
exists for sign(Q) = sign(Gp) = —1. If Gy = —1, then

U(X) = /2|9 sech(1y/]Q|X), X eR. (3.3.8)
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This solution generates the exact localized mode

da’

¢(z) = (1+ acos(z))’U(X), X = /Ox 1+ acos(z’)’

of the stationary equation with variable coefficients (3.3.1). The localized mode
exists in the semi-infinite gap of the spectrum of L = —9% + V(z). Unfortunately,
if V(z) and G(z) are fixed, this localized mode only exists for a single value of w in
the semi-infinite gap. No exact solution exists for all values of w in the semi-infinite
gap, that is, for all w < wy = inf o(L).

Exercise 3.22 Substitute b(z) = cosh(z) and find the potential functions V()
and G(z) of the stationary equation (3.3.1) that decay to zero as |z| — oo and
admit the exact localized mode ¢(z) generated from the exact solution (3.3.8).

Exercise 3.23 Consider the stationary cubic—quintic equation with periodic co-
efficients

—u () + V(2)u(z) + G(z)ud(z) + H(x)u’(z) = wu(z), = €R. (3.3.9)

Show that if
B _2a(1+acos(z) 2) = B o) = A
Viw) = (1 + 2accos(z))?’ Gl) (14 2acos(x))3’ H(z) (14 2acos(x))?’

for a fixed a € (f%,%

with variable coefficients reduces to the stationary equation with constant coeffi-

) and arbitrary (A, B), the stationary cubic—quintic equation

cients,
~U"(X)+ BU3(X) + AU?(X) = —aU(X), X €R,
in new variables X and U(X).

Computations of symmetry reductions for the stationary cubic—quintic Gross—
Pitaevskii equation (3.3.9) are developed by Belmonte-Beitia & Cuevas [19]. Sym-
metry reductions for the discrete versions of the NLS equation are studied by
Herndndez-Heredero & Levi [88].

3.3.2 Shooting methods for the stationary
Gross—Pitaevskii equation

Consider the stationary Gross—Pitaevskii equation with the power nonlinearity,
—¢"(2) + V(2)p(2) + 0T (2) = wo(z), = €R, (3.3.10)

where 0 € {1,—1}, p > 0, and w € R. Recall from Lemma 3.8 that if ¢ is the
localized mode, then

/]RV'(ac)qSQ(x)dac =0.

This constraint is trivially satisfied if V(—z) = V(z) and ¢(—=z) = ¢(z).
If V(—z) = V(x) and ¢(z) is a solution of the stationary Gross—Pitaevskii equa-
tion (3.3.10), then ¢(—z) is another solution of the same equation. This suggests
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that we can look for a reversible localized mode ¢(z) which is only defined for z < 0
with the conditions that lim,,_~ ¢(z) = 0 and ¢’(0) = 0. This mode is extended
to > 0 using the symmetric reflection of ¢(z) about the center of symmetry x = 0.
Because one initial condition ¢(0) serves as a parameter to be determined from the
condition lim,_, _ o, ¢(x) = 0, this method is referred to as the shooting method: we
change the shooting parameter ¢(0) to shoot along the solution with ¢’(0) = 0 and
limg oo ¢(z) = 0.

If the potential V' (x) has another point of symmetry on the interval [0, 27], e.g.
V(z) has a minimum at = 0 and a maximum at x = m,

V(—z)=V(z) and V(27 —z)=V(z),

then the same method allows us to construct another reversible localized mode
¢(z) such that ¢(2m — ) = ¢(x) with the reversibility condition ¢'(7) = 0. These
two distinct localized modes ¢ of the Gross—Pitaevskii equation (3.3.10) with a
symmetric periodic potential V' have been obtained in the method of Lyapunov—
Schmidt reductions near the band edges (Section 3.2.2) and far from the band edges
(Section 3.2.3).

We will now develop a global proof of the existence of these two distinct localized
modes for any w < inf,eg V() in the case 0 = —1. Although these results do not
cover the entire existence interval w < inf o(L), where L = —92 + V (), they still
show robustness of the two localized modes with different spatial symmetries.

Theorem 3.11 Let 0 = —1, V(—z) = V() for all z € R, and w < infyer V(z).
There exists a strong solution ¢ € H?(R) of the stationary equation (3.3.10) such
that ¢(—x) = ¢(x) for all x € R.

Proof 1If w < inf,er V(z) < info(L), the linear problem

—¢"(x) + V(2)d(z) = wo ()

has two real Floquet multipliers (Section 2.1.1), one of which is inside the unit circle
and the other one is outside. By the Unstable Manifold Theorem (Appendix B.13),
there exists a one-parameter family of solutions of the stationary equation (3.3.10)
such that

pc(x) ~ Cwp(x)e™ as x — —oo,

where > 0 is the characteristic exponent, w, (x) is a 2m-periodic bounded eigen-
function, and C' > 0 is parameter. Since w < infyer V(z), one can normalize
w4 € Cper([0,27]) such that there is at least one point zy € R for large nega-
tive zo such that ¢c(z) > 0 and ¢ (zo) > 0.

For all ¢ € (0, ¢1) with ¢1 = (infer V(z) — w)i, we have

¢"(z) = (V(z) — w)g(z) — 61 (z) > (67" — *")¢ > 0.

Therefore, ¢c(x) remains an increasing function of z for large negative z € R as
long as 0 < ¢c(x) < ¢1. Therefore, there is 21(C) € R such that ¢(z1(C)) = ¢1.
The map C + m is continuous for any C' > 0 (thanks to the existence of a C*
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invariant unstable manifold by the Unstable Manifold Theorem) with the following
two limits:

21(C) = =0 as C — o0, 21(C)— +o0o as C —0.
On the other hand, for all ¢ > ¢5 with ¢o = (sup,cp V() — w)ﬁ > ¢1, we have
¢"(x) = (V(z) — w)g(x) — o™+ (x) < (637 — $™)$ < 0.

Therefore, there is a turning point z2(C) > 1(C) such that ¢ (z2(C)) = 0 with
the limits,

22(C) —» —00 as C — o0, u3(C)— +oo as C — 0.

Continuity of the map C +— xo implies that there exists a value 0 < Cyp < ©
such that x2(Cp) = 0. We have hence constructed a trajectory ¢¢,(x) such that
limg s oo ¢, (2) = 0 and ¢, (0) = 0. After reflection in z, this trajectory gives the
symmetric localized mode ¢ € H2(R). O

Note that the localized mode ¢¢(x) is monotonically increasing for all z < 0
and decreasing for all > 0. If inf,cr V(2) < w < info(L), then ¢%(z) cannot
be controlled for small positive ¢ and the family of solutions ¢¢(z) may be non-
monotonic. As a result, it is not possible to control the map C — x1, at which the
trajectory ¢ (x) leaves the neighborhood of ¢ = 0. It is also impossible to uniquely
define the turning point z2(C'), where ¢ (z2(C)) = 0, because of these oscillations.

Figure 3.3 shows two solutions of the stationary Gross—Pitaevskii equation (3.3.10)
with p = 1, 0 = —1, and V(x) = 1 — cos(z) for w = —0.2 (top) and w = 0.2
(bottom). In the first case, ¢(x) is monotonic for z < 0 and =z > 0 because
w=—0.2 < infyer V() = 0. In the second case, ¢(x) has no monotonic behavior
forx <0oraz>0.

Results of Sections 3.2.2 and 3.2.3 suggest that a similar structure of two dis-
tinct localized modes of the stationary Gross-Pitaevskii equation may exist for
non-symmetric potentials V(z) but the reversibility symmetry cannot be used
to guarantee the existence of the two localized modes. In particular, one can-
not rule out situations when the two localized modes disappear in the saddle-
node bifurcation or additional localized modes coexist with the two fundamental
modes.

Exercise 3.24 Consider the stationary generalized NLS equation,
—¢"(x) = f'(¢*)9(2) = wo(x), = €R,

where f(¢?) : Ry — Ris C! with f/(0) = 0 and f’(z) > 0 for x > 0, and prove the
existence of a localized mode for any w < 0 from the phase-plane analysis.

3.3.3 Shooting methods for the stationary DNLS equation

Consider the stationary DNLS equation with the power nonlinearity,

—Ady + 0|60 bn = wh,, nEZ, (3.3.11)
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Figure 3.3 The numerical approximation of the localized mode ¢(z) and the
periodic potential V(z) for w = —0.2 (top) and w = 0.2 (bottom).

where A¢y, := ¢pt1 — 2¢n + dp—1, 0 € {1,—1}, p > 0, and w € R. Since o(—A) €
[0, 4], the localized mode with an exponential decay rate may only exist either for
w < 0 or for w > 4. Because of the staggering transformation (Section 3.2.5), it is
sufficient to consider the case 0 = —1, for which no localized modes exist for w > 4

(Lemma 3.10).
All localized modes ¢ € [?(Z) are real-valued in the space of one dimension

modulo multiplication by e for any § € R (Lemma 3.11). Therefore, the stationary

DNLS equation (3.3.11) with ¢ = —1 can be written in the form

—Adp — ¢ = wehn, nel. (3.3.12)
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We shall prove that there exists at least two families of positive localized modes of
the stationary DNLS equation (3.3.12) for any w < 0 and any p > 0. One localized
mode, known as the site-symmetric soliton (or the on-site soliton) has the property

¢—n =¢n, nEL, (3.3.13)

whereas the other mode, known as the bond-symmetric soliton (or the inter-site
soliton) has the property

G—n = bnt1, nEZL. (3.3.14)

The first solution is symmetric about the central site n = 0, whereas the second
solution is symmetric about the midpoint between two adjacent sites n = 0 and
n = 1. The two distinct solutions (3.3.13) and (3.3.14) resemble the two branches
of localized modes in the stationary Gross—Pitaevskii equation with the periodic
potential (Section 3.3.2) thanks to the correspondence between the two models
(Section 2.4.2).

Exercise 3.25 Consider a localized mode in the stationary cubic DNLS equation
Gni1 — 200 + 1 + ¢ +whp =0, neZ

Using a scaling transformation, show that the limit |w| — 0 corresponds to the
small-amplitude slowly varying localized mode with small ||¢||;2, whereas the limit
w — —oo corresponds to the compact localized mode with large ||¢||;2.

The stationary DNLS equation (3.3.12) can be simplified in the two limits |w| — 0
and |w| — oo (Exercise 3.25). In the first limit |w| — 0, the stationary DNLS
equation can be reduced to the continuous stationary NLS equation (Section 5.5),

¢ () + ¢ (x) + wo(z) =0, =z €R. (3.3.15)

Both localized modes (3.3.13) and (3.3.14) of the stationary DNLS equation (3.3.11)
correspond to the same translationally invariant localized mode of the stationary
NLS equation (3.3.15). In the second limit |w| — oo, the two localized modes
can be constructed by the Lyapunov—Schmidt reduction methods from the limiting
configurations qu?) = 0p,0 and ¢>5?> = 0p,0+ 0n,1 (Section 3.2.5).

We shall here exploit dynamical system methods and the symmetry properties
of reversible discrete maps to construct localized modes of the stationary DNLS
equation (3.3.12) for all values of w < 0. The technique is based on the work of Qin
& Xiao [175].

Let x, = ¢—1 and y, = ¢,. The stationary DNLS equation (3.3.12) can be
formulated as the reversible second-order discrete map

Tn+1 _ Yn
{ Ynt1 } N { 2n + f(yn) — Tn } , (3.3.16)

where f(yn) := —wy, — y2P*1. The discrete map (3.3.16) is reversible with respect

w1

to the involution
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in the sense that if the map (3.3.16) is represented by

o X x = Tp x _ Yn
Xn+1 _T( n)7 n [ Yn :| s T( n) |: Qyn+f(yn) — Zn :| ’

then

Rx, 1 = (RTRA) Rx, = T 'Rx,, T '(x,) = { 220 + f(@n) = yn } .

Tn

Fixed points of the involution Rx = x belong to the one-dimensional set x = v,
which corresponds to the symmetry constraint ¢g = ¢; for the two consequent
nodes n = 0 and n = 1. Therefore the involution R is useful to generate the
bond-symmetric localized mode (3.3.14).

To generate the site-symmetric localized mode (3.3.13), we can see that the map
T is also reversible with respect to the involution RT, where the fixed points of
RT belong to the one-dimensional set 2z = 2y + f(y), which corresponds to the
symmetry constraint ¢_; = ¢; for the two nodes adjacent to the central site n = 0.

Exercise 3.26 Consider the involution
~ 0 -1
R =
Ey
and show that the fixed points of the involutions R and RT may be useful to gen-
erate two kink solutions { ¢y, }nez such that lim,,, 1 oo ¢n, = £doo, where f(Poo) =0

for some ¢, > 0. The two kink solutions associated with the fixed points of R and
RT have the symmetries

¢pn=—¢ny1 and ¢_,=—¢, foral neZ.

We shall construct the localized mode ¢ of the stationary equation (3.3.12) as a
homoclinic orbit of the second-order discrete map (3.3.16), which is an intersection
of discrete trajectories along stable and unstable manifolds from the hyperbolic
equilibrium point x = 0. If an unstable trajectory for all n < 0 intersects with the
set of fixed points of the involution R (or those of the involution RT') at n = 0, then
the stable trajectory can be constructed for all n > 0 by the symmetric reflection
of the unstable trajectory, thanks to the reversibility of the map T with respect to
R (or RT). This construction gives the following theorem.

Theorem 3.12 Assume that f(x) is an odd C function with f'(0) > 0 that has
only one positive zero at x. with f(x) < 0 for some x > x.. Then, the second-
order discrete map (3.3.16) has a homoclinic orbit symmetric with respect to the
involution R and a homoclinic orbit symmetric with respect to the involution RT.

Proof 1Tt is sufficient to consider a homoclinic orbit symmetric with respect to the
involution R, that is, with respect to the diagonal y = x on the phase plane (z,y).
Let W*(0) denote the discrete trajectory along the unstable manifold from the
hyperbolic fixed point (0,0), thanks to f/(0) > 0. The linearized trajectory E“(0)
is located at the straight line y = Az with A > 1 and W*(0) is tangent to E“ near
the origin (0,0) by the Unstable Manifold Theorem (Appendix B.13).
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The proof consists of two steps. In the first step, we need to show that trajectory
W™(0) intersects the horizontal line segment y = x, for x € (0, x.), where z, is the
only positive zero of f(x). This is obvious from the property that f(xz) > 0 for all
x € (0,z,), which gives y, > x,, as long as z,, € (0, z,). In the second step, we need
to show that W*"(0) intersects the diagonal y = x for some = > z,. This follows
from the condition that f(z) < 0 for all z > x,. O

Exercise 3.27 Show that if f(z) is an odd C! function with f’(0) < 0 that
has only one positive zero z, with f’(z,) > 0, then the second-order discrete map
(3.3.16) has a heteroclinic orbit from —z, to ., which is symmetric with respect
to the involution R.

For the stationary DNLS equation (3.3.12), we have f(x) = —wz — 2?1, The
zero solution ¢ = 0 is a hyperbolic point either for w < 0 or for w > 4 but we have
seen that no localized modes exist for w > 4. For any w < 0 and p > 0, we have
f'(0) = —w > 0 and there exists exactly one positive zero x, = |w|'/? of f(x). By
Theorem 3.12, the stationary DNLS equation (3.3.12) with w < 0 and p > 0 admits
the localized modes (3.3.13) and (3.3.14).

Exercise 3.28 Consider the saturable DNLS equation

|6n]*¢n
1+ [n[?

for v > 0 and show that the localized modes are real and exist for any w € (—+,0).

¢n+1_2¢n+¢n71 + v +w¢n:07 nez

3.3.4 Exact solutions of the nonlinear Dirac equations

Consider the stationary nonlinear Dirac equations,

{ i/ (z) + wu(z) + v(x) = g W(

u7 _71)71_))7
—iv'(x) + wo(x) + u(z) = W (u,a,v,v),

z €R, (3.3.17)

where (u,v) € C? and W (u,4,v,9) : C* = R can be written in the form (Section
1.2.3)

W = W(|ul* + [v]?, |u*[v]?, vt + va). (3.3.18)

Exercise 3.29 Show that a localized mode of the stationary equations (3.3.17)
is a critical point of the energy functional,

Ew(uaaa’ua’v) = H(u7’a7v7@) - wQ(u7 17‘7’07’[7)7

where H and @) are the Hamiltonian and power invariants of the nonlinear Dirac
equations (Section 1.2.3). Prove that E,,(u, @, v, ) is not bounded either from above
or from below in a neighborhood of u = v = 0.

It is difficult to prove existence of critical points of the sign-indefinite energy
functional E,(u,a,v,?) using variational methods. Some results in this direction
are reported by Esteban & Séré [54]. We can still find exact analytical solutions
of the stationary nonlinear Dirac equations (3.3.17) using elementary integration
techniques.
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Lemma 3.13 Assume that there exists a localized mode (u,v) of system (3.3.17)
with (8.8.18) that is continuous for all x € R and decays to zero as |x| — co. Then

u(z) =v(x) forall zeR (3.3.19)
up to the multiplication of (u,v) by %, a € R.

Proof 1If W satisfies (3.3.18), then

(uDy — W0y + vy — 005) W (Jul* + [v|%, [ul*|v]?, uv + va) = 0. (3.3.20)
System (3.3.17), symmetry (3.3.20), and the decay of (u,v) to zero as |z| — oo
imply that

d
e (Jul* = [*) =0, = |uf—[]*=0, z€R. (3.3.21)
x

Using polar form for (u,v) € C? with |u| = |v|, we write

U({E) _ /Q(x)ei(a(zH—i(P(z)’
U(x): /Q(x)€7i6(axc)Jri<I>(gxc)7

where the three real-valued functions @, ©, and ® satisfy the following system of

(3.3.22)

differential equations

Q' —2Q(0' + @) + 2wQ + 2Qe~H° = 2udy W, (3.3.23)
—iQ' —2Q(0" — ¥') 4 2wQ + 2Qe*® = 259;W. o
Separating the real parts, we obtain
Q(cos(20) + w — ©' — @) = Re (adz W),
Q(cos(20) + w — ©' + @') = Re (00; W) , (3.3.24)

Q' =2Qsin(20) + 2Im(ad; W),
Q' =2Qsin(20) — 2Im(v0; W),

where the last equation is redundant thanks to the gauge symmetry (3.3.20). On
the other hand, it follows from representation (3.3.18) that

(udy + wdy — v0y — V05) W ([ul? + [v]?, [ul*[v]?, ud 4+ v@)|jy =y = 0. (3.3.25)
As a result, the first two equations of system (3.3.24) tell us that
(z)=0 = &(x)=5, z€R.
If &, = 0, the localized mode enjoys reduction (3.3.19), whereas if &y € R, the
reduction holds up to the multiplication of (u,v) by e'®o. O

If we set @y = 0, then system (3.3.24) is rewritten in the equivalent form

{ Q' = 2Qsin(20) + 2Im (@ W),

’ (3.3.26)
QO = wQ + Qcos(20) — Re (wd; W) .

The following result shows that the Hamiltonian system (3.3.26) has the standard
symplectic structure.
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Corollary 3.1 Let u = o = /Qe'©. The stationary nonlinear Dirac equations
(8.3.17) reduce to the planar Hamiltonian system,

% ( 2’ ) - ( 01 _01 >Vh(p, qQ), (3.3.27)

where p = 20, q¢ = Q, and h(p,q) = W(p,q) — 2qcos(p) — 2wq with W (p,q) =
W (2q, 4% 2q cos(p)).

Proof System (3.3.26) is equivalent to the Hamiltonian system (3.3.27) if

0, W (p, q) = i (udy — udy) W(|ul?® + [v]?, |uf?|v|?, uv + va), (3.3.28)
q0W (p, q) = (udy + ud) W (|ul* + [v]?, |uf?|v]?, ud + vii), -
which follows from the chain rule. O

The system of stationary equations (3.3.17) is of the fourth order. Although
it also has the standard symplectic structure with a Hamiltonian function, it is
not integrable unless another constant of motion exists. We are lucky to have this
additional conserved quantity (3.3.21), which enables us to convert system (3.3.17)
to the planar Hamiltonian system (3.3.27). The word “planar” means that the
system can be analyzed on the phase plane (p, g), where we can draw all trajectories
from the level set of the Hamiltonian function

h(p,q) = W(p,q) — 2qcos(p) — 2wq = ho.

The particular trajectory with h(p, q) = 0 gives the localized mode of the stationary
nonlinear Dirac equations (3.3.17).

Exercise 3.30 Plot trajectories on the phase plane (p, q) for
1
W= 5 (ful* + 4jul*[v]* + [o[)
and show the trajectory for the localized mode.

Explicit solutions of the planar Hamiltonian system (3.3.27) can be found if W
is a homogeneous polynomial in its variables. These explicit solutions are obtained
by Chugunova & Pelinovsky [35].

Exercise 3.31 Consider the stationary NLS equation with power nonlinearity,
¢"(x) + (p+ 1)o*H(2) +we(z) =0, zeR, p>0,
and find the explicit solution for a localized mode ¢(z).

Let W be a homogeneous polynomial of degree 2n > 4. The function W(p, q) can
be parameterized in the form

W(p,q) = q" Y Ascos(sp), (3.3.29)
s=0
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where {A}7_ is a set of real-valued coefficients. System (3.3.27) can be rewritten
in the explicit form

" = 2¢sin(p) — " Y."_, sA,sin(sp),
¢ =2gsin(p) — q" 3., i (sp) (3.3.30)
p' = 2w+ 2cos(p) —ng" ' Y Ay cos(sp).
The first integral of system (3.3.30) is now written in the form
h(p,q) = —2wq — 2 cos(p)q + ¢" Z A cos(sp) =0, (3.3.31)

s=0
where the constant of integration is set to zero because ¢(x) — 0 as |x| = co. As a
result, the second-order system (3.3.30) reduces to the first-order equation

p'(r) = —2(n — 1)(w +cos(p)), = €R, (3.3.32)
whereas the positive function ¢(z) can be found from p(z) by

qnfl — (COS(p) + LU)
D oo Ascos(sp)”

As an example, let us consider the quartic function W,

(3.3.33)

W = %(|u\4—|— |v|4) —l—a2|u|2|v\2 —|—a3(\u|2 + |v|2)(’uﬂ+@u) + %(UQ—FTJU)Q, (3.3.34)

where (a1, a2, a3, aq) are arbitrary parameters. Using (3.3.29) for n = 2, we obtain
the correspondence

AQZCL1+CL2+CL4, Al :ZJLCLg7 A2:a4.

Define ¢t = cos(p) € [-1,1] and
ltw

Let us also introduce new parameters for any w € [—1,1]:

1
B=vV1-w?2el0,1], p= 11—2 e R;.

The first-order equation (3.3.32) with n = 2 can be solved using the substitution

¢)(t) =a1 +az+ 4(13t + 2a4t2.

1— 22 5 1-—t
t=—— 25 = —.
1+ 22 1+t
After integration with the symmetry constraint p(0) = 0, we obtain the solution
EOVE_ e eR (3.3.35)
2+ \/1
Two separate cases are considered:
sinh(Bx) cosh?(Bz) — psinh?(Bx)
I z| < o2 == , t= ,  (3.3.36
@ el < Vi \/ﬁCOSh(,BI) cosh?(Bz) + psinh?(Bx) ( )

and

] _ -cosh(Bx) B sinh?(Bx) — p cosh?(Bz)
D SERAe \/ﬁsinh(ﬂx) 1= sinh?(Bz) 4 pcosh?(Bz)”

(3.3.37)
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Let us introduce new parameters
A =a; +ay — 4az + 2ay,
B = 2((11 + (12) — 4(147
C = a1 +as + 4asg + 2a4.

It is clear that A = ¢(—1) and C' = ¢(1).
In case (I), we have t +w > 0 and ¢(t) > 0, so that

(1 +w)((u + 1) cosh?(Bx) — p)

q(z) = 3 5 . (3.3.38)
(Ap? + B+ C) cosh®(Bz) — (Bu + 2Ap?) cosh”(Bz) + Ap?
In case (II), we have t +w < 0 and ¢(t) < 0, so that
2
o) = (14+w)(1 = (u+ 1) cosh®(Bz)) (3.3.39)

(Ap2 + By + C) cosh?(Bz) — (Bu + 2C) cosh?(Bz) + C
The asymptotic behavior of the function ¢(x) as |x| — co depends on the location
of the zeros of the function v (u) = Au? + Bu + C.

Case A < 0, C > 0: The quadratic polynomial ¢(t) has exactly one root at
t; € (—1,1). Two branches of decaying solutions with positive amplitude ¢(z) exist.
One branch occurs for —1 < w < —t; and the other one occurs for —t; < w < 1.
At the point w = —t;, the solution is bounded and decaying.

Case A > 0, C' > 0: The quadratic polynomial ¢(¢) has no roots or two roots on
(=1,1). If ¢(t) does not have any roots on (—1, 1), a decaying solution with positive
amplitude g(x) exists for any w € (—1,1). If ¢(t) has two roots at t1,t2 € (—1,1),
a decaying solution exists only on the interval —1 < w < max(t1,%2). At the point
w = —max(ty, ta), the solution becomes bounded but non-decaying if ¢; # to and
unbounded if ¢; = to.

Case A < 0, C' < 0: The quadratic polynomial ¢(¢) has no roots or two roots on
(=1,1). If (t) does not have any roots on (—1, 1), a decaying solution with positive
amplitude g(x) exists for any w € (—1,1). If ¢(t) has two roots at t1,t2 € (—1,1),
a decaying solution exists only on the interval —min(¢, ) < w < 1. At the point
w = —min(ty, t2), the solution becomes bounded but non-decaying if ¢; # ¢ and
unbounded if ¢t; = t».

Case A > 0, C < 0: No decaying solutions with positive amplitude ¢(z) exist.

If ay = 1, ao = 2, and a3 = a4 = 0, we obtain the explicit solution for the
localized mode,

u(z) = )
V/3 [cosh(Bz) + iy/msinh(Bz)]

When w — —1 (that is, 4 — 0 and 5 — 0), the localized mode (3.3.40) is small

in amplitude and broad in width. In this case, u(z) ~ sech(8z), which shows the

(3.3.40)

similarity of the localized mode with the soliton of the stationary NLS equation.
When w — 1 (that is, u — oo and 8 — 0), the localized mode (3.3.40) is finite
in amplitude and width and approaches the algebraically decaying solution,
2
V3(1 + 2ix)

The explicit solution (3.3.40) is shown on Figure 3.4 for three values of w.

w=1: uz)=
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Figure 3.4 The graph of |u|? versus x in the explicit solution (3.3.40) for three
values of parameter w.

Exercise 3.32 Find the explicit solution for a localized mode if W is given by
(3.3.34) with a1 = a3 = a4 =0 and ag = 1.

Exercise 3.33 Consider the stationary quintic nonlinear Dirac equations with
the potential function

W = (Juf® + [v]*) ul*|v]?

and obtain the explicit solution for a localized mode.

3.4 Numerical methods

If none of the analytical methods help in the construction of localized modes, we
have to rely upon numerical approximations. In one spatial dimension, a variety
of numerical methods for finding localized modes are available, with the shooting
and Newton’s methods being the most widely used ones. However, in two and three
spatial dimensions, iteration methods based on spectral (Fourier) representations
are more desirable.

An effective iterative method for computing solitary wave solutions in a space of
two dimensions was proposed by Petviashvili in the pioneer paper [168]. Although
this method has been applied to numerous nonlinear problems in physics since
the 1970s, it was only recently when this method got its second birth among ap-
plied mathematicians. First, the convergence analysis for the canonical Petviashvili
method was developed by Pelinovsky & Stepanyants [160] and then used in the
works of Demanet & Schlag [45] and Chugunova & Pelinovsky [34]. Second, various
modifications of the Petviashvili and similar methods were proposed by Lakoba and
Yang [125, 126, 216, 217].
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We shall review the most important iterative procedures, spectral renormaliza-
tion and imaginary-time integration, in the context of the nonlinear stationary
equation

(c+L)¢p=¢", (3.4.1)

where parameters p > 1 and ¢ > 0 are fixed and L : Dom(L) C L? — L? is a
non-negative self-adjoint operator. We are looking for strong solutions ¢ € Dom(L)
of equation (3.4.1).

In the context of the stationary focusing Gross—Pitaevskii equation,

Ao+ Vo —|¢]*6 =wop, zeRY (3.4.2)

we can think of the real-valued solutions ¢(z) : R — R for w < wg := inf o(—A +
V). These solutions correspond to localized modes in the semi-infinite gap of o (—A+
V). Comparison with equation (3.4.1) gives p = 3, ¢ = wop —w > 0, and L :=
—A +V — wp. Note that L is the Schrodinger operator with a periodic potential,
which is self-adjoint in L?(R?) with Dom(L) = H?(R%) (Section 2.1). Thanks to
the choice of wy, it is a non-negative operator in the sense of (Lu,u)r2 > 0.

3.4.1 Spectral renormalization

Since L is a non-negative operator, then (c+ L) is an invertible operator on L? for
any fixed ¢ > 0. As a result, the stationary equation (3.4.1) is equivalent to the
fixed-point problem ¢ = T'(¢) for the nonlinear operator 1" given by

T(u) := (c+ L) uP.

We would like to consider a sequence of functions {uy }nen in Dom(L) and define
the iterative rule u,4+1 = T(uy), n € N in a hope that the sequence converges to a
fixed point ¢ of the nonlinear operator 7' in Dom(L). In other words, after writing
the stationary equation (3.4.1) as the fixed-point problem ¢ = T'(¢), we can propose
a naive iterative algorithm,

Uit = (c+ L) "l

n?

n e N. (3.4.3)

However, this algorithm diverges for any p > 1 as can be seen from a simple sequence
U, = a, @, where ¢ is a solution of the stationary equation (3.4.1) and the numerical
sequence {a, }nen satisfies the power map,

Gpy1 =0ab, neN.

The nonzero fixed point a, = 1 of the power map is unstable for any p > 1.

Therefore, we need to renormalize the iterative rule T'. Such renormalizations are
sometimes referred to as the pre-conditioning of the iterative algorithms. Let us
observe that if ¢ € Dom(L) is a solution of the stationary equation (3.4.1), then it
is true that

((c+ L), )12 = (¢, )12 (3.4.4)
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The quotient between the left and right sides of (3.4.4) is inversely proportional
to the (p — 1)th power of ¢ and this inverse power can compensate the divergence
of the power map (3.4.3). As a result, let us define the new iterative rule by

Uy = M (c+ L) ub, (3.45)
where v > 0 is a parameter and

Mo = M) = i

(3.4.6)
Since we modified the definition of the iterative rule, it is important to check that
the fixed points of the iteration map (3.4.5)—(3.4.6) are still equivalent to the strong
solutions of the stationary equation (3.4.1).

Lemma 3.14 Assume vy # 1+ 2n for any n € N. A set of fized points of the iter-
ation map (3.4.5)—(3.4.6) is equivalent to a set of strong solutions of the stationary
equation (3.4.1).

Proof Let u, = ¢ be a solution of the stationary equation (3.4.1) for some n >
1. Then, it follows from (3.4.6) that M, = 1 and from (3.4.5) that w,+; = ¢.
Therefore, ¢ is a fixed point of the iteration map (3.4.5)—(3.4.6).

In the other direction, let u, be a fixed point of the iteration map (3.4.5)—(3.4.6).
Multiplying (3.4.5) by (c+L)u, and integrating over z € R?, we find that M, = M.
When v # 1+ 2n, n € N, there exist only two real-valued solutions of

M,(1—- M"Y =0,

either M, = 0 or M, = 1. Since (¢ + L) is strictly positive, the former solution is
equivalent to a zero solution u, = 0. The nonzero fixed point of (3.4.5) with M, =1
satisfies the stationary equation (3.4.1), so that u, = ¢. O

After we established that the iterative method (3.4.5)—(3.4.6) has the same set of
fixed points as the stationary equation (3.4.1), we can now study if a sequence of
iterations {u, }n>1 converges to a nonzero fixed point ¢ in Dom(L). The following
theorem gives the main result on convergence of the iterative method (3.4.5)—(3.4.6).

Theorem 3.13 Let L: Dom(L) C L? — L? be a non-negative self-adjoint opera-
tor. Let ¢ € Dom(L) be a strong solution of the stationary equation (3.4.1). There
exists an open neighborhood of ¢ € Dom(L), in which the sequence of iterations
{tun }nen defined by the iterative method (3.4.5)—(3.4.6) withy € (1,(p+1)/(p — 1))
converges to ¢ if H = c+ L —pgP~! : Dom(L) — L? has ezactly one negative eigen-
value, no zero eigenvalue, and

either ¢P~Hx)>0 or

inf ¢~ (w)’ < (3.4.7)

Remark 3.9 Because Hp = (c+ L)¢p — pp? = (1 — p)¢P with (1 —p) < 0, it is
clear that H has at least one negative eigenvalue in L2.
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Remark 3.10 It will be clear from the proof that if H has two negative eigenval-
ues, the sequence of iterations {uy }nen diverges from the fixed point ¢ in Dom(L).
Condition (3.4.7) gives a sufficient condition for convergence of the iterations and
can be replaced by a sharper condition on eigenvalues of operator (c+ L) 1 H.

Remark 3.11 If we formulate the stationary equation as the root of the nonlinear
function

F(u) = (c+ L)yu — u? : Dom(L) — L?,

then H = D, F(¢) = ¢+ L — pgP~! is the Jacobian operator for the nonlinear
function F(u).

Proof A nonlinear operator T'(u) : Dom(L) — Dom(L) is defined by
T(u) := M (u)(c+ L) tuP.

By the assumption of the theorem, we know that there exists a fixed point ¢ €
Dom(L) of T such that ¢ = T(¢). Moreover, T is C' with respect to u in Dom(L).
We need to prove that the iteration operator 7' is a contraction in a small closed
ball Bs(¢) C Dom(L) of radius § > 0 centered at ¢ € Dom(L), that is, there is
Q € (0,1) such that

Vu,v € Bs(¢) : |T(u) — T(0)Ipom(r) < Qllw — vllpom(r)- (3.4.8)

If v = ¢ is taken in the contraction property (3.4.8), then T : Bs(¢) — Bs(¢). By
the Banach Fixed-Point Theorem (Appendix B.2), iterations {u,}nen defined by
Upt1 = T(un) for n > 1 converge to the unique asymptotically stable fixed point ¢
in Bs(9), that is, to ¢.

Because T'(u) is C' with respect to u in Bj(¢), the continuity of D, T(u) near
u = ¢ implies that if we can prove that the spectrum of Duf(gb) in L? is confined
inside the unit circle, then the operator T(u) is necessarily a contraction in Bs(¢)
for sufficiently small § > 0.

To study the spectrum of D,T(¢) in L2, we decompose the sequence {u, }nen
near the fixed point ¢ in the form u,, = ¢+ v,, and neglect terms that are quadratic
with respect to v,. Then, we have

(1 = p) (0", vn) 12

Mun) =14 =0 &

+O(an”2Dom(L))

and
_ (1 =p)(¢”,vn)
Un+1 =
<¢p7 ¢>L2
Operator (c+L)"'H = I —p(c+L)"1¢?~! : Dom(L) — Dom(L) is bounded. There
is at least one negative eigenvalue A = 1 —p < 0 of (¢ + L)' H associated with the

L2 .
¢ +vn — (c+ L) Hon + O(|[vnl[Bomr))-

exact eigenfunction
(c+L)"Ho=¢—plc+L)'¢" = (1-p)o.

Note that the adjoint operator H(c-+L)~! has the exact eigenfunction for the same
eigenvalue

H(c+L)"'¢P = Ho = (1 - p)g".
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Let us consider the orthogonal decomposition
Up = Qp@ + W,

where «, is the projection in the direction of the eigenvector ¢, which is orthogonal
to ¢P. Therefore, we have

@ = <¢p7Un>L2
" <¢p’ ¢>L2 ’
whereas w,, is uniquely defined in the constrained space
X.={we€Dom(L): (¢, w)r2 = {(c+ L)p,w)r2 =0}. (3.4.9)

Substituting the decomposition for v,, into the linearized iteration equations, we
obtain

n = Wn — +L_1Hn,
(o

Ap+1 = (p - ’Y(p - 1))an7

The sequence {ay,}nen converges to zero if and only if v € (1,(p+1)/(p —1)).
The sequence {wy, }neny € Dom(L) converges to zero if and only if all eigenvalues of
(c+ L)™'H in the constrained space X, are located in the interval (0, 2).

We need to show that the operator (¢ + L)™' H in the constrained space X, has
no negative and zero eigenvalue if H in the unconstrained space L? has only one
negative and no zero eigenvalues. This is done in two steps, which rely on the two
abstract results from Section 4.1.

Let P. be the orthogonal projection operator from Dom(L) to X.. We consider
operator H|x, = P.HP, restricted in the constrained space X..

First, it follows from Theorem 4.1 (Section 4.1.1) that if (H=1¢? ¢P)r= < 0,
then H|x,_ has one less negative eigenvalue compared to operator H in L2. This
condition is definitely true as (¢ + L) is strictly positive and

(H 67, 67) 2 = ———(6,6) 12 = (e + L), 6) 2 < 0.
p—1 p—1
Second, it follows from Theorem 4.2 (Section 4.1.2) that if H|x, has no negative
and zero eigenvalues, then (c+ L)™' H|x, has no negative and zero eigenvalues for
any positive operator (¢ + L)~ !.
We now need to eliminate eigenvalues of (¢ + L)"1H|x, at and above 2. To
estimate the upper bound on the spectrum of (¢ + L) "1 H|x,, we note that

o((c+L)'H

x.)—1< P, ‘ilnf 1<(c+ L)y 1o u, u) . (3.4.10)
ull 2=

If P~ 1(z) > 0 for all z € RY, the right-hand side of (3.4.10) is zero. Otherwise,

the right-hand side of (3.4.10) is bounded from above by (p/c) ‘infweRd PP (2)]-

To ensure that o ((c+ L)™' H|x,) < 2, we add the condition (3.4.7). O

Remark 3.12 The optimal rate of convergence occurs if v = p/(p — 1), in which
case the sequence {ay, }nen reaches zero already at the first iteration. The conver-
gence rate of the method is still linear since the sequence {wy, }nen in X, converges
to zero only exponentially fast.
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Remark 3.13 If the stationary equation (3.4.1) has translational symmetry and
¢(z) is symmetric, then operator H has a zero eigenvalue with the eigenvectors
given by {&ngb(m)};-l:l. However, the eigenvectors are antisymmetric and H has a
trivial kernel in the space of symmetric functions in Dom(L).

Exercise 3.34 Consider eigenvalues of the spectral problem
Hw=XMc+ Lw, weX,

where X, is defined by (3.4.9) and assume that ¢P~1(x) > 0 for all z € R¢ and
that (c + L) is a positive operator from Dom(L) to L?. Prove that there exists an
infinite sequence of simple eigenvalues in the interval A € (0,1), which accumulate
to A =1 from the left.

Remark 3.14 The constrained space X, defined by (3.4.9) appears naturally in
the variational method of Section 3.1.1, where ¢ is a minimizer of

I(u) == {(c+ L)u,u) >

subject to a fixed J(u) = Hu||’£ﬁ1 > 0. Moreover, the condition M(¢) = 1 at the
solution ¢ of the stationary equation (3.4.1) illustrates that I(¢) = J(¢).

Exercise 3.35 Assume that ¢(z) is a solution of the stationary equation (3.4.1),
substitute u,(x) = a,¢(x) for a sequence {a,}nen, and reduce the iteration map
(3.4.5)—(3.4.6) to the power map,

Opy1 = af’f"’(pfl), n € N.
Show that the fixed point a, = 1 is stable if and only if v € (1,(p +1)/(p — 1)).

Coming to the computational aspects of the spectral renormalization method
(3.4.5)—(3.4.6), let us consider a localized mode in the focusing Gross—Pitaevskii
equation (3.4.2) with d = 1. For cubic nonlinearity, we can fix v = 2 in (3.4.5).

Besides the theoretical convergence criterion described in Theorem 3.13, there are
additional factors in the numerical approximation of ¢(x) that come from the spa-
tial discretization of the continuous derivatives, truncation of the computational
interval, and termination of iterations within the given tolerance bound. There
are several methods for computation of spatial discretizations of the continuous
derivatives. One method is based on the truncation of the Fourier series for peri-
odic functions. Another method is based on the finite-difference approximations of
derivatives. Because operator L has z-dependent potential V'(x), the latter method
is more robust in the context of localized modes in periodic potentials.

Let the periodic potential V(x) have two centers of symmetry on [0,27) at the
minimum and maximum points at © = 0 and x = 7 respectively. The Jacobian
operator

H=c+L—3¢*(x)

has exactly one negative eigenvalue if ¢(z) is centered at the minimum of V' (z) and
two negative eigenvalues if ¢(z) is centered at the maximum of V(x) at least for
large ¢ > 0 (Section 3.2.3). Both solutions are positive for all © € R. Therefore,
the spectral renormalization method can be used for the former solution without
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Figure 3.5 Top: the numerical approximation of the localized mode ¢ obtained
in the spectral renormalization method. Bottom: convergence of the errors Fys
and Fo, with the number of iterations.

any modifications. For the latter solution, we can enforce the symmetry of solution
¢(x) about the maximum point = 7. Because the corresponding eigenfunction
for the second negative eigenvalue of H is odd, the operator H restricted to the
space of even functions with respect to the point x = 7 has only one negative
eigenvalue.

Figure 3.5 (top) shows the numerical approximation of the localized mode ¢(x) for
w = 0.1 and V(z) = 1 — cos(z) starting with ug(z) = sech(z). Figure 3.5 (bottom)
displays the convergence of the errors Eyy = |M,, — 1| and Eoo = ||unt1 — Unl|Lo
computed dynamically as n increases. We can see that the error Fj; converges to
zero faster than the error Eo.
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Figure 3.6 The numerical approximation of the localized mode ¢ obtained in the
spectral renormalization method for w = —0.5 (top) and w = 0.2 (bottom).

Figure 3.6 shows the numerical approximation of the localized mode ¢(x) for
V(z) = 1+ cos(z) starting with ug(z) = 2sech(z) for w = —0.5 (top) and w = 0.2
(bottom). The localized mode ¢(z) is now centered at the point of the maximum
of V(z) and the symmetry of iterations {u,(z)}n,en about this point is enforced
for the convergence of the spectral renormalization method. We can see that the
localized mode consists of one pulse for negative values of w but it consists of two
pulses for positive values of w.

When the iteration method is applied to the two-pulse localized mode described
in Theorem 3.6 (Section 3.2.4), we would run into a problem. The Jacobian operator
H at the two-pulse localized mode ¢(z) has two negative eigenvalues if each pulse is
centered at the minimum point of V(z) and four negative eigenvalues if each pulse
is centered at the maximum of V(z).
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Figure 3.7 Top: the numerical approximation of the two-pulse in-phase localized
mode ¢ obtained in the spectral renormalization method starting with (3.4.11).
Bottom: convergence of the errors Ear and Foo with the number of iterations.

In the former case, only one negative eigenvalue of H is associated with the eigen-
function symmetric about the midpoint between the two pulses. Therefore, if the
symmetry with respect to reflection about the midpoint is enforced, iterations of
the spectral renormalization method converge for this two-pulse localized mode. In
the latter case, however, two negative eigenvalues are associated with the eigen-
functions symmetric about the midpoint between the two pulses and this property
causes divergence of iterations of the spectral renormalization method.

The top panels of Figures 3.7 and 3.8 illustrate the numerical approximations of
the two-pulse localized mode for w = —0.5 and V(z) = 1 + cos(z) starting with

uo(z) = 2 (sech(x — ) £+ sech(z + 7)), (3.4.11)



182 Ezistence of localized modes in periodic potentials

2 T T T T

T

uy(x)

o(x)

-2

Errors

107 ]

-15

10

Figure 3.8 Top: the numerical approximation of the two-pulse out-of-phase lo-
calized mode ¢ obtained in the spectral renormalization method starting with
(3.4.11). Bottom: convergence of the errors Ej; and Eo with the number of
iterations.

where the in-phase mode occurs for the plus sign and the out-of-phase mode occurs
for the minus sign. The bottom panels of Figures 3.7 and 3.8 display the convergence
of the errors Fj; and E., computed dynamically as n increases. Because both pulses
are localized near the minima of the periodic potential, there is no problem with
convergence of iterations when the even or odd symmetry of u,(z) is enforced.

Figures 3.9 and 3.10 display the final outputs (top) and the errors Ej; and Ey
(bottom) for w = —1 and V(z) = 1 — cos(x) starting with

ug(z) = 2 (sech(z — ™ — a) + sech(z + 7 + a)) (3.4.12)
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Figure 3.9 Top: the numerical approximation of the localized mode ¢ obtained in
the spectral renormalization method starting with (3.4.12) for a = 0.035. Bottom:
convergence of the errors Fjy and Foo.

for a = 0.035 and a = 0.040, respectively. In both cases, the iterations of the
spectral renormalization method involve three stages. At the first stage, the initial
condition relaxes to two uncoupled pulses centered at the maximum of the peri-
odic potential V' (z). However, this relaxation is weakly unstable due to the second
negative eigenvalue of H in the space of even functions with respect to the mid-
point between the two pulses. The instability of iterations develops at the second
stage leading to the convergence of iterations to other stable fixed points at the
third stage. For a = 0.035, the iterations converge to the one-pulse localized mode
centered at the point z = 0 (Figure 3.9). For a = 0.040, the iterations converge to
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Figure 3.10 Top: the numerical approximation of the localized mode ¢ obtained
in the spectral renormalization method starting with (3.4.12) for a = 0.040.
Bottom: convergence of the errors Fys and Fo.

the two-pulse localized mode centered at the points = 27 and z = —27 (Figure
3.10). In all these cases, the localized modes are centered at the points of mini-
mum of V (x). Similar results are valid for out-of-phase configurations of the initial
two-pulse approximation.

To capture the two-pulse localized mode in a similar situation, Chugunova &
Pelinovsky [34] used a root finding procedure for the minimum of the error E, with
respect to different values of a in the starting approximation ug. This numerical
subroutine captures the unstable fixed points of the iterative method, when the
instability is induced by the second (small) negative eigenvalue of the linearized
operator H.
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The spectral renormalization method cannot be useful for approximations of
three-pulse and multi-pulse localized modes because the number of negative eigen-
values in the space of even functions exceeds one and violates the contraction crite-
rion in Theorem 3.13. In one dimension, one can apply a shooting method or Newton
iterations, whereas approximations of multi-pulse solutions in higher dimensions is
a more challenging problem.

A number of modifications of the spectral renormalization method have appeared
recently in the literature. Lakoba & Yang [125] considered non-power nonlinear
functions in the boundary-value problem

(c+L)¢ = f(9).

In this case, the negative eigenvalue of the operator T' = (c+ L)™' /() still exists
but ¢ is no longer an exact eigenvector for this eigenvalue. As a result, it is more
difficult to prove that the constraint (f(¢),w) 2 removes the negative eigenvalue of
the linearized iteration operator in the constrained space X.. Other modifications
are also reported in [125] concerning the choice of the constraint in the stabilizing
factor M,, and the choice of the iterative algorithm.

Exercise 3.36 Consider another iteration method for (3.4.1),
Upp1 = M (c+ L)', neN,

where
<un7 un>L2
(ub, (c+ L)~ Yuy,) 2’
and prove that the convergence criterion of this method is the same as in Theorem
3.13.

M, =

Exercise 3.37 Consider another iteration method for (3.4.1),
— P
(tn, (c+ L)up, —ul) 2 Un) . neN,
(tn, (C + L)“n)L2

and prove that there is a choice of h > 0 and v > 0 such that the linearized iteration
operator is a contraction, no matter if the condition (3.4.7) is satisfied or not.

Upt1 = Up + h (—un + (c+ L)fluf,, + v

3.4.2 Imaginary-time integration

Solutions of the stationary equation (3.4.1) are also equivalent to the time-
independent solutions of the evolution equation

ur = —(c+ Lu+u?, 7>0, (3.4.13)
where 7 is an artificial time variable. Compared to the Gross—Pitaevskii equation,
iy = (c+ L) — [¢|*, t>0, (3.4.14)

where c+ L = —A+V(z) —w for a fixed w € R, the solution u(x, 7) is a real-valued
function and the time 7 € R is related to the imaginary time ¢t € iR by 7 = it.
This correspondence suggests the name of the numerical method as imaginary-time
integration.
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The imaginary-time integration method is inspired by an old idea that the itera-
tive algorithm for solutions of an elliptic equation can be obtained from a numerical
solution of a parabolic equation, which has the same set of stationary solutions as
the elliptic equation does. When the stationary solution is asymptotically stable
with respect to the time evolution of a parabolic equation, these iterations re-
cover solutions of the elliptic equation as 7 — oo. If we look for strong solutions
u(r) € C(R4,Dom(L)) of the parabolic equation (3.4.13), then the iterations re-
cover strong solutions ¢ € Dom(L) of the stationary equation (3.4.1).

There are multiple ways to discretize the time evolution equation (3.4.13) to
replace a continuous function u(-, 7) in Dom(L) by a sequence of functions {uy, },,>1
in Dom(L) at 7 = 7,, = nh with a small time step h > 0. One of the simplest
methods is the explicit Euler method, which takes the form

Unt1 = Uy + h(—(c+ L)u, +uP), neN. (3.4.15)

However, there are two difficulties associated with the explicit Euler method (3.4.15).
First, since (c + L) is a strictly positive self-adjoint operator in L?, the funda-
mental evolution operator e~ 7(¢tL) of the linearized equation

ur = —(c+ L)u

forms a contraction semi-group and converges to zero as 7 — 400 at an exponential
rate. As a result, the solution of the initial-value problem associated with the time
evolution equation (3.4.13) for a small initial data is expected to converge to the
zero solution of the stationary equation (3.4.1).

Second, if we look at the fundamental evolution operator of the discretized lin-
earized equation

Unp+1 = Up — h(C + L)u'm

then we realize that the evolution operator is not a contraction and may lead to
artificial instabilities if L is unbounded from above, no matter how small h > 0
is! These instabilities have a numerical origin since the unstable spectrum of the
discretized evolution operator extends to the negative domain beyond multiplier
—1, whereas the spectrum of the continuous evolution operator is always confined
in the interval [0, 1] for 7 > 0.

The first problem is fixed if we add a constraint on the iterative method (3.4.15)
that would allow us to obtain a nonzero stationary solution ¢ of the stationary
equation (3.4.1). For example, we can preserve the L? norm of functions in the
sequence {uy, },>1 obtaining thus the iterative method

Upat1 = Up(1l —ch) + h(—Lu, +u?),
A 1(2 )+ e N, (3.4.16)
Un+1 = Q / Un+l/||vn+l||L27
where Q = |[Juy,||3. is fixed for any n € N. The second problem can be fixed

by working with the implicit Euler or Crank-Nicholson methods or by using the
pre-conditioning operator (I + L)™', which transforms the fundamental evolution
operator of the iterative method to a bounded operator. To simplify our presenta-
tion, we shall assume that L is a bounded operator, but more robust treatments of
unbounded operators can be found in Exercises 3.38 and 3.39.
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In the context of the stationary Gross—Pitaevskii equation (3.4.2), parameter c is
related to parameter w of the localized mode. Recall from Section 3.2 that parame-
ters w and @ are related along the solution family. If we fix w, then @ is determined
along the solution family, and vice versa. This observation implies that the ex-
plicit iterative method (3.4.16) with two parameters ¢ and () (we exclude the time
step parameter h > 0 from the count) is over-determined and only one parameter
(namely, the fixed power @) plays a role in the limiting stationary solution

o= Tlg&u(,r).

The other parameter (namely, ¢) can be set to any number, for instance, to zero.
To confirm this claim, we prove the following lemma about the fixed points of the
iterative method (3.4.16).

Lemma 3.15 For sufficiently small h > 0, the set of fixed points of the iterative
method (3.4.16) in Dom(L) is equivalent to the set of solutions of the stationary
equation

(c+L)p =", (3.4.17)
where ¢ is uniquely defined from ¢ by the Rayleigh quotient,

(Lo +¢"),d) 1>
617 '

Proof Let ¢ be a solution of the stationary equation (3.4.17) for some ¢. Then, if
u, = ¢, we obtain @ = ||¢||2, and

&=

(3.4.18)

Unt1 = (1 — he + hé)o.

For sufficiently small h > 0, we have 1 — hc + hé > 0. Hence, u,4+1 = ¢ and ¢ is a
fixed point of the iterative method (3.4.16).
In the opposite direction, let u, be the fixed point of (3.4.16). Then, we obtain

uy (1 — ch) + h(—Lu, +uf)
|us(l — ch) + h(—Lu, + uf)| 2

e = lallaay

Therefore, there is a constant ¢ € R such that —Lu, + u? = ¢u,. In other words,
usx = ¢ is a solution of the stationary equation (3.4.17).

In both cases, ¢ is found from the Rayleigh quotient (3.4.18) for the stationary
equation (3.4.17). O

As a consequence of Lemma 3.15, it is sufficient to set ¢ = 0 in the time evolu-
tion equation (3.4.13) and in the iterative method (3.4.16). Thus, we consider the
iterative method

{ Un41 = Up, + h(—Lu, + ub), heN (3.4.19)

Up+1 = Ql/zvn+1/‘|vn+ll|L27

On the other hand, it would be more natural to denote ¢ = ¢ in the stationary
equation (3.4.17) for the fixed points of the iterative method (3.4.19). The following
theorem gives the main result on convergence of the iterative method (3.4.19).
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Theorem 3.14 Let L : Dom(L) C L? — L? be a non-negative bounded self-
adjoint operator. Given @ > 0, let ¢ € Dom(L) be a strong solution of the stationary
equation (3.4.1) for some ¢ € R and assume that the map ¢ — Q is C'. For
sufficiently small h > 0, there exists an open neighborhood of ¢ in Dom(L), in
which the sequence of iterations {u,}n>1 defined by the iterative method (5.4.19)
for the same Q converges to ¢ if and only if H = ¢+ L — p¢?~! : Dom(L) — L?
has exactly one negative eigenvalue, no zero eigenvalues, and dQ/dc > 0.

Proof The proof of this theorem follows the same steps as the proof of Theo-
rem 3.13 with the only difference being the computation of the linearized iteration
equation. We need to show that the linearized iteration operator is a contraction
operator. Let us substitute u,, = ¢ + v,, into the iteration method (3.4.19) and ne-
glect all terms quadratic in ||v,||pom(z)- After some straightforward computations,
we obtain

h <an7¢>L2 )
it = vy — —— ( Hp, — U PIL2 g 3.4.20
Vb1 =V 1+hc( S PR (3.4.20)

where ¢ appears in the stationary equation (3.4.17) for ¢ € Dom(L).
It follows from (3.4.20) that

<U’ﬂ+17¢>L2 = <Un7¢>L27 n € N.

The projection of {vy, }nen in the direction of ¢ is constant in n € N. Convergence
to zero can only be achieved in the constrained L? space,

X.={veDom(L): (v,¢)z2 =0}, (3.4.21)

and we should require that (v, #);> = 0 initially. The constrained L? space reflects
the conservation of power

Q = |lunlz> = 6lZ2 + 2(vn, @)22 + lvallZ2, neN.

If v, € X, then Q = [|¢||2, up to the quadratic terms in v,. Let P. be the or-
thogonal projection operator from Dom(L) to X.. The linearized iteration equation
(3.4.20) can be rewritten in the form
h

Upt1 = U — mPcHPcv"7 n € N. (3.4.22)
We need to consider the spectrum of H|x_ 2 = P.HP, restricted in the constrained
space X.. In particular, any negative eigenvalue of H|x,_ leads to the divergence
of the linearized iteration equation (3.4.22). Thanks to Theorem 4.1 (Section 4.1.1),
operator H|x, has one less negative eigenvalue compared to operator H if
(H71¢,¢)r2 < 0 and has the same number of negative eigenvalues if

(H ¢, ¢)p2 > 0.
Since HO.¢ = —¢, we obtain

1dQ

-1 _ - __
<H ¢7 QS)L? - <00¢a ¢>L2 - 2 de’
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where the map ¢ — ¢ — @ is assumed to be C' in c. If H has exactly one negative
eigenvalue and @'(c¢) > 0, then H|x, has no negative eigenvalues. The linearized
iteration operator is a contraction if additionally

h

1+ hcg(H

x.) <2 (3.4.23)

Since L is a bounded operator, o(H|x,) is bounded from above. As a result, there
exists a small hg > 0 such that condition (3.4.23) is satisfied for any h € (0, hy) and
the iterative method (3.4.19) is a contraction in a local neighborhood of the fixed
point ¢ € Dom(L). If H has more than one negative eigenvalue or if @'(c) < 0,
then H|x, has at least one negative eigenvalue and the iterative method (3.4.19)
diverges near the fixed point ¢. O

If the unbounded differential operator L = —92 + V (x) is replaced by the finite-
difference operator L = —A + V', where

(Au)n = Up+1 — 2“77, + Up—1, (Vu)n = Vnurn nec Za

then the conditions of Theorem 3.14 on L are satisfied.

The conditions in Theorem 3.14 on H and d@/dc coincide with the stability con-
dition of a stationary solution ¢ with respect to the time evolution of the parabolic
equation (3.4.13). This condition coincides with the condition for orbital stability of
the positive stationary solution ¢ with respect to the time evolution of the Gross—
Pitaevskii equation (3.4.14) (Section 4.4.2). For a non-positive stationary solution
¢, the relationship becomes less explicit since another operator L_ = ¢+ L — ¢P~!
needs to be considered in addition to the Jacobian operator L, = c+L—p¢P~! = H
(Section 4.3).

The constrained space X, given by (3.4.21) appears naturally in the variational
formalism of the stationary solution ¢ as the critical point of the Hamiltonian

H(u) = ((Lu — uP),u) 2

under a fixed Q(u) = |lul|3., where ¢ is a Lagrange multiplier of the energy func-
tional E.(u) = H(u) — c¢Q(u). Equation (3.4.13) is a gradient flow which realizes
a continuous minimization of the Hamiltonian H (u) under fixed power Q(u). The
concentration compactness principle of Lions [134] allows one to predict when the
minimum can be achieved. Various discretizations of the minimization procedure
under a @-normalized gradient flow were discussed by Bao & Du [16].

To discretize the continuous imaginary-time evolution equation (3.4.13), we ap-
plied the explicit Euler method (3.4.16). One can consider other discretizations such
as implicit methods which would leave out the requirement of Theorem 3.14 that
the linear operator L is bounded.

Exercise 3.38 Consider the implicit Euler method,

i1 = (I +h(c+ L))" (un + hu?),
{vﬂ U+ hle+ D)™ (wntha), o (3.4.20)

Up+1 = Q1/2Un+1/||vn+1||L27
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Figure 3.11 Top: the numerical approximation of the localized mode ¢ obtained
in the explicit imaginary-time integration method. Bottom: convergence of the
error Fo, with the number of iterations.

and prove that this algorithm converges for small A > 0 if H and dQ/dc satisfy
the same conditions as in Theorem 3.14, no matter whether L is a bounded or
unbounded operator.

Exercise 3.39 Consider the implicit Crank—Nicholson method for the imaginary-
time evolution problem (3.4.13) and prove that it converges for small h > 0 if H
and dQ/dc satisfy the same conditions as in Theorem 3.14, no matter whether L is
a bounded or unbounded operator.

For an illustration on the convergence of the imaginary-time integration method
(3.4.19), let us consider again a localized mode in the focusing Gross—Pitaevskii
equation (3.4.2) with d = 1. Figure 3.11 (top) shows the numerical approximation



3.4 Numerical methods 191

15 T T T T T

uy(x)

0.5
S o)

! ! !
0 500 1000 1500 2000

Figure 3.12 Top: the numerical approximation of the localized mode ¢ obtained
in the implicit imaginary-time integration method. Bottom: convergence of the
error Fo, with the number of iterations.

of the localized mode for @ = 4 and V(z) = 1 — cos(z) starting with wug(z)
v2sech(z). Figure 3.11 (bottom) displays the convergence of the error E,, =
|tnt1 — unllL versus n. We can see that the error E,, converges very slowly
because the time step h = 0.001 is too small. The second-order difference approx-
imation is used for the second derivatives with the step size 0.2 and the time step
h has to be small to preserve stability of iterations of the explicit Euler method.

To avoid the stability constraint on h, we can implement the implicit Euler
method (3.4.24), where the parameter ¢ is dynamically approximated at each
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iteration from the Rayleigh quotient, with
((—Lup, +ub), up) 12
Cpn = .
Q
Figure 3.12 (top) shows the numerical approximation of the localized mode for
Q = 4 and V(z) = 1 — cos(z) starting with ug(z) = v/2sech(z). Figure 3.12
(bottom) displays the convergence of the error Fo, versus n. We can see that the

error E., converges faster because the time step 7 = 0.1 is bigger. The same level
of accuracy, 10713, as on Figure 3.5 is now reached in 2630 iterations compared to
25 iterations of the spectral renormalization method.

There are several ways to accelerate convergence of the imaginary-time integra-
tion method (3.4.16). Garcia-Ripoll & Pérez-Garcia [64] used Sobolev gradients to
accelerate minimization of the square energy function

E(u) = [[(Lu —u”)||»

under the fixed Q(u). Yang & Lakoba [216] introduced a similar square operator
method, written in the explicit form by

Unt1 = Up + h (—L(—Luy +uP) + p(—Lu, +uB)P™'), neN,

for a time step h > 0. The latter method was applied to more general nonlinear
evolution equations and was modified using “pre-conditioned” factors to accelerate
iterations. As a result, localized modes were approximated numerically even in finite
band gaps of the spectrum of L = —A + V(z) with V € L2, (R?) for d = 2.

In their follow-up works, Yang & Lakoba also discussed acceleration of the spec-
tral normalization and imaginary-time integration methods using a mode elimi-
nation technique [126] and a “pre-conditioned” positive operator [217], which are
introduced to improve the contraction properties of the linearized iteration oper-
ator. Lakoba [127] also considered the conjugate gradient method as yet another
iteration method to reduce the number of iterations in the numerical approximation
of stationary localized modes.
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Stability of localized modes

The only reason for time is so that everything doesn’t happen at once.
— Albert Einstein.

Be wise and linearize!
— Mathematical proverb.

Localized modes mean nothing to physicists if they are not observed in real
experiments. No physicists would waste their time talking about unstable localized
modes, which are destroyed by a small disturbance in the initial data. To sort out
different families of localized modes in nonlinear evolution equations, the existence
of which was studied in Chapter 3, we introduce here the concept of their stability
with respect to time evolution and describe robust methods of stability analysis.

Many nonlinear evolution equations with localized modes can be written in the
Hamiltonian form (Section 1.2),

.dp

IE = V{bH(wa 12’)7

where H(1),%) : X x X — R is the Hamiltonian functional defined on some Hilbert
space X C L? and 1 is the complex-valued vector function. Because of the time
translational invariance, the value of H(,)) is constant in ¢ € R if () is a
solution of the Hamiltonian system. Additionally, there is a conserved gauge func-
tional Q(1,%) : X x X — R, which is related to the gauge transformation of the
Hamiltonian system.

If a localized mode ¢ € X is a stationary solution of the Hamiltonian system,
then ¢ is a critical point of the energy functional (Section 3.1)

Ew(¢7 {b) = H(¢7 IL) - WQ(TJL "Tb)
in the sense

YveX: iEw(¢+EV7(E)+€\_/) =0.
de 0
Here w is the Lagrange multiplier and, simultaneously, a parameter of the localized
mode ¢. Using the gauge transformation, the Hamiltonian system can be rewritten
in the equivalent form
.du ]

i = VaFE,(u,a),
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where u is a new variable expressed from ) via the linear transformation (Section
1.2). Now u = ¢ becomes a time-independent solution of the Hamiltonian system
in the new coordinates.

Let us expand the energy functional E,, (u, ) in the neighborhood of the critical

point ¢,
WEX: Bu(@+v,d+v)=Bul @)+ 5ELv, ) +O(vIL),

where E!/(v,Vv) is the quadratic part of the energy functional evaluated at the
critical point ¢ for a given value of w. The quadratic part can be expressed in
terms of the Hessian operator H, : X x X — L? x L?, which acts on the vector
V=(v,v),

E!(v,v)=(H,V, V).

Because E,(u,u) : X x X — R, the Hessian operator H,, is necessarily self-adjoint
in L2 x L2. Nevertheless, it is not a block-diagonal operator in variables (v, ) in
the general case. Expanding solutions of the Hamiltonian system as u = ¢+ v and
truncating by the linear terms in v, we obtain the linearized Hamiltonian system

.dv _
= (Hu)11v + (Hy)12V,
t
which is coupled with the complex conjugate equation
.dv _
= (Hu)21V + (Hy)22V,

where (H,,)11 = (H,)22 and (H,)12 = (H,)21. Since H, does not depend on
time ¢, we can separate the time and space variables and reduce the linearized
Hamiltonian system to the spectral problem. This separation of variables is given
by the substitution

v =vieM 4 \7265‘15,
{ V = voe + vie,
The spectral problem now takes the form
iy = (Hy)uvi + (Hy)i2va,
{ —idve = (Hy)21v1 + (Hy)22V2,
or, simply,
JH,V=)V, VecXxX, AeC,

J:{_IQ} and V:{Vl}.
0 i Vo
The symplectic operator J destroys the self-adjoint structure of the Hessian op-

erator H, and the resulting linearized operator JH,, is neither self-adjoint nor
skew-adjoint in L? x L?. Nevertheless, the spectrum of JH,, is related to the spec-

where

trum of H,, and this relationship between the spectra of these two operators is the
central part of this chapter.
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It is now time to consider an example of the linearized Hamiltonian system in
the context of the Gross—Pitaevskii equation,

iwt = —A¢+V(I)¢+U|w|2wa T e Rd?
where ¥(x,t) : REx R — C, 0 € {1,-1}, and V(x) : R — R. If V € L®(R%),

weak solutions of the Gross—Pitaevskii equation in X = H'(R?) are equivalent to
strong solutions in X = H?(R%). The energy functional is given by

1
E,(u,u) = / (\Vu|2 + Vi§ul? — wlul® + §o\u|4> dz,
Rd

and the gauge transformation is given by (z,t) = e~ “!u(z, ). After the expansion

near ¢ € H?(R?), the quadratic part of the energy functional is given by
1 _
B0 = [ (190 + VIo? —wll? + Jo(620 + Ao 2 + 3% ) da
]Rd

and it is expressed in terms of the Hessian operator,

—A+V —w+20¢? op? }

Ho = { od? —A+V —w+ 20|90

The spectral problem takes the explicit form

(—V2 +V—-w+ 20|¢|2) v1 4+ ?ve = idvy,
oy + (—V2 +V-—w+ 20|¢\2) vy = —iAvag,

where (v1,v7) € H2(R?) x H?(R%) and X € C.

There are four main definitions of stability of localized modes in nonlinear evolu-
tion equations, which we rank here from the weakest to the strongest: (i) spectral
stability; (ii) linearized stability; (iii) orbital stability; and (iv) asymptotic stability.

The spectral stability of a localized mode ¢ is defined by the spectral problem,

JH,V =)V, VeXxX, \eC,
where JH,, is neither self-adjoint nor skew-adjoint in L2 x L2.

Definition 4.1 We say that the localized mode ¢ is spectrally unstable if the
spectral problem for JH, has at least one eigenvalue A with ReA > 0 and V €
X x X. Otherwise, it is (weakly) spectrally stable.

The linearized stability of a localized mode ¢ relies on the time evolution problem
associated with the spectral problem above,

av
Y JH,V, teR,.
a7 € Bt

The gauge invariance of the Hamiltonian system leads to a weak growth of the solu-
tion V(t) as t — oo. To remove this weak growth, we shall add the constraint that
the perturbation V(t) does not affect the first variation of the conserved quantity
Q(u, @) in the sense that

Xe={veX: (VaQ($,&),v)x +(VuQ(#,6),v)x =0} .
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If V(t) € X. x X, for all t € Ry, we can study the evolution of perturbations V (¢)
in the linearized Hamiltonian system.

Definition 4.2 We say that the localized mode ¢ is stable with respect to the
linearization if there exists the limit

lim sup [[v(#)|[x < oo,
t—o0

for the solution v(t) of the linearized Hamiltonian system in X,. Otherwise, it is
linearly unstable.

To define orbital stability, we need to consider a family of localized modes T'(6)¢
(called an orbit), where parameter 6 belongs to an open set and 7'(6) is a generator
of the group related to the gauge transformation of the Hamiltonian system. This
symmetry leads to the conservation of the power Q(u, @) (Section 1.2.1). We say
that the localized mode ¢ is orbitally stable in the sense of Lyapunov if the solution
u(t) of the time evolution problem that starts in a local neighborhood of ¢ remains
in a local neighborhood of the orbit T'(8)¢ for all t € R. More precisely, we have
the following definition.

Definition 4.3 The localized mode ¢ is said to be orbitally stable if for any € > 0
there is a § > 0, such that if |u(0) — ¢||x < ¢ then

i — <
inf [u(t) - T(O)¢lx <
for all t € Ry. Otherwise, it is orbitally unstable.

Finally, asymptotic stability is the strongest concept of stability since the solu-
tion u(t) of the nonlinear evolution equation is required not only to remain in the
neighborhood of the orbit T'(#)¢ but also to approach a particular orbit T'(9) ¢,
in the limit t — oo, where ¢, is generally different from ¢ by the value of the
parameter w.

Definition 4.4 The localized mode ¢ is said to be asymptotically stable if it is
orbitally stable and for any u(0) near ¢ there is ¢, near ¢ such that

lim inf [[u(t) = T(0)ds | x = 0.

t—o0 fe

In the context of the Gross—Pitaevskii equation, the spectral problem can be
simplified if ¢ is real-valued as in most of Chapter 3. If we consider again the
spectral problem

(=VZ2+V —w+20[¢|?) v1 + ¢?va = idvy,
{ v + (fvz +V—-w+ 20|¢>|2) Vg = —iAvg,
and assume that ¢ € R, then substitution
v =u+iw, ve=u—iw
gives a new spectral problem

Liu= - w, L_w=)\u,
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where Ly and L_ are linear Schrédinger operator in the form

Li=-A+V —w+ 306,
L = -A+V—w+tog?

In other words, the Hessian operator H,, becomes block-diagonal in variables (u, w)
and the quadratic form for the energy functional becomes

E!(u+iw,u —iw) = (Lyu,u) 2 + (L_w,w)z.

Although L, and L_ are self-adjoint operators in L2, the Hamiltonian structure
associated with the canonical symplectic matrix

0 -1
1 0
still makes the spectral problem for (u,w) neither self-adjoint nor skew-adjoint.
It turns out that the spectral problem

Liu=-Aw, L_w=2MAu, u€Dom(L;), weDom(L_), AeC,

where L, and L_ are self-adjoint operators in L?, becomes relevant for other non-
linear evolution equations associated with localized modes even if ¢ is no longer
real-valued.

If A is an eigenvalue of the spectral problem above with the eigenvector (u, w), so
are eigenvalues (—\), A, and (—\) with eigenvectors (u, —w), (@1, W), and (@1, —Ww),
respectively. This property is general for linearized Hamiltonian systems and it
implies that eigenvalues A occur only as real or purely imaginary pairs or as quartets
in the complex plane. If one of the operators is invertible (say, L_), the spectral
problem can be rewritten in the form of the generalized eigenvalue problem,

Liu=~(L_) 'u, ueDom(Ly), veC,

where v = —A? is a new eigenvalue. Real and purely imaginary pairs of A be-

come negative and positive eigenvalues of v respectively, while quartets of complex
eigenvalues of A become pairs of complex conjugate eigenvalues of .

The generalized eigenvalue problem is a classical problem of simultaneous block-
diagonalization of two self-adjoint operators Ly and L~'. Since both L, and L_
are self-adjoint operators in L2, each operator can be orthogonally diagonalized by
the Spectral Theorem (Appendix B.11). However, the orthogonal diagonalization
of each operator is relevant for the problem of their simultaneous diagonalization
only if the two operators commute. In the latter case, there exists a common basis
of eigenvectors for both operators. Since operators L, and L_ do not commute
in general, eigenvectors of each operator are not related to eigenvectors of the
generalized eigenvalue problem. Moreover, complex and multiple eigenvalues may
generally occur in the generalized eigenvalue problem if either operator is not sign-
definite.

Analysis of spectral stability of equilibrium configurations in a Hamiltonian sys-
tem of finitely many interacting particles relies on the same generalized eigenvalue
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problem, where L and L_ are symmetric matrices for kinetic and potential en-
ergies and (u,w) € R™ x R™. In this context, it follows from the Sylvester Law of
Inertia [200] that if one matrix (say, L_) is positive definite and thus invertible,
the numbers of positive, zero and negative eigenvalues v in the generalized eigen-
value problem equals the numbers of positive, zero and negative eigenvalues of the
other matrix (L4 ). If L_ is not positive definite (but still invertible), a complete
classification of eigenvalues v of the generalized eigenvalue problem in terms of real
eigenvalues of L; and L_ can be developed with the use of the Pontryagin Invari-
ant Subspace Theorem, originally proved for a single negative eigenvalue of L_ by
Pontryagin [173] and then extended to finitely many negative eigenvalues of L_ by
Krein and his students [12, 70, 91].

In the context of solitary waves in nonlinear evolution equations, L, and L_
are self-adjoint differential operators in a Hilbert space. There has recently been a
rapidly growing sequence of publications about characterization of unstable eigen-
values of the generalized eigenvalue problem in terms of real eigenvalues of the
operators L, and L_. An incomplete list of literature is papers [32, 33, 43, 84, 105,
119, 122, 153, 181, 208].

We shall describe the spectral stability theory for the nonlinear Schrédinger equa-
tions. We also show how the spectral stability theory can be useful for analysis of
linearized, orbital, and asymptotic stability of localized modes. Besides the nonlin-
ear Schrodinger equation, we also discuss the nonlinear Dirac equations, where the
spectral stability of localized modes cannot be studied using the count of eigenvalues
of operators L and L_.

4.1 Schrédinger operators with decaying potentials

Since spectral stability of a localized mode in a nonlinear evolution equation relies
on analysis of self-adjoint differential operators L, and L_, let us start with the
properties of a one-dimensional Schrédinger operator,

L=-0?+c+V(x),

where ¢ > 0 is a parameter and V(z) : R — R is a bounded potential. We assume
the exponential decay of the potential V(z) as |z| — oo, that is, we assume that
there exist £ > 0 and C' > 0 such that V' € L*>°(R) satisfies
H K|
xgrinooe =y (z)| = C. (4.1.1)
This exponential decay of the potential V' (z) is related to the exponential decay of
the localized mode that determines V' (z).

If V e L*®(R), the arguments of Section 2.1 can be used to state that L maps
continuously H2(R) to L?(R). Since L is self-adjoint with respect to (-,-)z2, the
Spectral Theorem (Appendix B.11) states that the spectrum of L is a subset of
the real axis and its eigenfunctions form an orthonormal basis in L?(R). We will
show that the spectrum o (L) of the self-adjoint operator with the exponentially
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decaying potential is divided into two disjoint parts: the point spectrum of eigen-
values denoted by op,(L) and the continuous spectrum denoted by o.(L).

We will give general definitions of the point and continuous spectra of linear
operators, which are also useful for analysis of a non-self-adjoint spectral problem.

Definition 4.5 We say that A is an eigenvalue of an operator
L:Dom(L) C L? — L?
of geometric multiplicity m > 1 and algebraic multiplicity & > m if

dimKer(L — AXI) =m and dim |_J Ker(L — A\I)" = k.
neN

The eigenvalue is said to be semi-simple if k = m and multiple if k > m.

Exercise 4.1 Show that if L is a self-adjoint operator in L2, then all eigenvalues
are semi-simple.

Definition 4.6 We say that \ is a point of the continuous spectrum of an operator
L:Dom(L) C L? — L?
if
Ker(L — M) =@ and Ran(L — \I) # L%

Exercise 4.2 Show with the help of the Fourier transform that if L = —92 + ¢,
then o.(L) = [¢, 00).

If A is an eigenvalue of 0,(L), we say that the eigenvalue is isolated from the con-
tinuous spectrum if the distance between A\ and points in o.(L) is bounded away
from zero and embedded into the continuous spectrum if the distance between A and
points in o.(L) is zero. Continuous spectrum, embedded eigenvalues, and eigenval-
ues of infinite multiplicities are sometimes combined together under the name of
essential spectrum, while isolated eigenvalues of finite multiplicities are singled out
under the name of discrete spectrum. The great simplification that comes from the
assumption of the exponential decay of V' is that the two subdivisions become iden-
tical and the embedded eigenvalues or eigenvalues of infinite multiplicities do not
occur in the spectrum of L. As a result, we have

o(L)=o0,(L)Uo.(L) and o,(L)No.(L)=@.
This partition of (L) is based on the following lemma.

Lemma 4.1 Let L = —92+c+V(z) for a fived c > 0 and let V(z) satisfy (4.1.1).
If X € op(L), then \ < ¢, whereas o.(L) = [c, ).

Proof Let us parameterize A > cby A=c+k*for k=+vA—c>0.If \=c+k?
is an eigenvalue of L, there exists a solution ¢ € H?(R) of the differential equation

" (2) + K*p(z) = V(2)p(x), x€R. (4.1.2)
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Assuming decay of V(x) as x — —oc and using the Green’s function for 62 + k2,
the differential equation (4.1.2) can be rewritten in the equivalent integral form,

o(x) = ¢ cos(kz) + cosin(kx) + k1 / sinlk(z — 2")|V (2" )p(z')dz’, (4.1.3)
where ¢; and co are arbitrary constants. Since the integral decays to zero as
r — —oo, we need to set ¢; = co = 0 if o € H2(R). Therefore, p(z) solves
the homogeneous integral equation (4.1.3) for ¢; = ¢o = 0 and we need to show
that the homogeneous equation admits no solutions in H2(R) if V() satisfies the
exponential decay (4.1.1).

Let 0 = SUP,¢(— oo,z l¢(2)] for a fixed 29 < 0 and observe that

Elsinfk(z —2)] < (x —2), x—2' >0, keR.

Estimating the integral, we obtain

o< s k! / jsinfk(z — )]V (2)p(z’)]| de,
]

z€(—o00,z0 —o0
<o sup / |(z — 2"V (2")| da’. (4.1.4)
z€(—o0,x0] J—00

If Ve L*(R) satisfies the exponential decay (4.1.1), then there are x > 0 and
C > 0 such that

[V (x)] < Ce™, Ve (—o0,x),

for any xzg < 0. If z is a sufficiently large negative number, then

T x
sup / |(z — 2"V (a')|da' < C/ (z —2')e"™ da! = Cr2e"™ < 1.
x€(—o00,x0] J —00 -0

Bound (4.1.4) implies that ¢g = 0 and the integral equation for ¢(z) admits zero
solution on (—o0, zg]. Unique continuation of the zero solution of the differential
equation (4.1.2) gives p(x) = 0 for all z € R, so that no eigenvalues of o, (L) with
A > c exist.

On the other hand, for A > ¢ (k € R) we can also consider a solution of the
inhomogeneous integral equation

x
o(z; k) = e + k1 / sin[k(z — 2"V (2")p(2'; k)da'. (4.1.5)
— 00

Using the same proof as above, a unique solution ¢(-;k) € L*((—o0,z0]) of the
integral equation (4.1.5) exists for sufficiently large negative xy. From the linear
differential equation (4.1.2), this solution is uniquely continued for all z € R. The
solution ¢(x; k) is bounded as & — oo if k # 0. Analyzing limits  — +oo from the
integral equation (4.1.5), we find the limiting representation for the unique solution
o(+; k) € L*(R) for any k # 0:

eikz as T — —0oQ,
a(k)e®® + b(k)e ke as x — 400,

p(x; k) — {
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where a(k) and b(k) (referred to as the scattering data) are given by

alk) =1+ L e_isz(a:)ga(x; k)dz,
21k R

1 .
b(k) = 3% Re‘kz\/(x)go(x; k)dx.
Using Weyl’s Theorem (Appendix B.15), we can construct wave packets {uy, }n>1 €
H?(R) from the eigenfunctions o(x; k) compactly supported on [kg —n~1, ko +n~}]
for any ko > 0. Under the normalization ||u,|z2z = 1 for all n > 1, one can show
that

lim [[(L = XoDunlz2 =0, Xo=c+kg,
n— o0

which confirm that A\g = ¢+ k% € o.(L). Taking the closure of all such points A,

we conclude that the continuous spectrum of L is located at o.(L) = [¢,00), that
is, for all A > ¢. O

Remark 4.1 Embedded eigenvalues do occur in the spectrum of L = —92 + ¢ +
V(z) for A > cif the potential V' (x) decays slower than the exponential rate (4.1.1).
For instance, if V(z) = O(x~2) as |z| — oo, an embedded eigenvalue may occur at
the end point of the continuous spectrum at A = ¢, whereas if V(z) = O(|z| 1) as
|z] — oo, an embedded eigenvalue may also occur in the spectrum of L for A > c.
Examples of these algebraically decaying potentials and their embedded eigenvalues
are given by Klaus et al. [115].

Isolated eigenvalues A of o, (L) located for A < ¢ play an important role in analysis
of spectral stability of localized modes. These eigenvalues and the corresponding
eigenfunctions are characterized by the following lemma.

Lemma 4.2 Let L = —02+c+V(z) for a fived c > 0 and let V(z) satisfy (4.1.1).
There exists a unique solution of the differential equation Lug = Aoug for a fized
Ao < ¢ such that ug € H?((—00,z0]) for any xo < oo and

lim e "%uy(z) =1, with vy =+/c—Xo>0.

Tr—r—00
If ug(x) has n(Ng) zeros on R (ug(z) may diverge as x — oc), then there exists

exactly n(Xo) eigenvalues of o, (L) for A < Ag.

Proof Let us now parameterize A < ¢ by A = ¢ — 12 for fixed v = vc — A > 0. We
consider a solution of the differential equation

u’(z) — viu(z) = V(z)u(z), z€R. (4.1.6)

v* one of which

corresponds to the exponential decay and the other one to the exponential growth

The potential-free part has two particular solutions e** and e~
in either limit  — —oo or © — 4o00. Let us consider a particular solution u(z;\)
such that

zgr_nooe Tu(z; N) = 1.
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In other words, u(z,A) decays to zero as & — —oo and this decay is uniquely
normalized. Using the Green’s function, we infer that the particular solution u(z; A)
satisfies the inhomogeneous integral equation
xr
u(z;\) = e’ + vt / sinh[v(z — )]V (2" )u(a’; \)da'. (4.1.7)
—00
If u(z; N) = e”"w(x; N), then w(x; A) satisfies the equivalent integral equation

w(z; ) =14v71 /I sinh[v(x — x')]e_"(z_wl)V(x')w(:L"; A)dx'. (4.1.8)

— 00
‘We note that

v~ Lsinh[v(z — x’)}ef"(xfm/) = 1 1- 672”(”37”3/)}
2v
is bounded for any z > z’. Using the same technique as in the proof of Lemma
4.1, it is easy to prove that there exists a unique solution w € L*((—o0, ]) of the
inhomogeneous integral equation (4.1.8) for sufficiently large negative . From the
linear differential equation (4.1.6), this solution is uniquely continued for all z € R.
Moreover, it has the bounded limit as z — oo:

. 1
AN = zlggl() w(x;A) =1+ % RV(w)w(w, A)dz.
The unique solution w € L*®°(R) gives a unique solution u € HZ((—o0,xg]) of
the integral equation (4.1.7) for any zy < oco. If A(X) # 0, then u(z; \) diverges
exponentially as x — co.

On the other hand, if A(\) = 0, then w(z;\) = O(e™2*) as |z| — 0o so that
u(z; \) decays to zero as * — oo. The functions w(z; \) and A(M) are analytic for
all A < ¢. Because L is a self-adjoint operator with only semi-simple eigenvalues
(Exercise 4.1), if A(Xg) = 0 for some A\ < ¢, then A’(X\g) # 0.

If X < infyeg V(x) and u(z) > 0 for large negative x, then equation (4.1.8)
implies that

u'(z) = (c+V(z) = Nu(z) >0, zeR.

Therefore, u(x; A) remains strictly positive on R for this (sufficiently large negative)
A, hence A(X) > 0. If A increases, either u(x; A) remains positive for all z € R (and
then the lemma is proved for this A) or u(z; A) acquires a new zero for & > —oo for
some A; > inf,cp V(2).

For any A < ¢, a zero of u(x;\) at any « € R is simple (if the derivative is also
zero at this x, then u(x; ) = 0 for all € R). Therefore, a continuous deformation
of u(z;\) in A may generate a new zero on R for A = Ay if and only if A(X;) = 0.
Therefore, the new zero of u(x;\) always occurs at = oo if Ay € o,(L). Since
A'(A1) # 0, A(N\) changes sign for X slightly larger than A; so that wu(x;A) has
exactly one zero on R for A slightly larger than A;. Therefore, the lemma is proved
for this A and we can continue increasing A for A > A\; and counting zeros of
u(z; A) on R and eigenvalues of ¢,(L) below this A. The rest of the proof goes by
induction. O
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Corollary 4.1 If X € 0,(L), then X is simple. Moreover, if X is the nth eigenvalue
sorted in increasing order, then the eigenfunction u € H*(R) has ezactly n—1 zeros
on R.

Proof The subspace of all solutions of equation (4.1.6) that decay to zero as
x — —oo is spanned by solution u(x;\) of Lemma 4.2. Therefore, there is at
most one linearly independent eigenfunction v € H2(R) for any A € o,(L). By the
Sturm Comparison Theorem (Appendix B.12), the eigenfunction for the (n + 1)th
eigenvalue has at least one more zero on R compared to the eigenfunction for the
nth eigenvalue. Since the eigenfunction for the first eigenvalue has no zeros on the
real line, the eigenfunction for the nth eigenvalue has exactly n — 1 zeros on R. [

We shall consider three results for an abstract self-adjoint operator L with o.(L) >
¢ > 0 and dimo,(L) < oco. These results hold for the Schrédinger operator L =
—02 + ¢+ V(x) with the exponentially decaying potential V (z). In particular, we
describe eigenvalues of a self-adjoint operator in constrained L? spaces (Section
4.1.1), Sylvester’s Law of Inertia for differential operators (Section 4.1.2), and Pon-
tryagin’s invariant subspaces for L-symmetric operators (Section 4.1.3). The three
results cover the main aspects in the modern analysis of spectral stability of local-
ized modes in the nonlinear Schrédinger equations.

4.1.1 Eigenvalues in constrained L? spaces

Since the spectral stability problem involves inversions of differential operators L
and L_, we need to add constraints on L? spaces if L, or L_ have non-trivial kernels
and the rest of their spectrum is bounded away from zero. These constraints remove
the zero eigenvalue from the spectrum of the stability problem and allow inversion
of Ly and L_. From a geometric point of view, zero eigenvalues of L and L_
are induced by the symmetries of the nonlinear evolution equation with respect to
translational or gauge invariance.

Let L be a self-adjoint operator in L? with o.(L) > ¢ > 0. Let n(L) and 2(L)
denote the finite numbers of negative and zero eigenvalues of 0,,(L). Given a linearly
independent set of vectors {v; }évzl € L?, define a subspace of L? by

Li = {u cL?: {(w,v) 2 = O};V:l}, (4.1.9)

Since L2 is determined by constraints, we say that L2 is a constrained L? space.
Using Lagrange multipliers {v; }é\’:l, eigenvalues of operator L restricted on L? are
determined by the constrained spectral problem

N
Lu = pu — Z vjvj, u€ L?, (4.1.10)
j=1
subject to the conditions that (u,v;)r2 =0 for all j € {1,2,..., N}. To be precise,
we can find Lagrange multipliers {v; }é-V:I by
(Lu, Uj)Lz

TR je{l,2,...,N},
JirL2

l/j:—

if the vectors {v; }é\le are mutually orthogonal.
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We shall consider how the negative and zero eigenvalues of operator L change as
a result of the constraints (4.1.9). The numbers of the corresponding eigenvalues
of L|p2 are denoted by n.(L) and z.(L). Although the main result may have a
much older history, the first count of eigenvalues of abstract self-adjoint operators
in constrained L2 spaces in the context of stability theory of solitary waves was
developed by Grillakis et al. [75]. More recently, the same result was recovered with
a simpler technique of matrix algebra by Pelinovsky [153] and Cuccagna et al. [43].

Theorem 4.1 Let L be a self-adjoint operator in L? with o.(L) > ¢ > 0 and
dim 0, (L) < co. Let A(p) be the matriz-valued function defined by
Yuda(L): Aij(p)=((n—L)  v,v)pe, 4,j€{1,2,...,N}. (4.1.11)
Let ng, zog, and pg be the numbers of negative, zero, and positive eigenvalues of
lim, 10 A(p) and denote zoo = N —ng — 29 — po. Then,
ne(L) =n(L) —po — 20, 2.(L) =2(L)+ 20 — Zco- (4.1.12)

Remark 4.2 If z(L) > 1, then L is not invertible and some eigenvalues of A(u)
as p 1 0 can be unbounded unless Ker(L) C L2.

Exercise 4.3 Let {vj}ﬁvzl be a set of orthogonal eigenvectors of a self-adjoint
operator L for negative eigenvalues. Show that A(u) is a diagonal matrix and

nC(L):n(L)_N7 ZC:Z(L)7 po=N, 2z0=mnp =2 =0.
Proof of Theorem 4.1 We represent A(u) by
CAdE\v;, v;
A1) = / Whwvi)ie g (1), (4.1.13)
11 p—=A

where E) is the spectral family associated with the operator L, and py € o,(L) is
the smallest eigenvalue of L. An easy calculation yields

& dE)\Ui,’U‘ 2 _

A ym) = - / % = (=) v vi)pe, pdo(l).  (41.14)
H1 H

Note that B = —(u — L)~2 is a negative definite operator in L? in the sense

(Bu,u)z> <0 for all nonzero u € L.

Because the set {vj}j-vzl € L? is linearly independent, the matrix representation
of operator B with elements [M(B)];; = (Bv;,v;)2 for all 4,5 € {1,2,...,N} is
negative definite in C¥ in the sense

N N
(M(B)x,X)cn = <B2xjvj, ijvj> <0 for all nonzero x € CV.
Jj=1 Jj=1 L2
Therefore, the matrix A’(u) is negative definite on CV.
Note that the matrix A(p) is symmetric. Let {c; (1)}, be a set of real eigen-
values of A(u) and {x;(u)}; be a set of orthonormal eigenvectors of A(u) in CV.
Since

() = (A ()i (1), x5 (1)) en
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and A’(p) is negative definite, eigenvalues {; (1)}, are monotonically decreasing
functions for all p ¢ o(L).

Let py be an isolated eigenvalue of operator L of multiplicity my and {u{6 }it €
L? be an orthonormal set of eigenvectors of L for ;. The eigenvectors of L
are orthonormal because L is self-adjoint. Denote the projection operator to the
eigenspace of Ker(L — pgl) by Py : L? — Uy, C L?, where Uy = span{uj,, ..., uy"* }.
Via spectral calculus, we have

A = —2— 44+ Bl (4.1.15)

1= fu

where

dFE Vi, Vj
[Aklig = (Prvi, Prvj)zz, - [Bilis(n) :/ %
[11,00)\ (por =6, 111 40) n—

I

for all 4,5 € {1,2, ..., N} and some small § > 0. Using Cauchy estimates, we obtain

d"

(2 e ) )
ﬁ[Bk]i,j(N)‘Sn- 5 lvill 2 llvsll L2,  w€ Hk*iyﬂk+§ .

By comparison with geometric series, Bj(p) is analytic in the neighborhood of
1 = p. Therefore, the eigenvalue problem for A(u) can be written as

(A + Br (1) (b — p)) xi(p) = o () (1 — pe)xi(p), i€ {1,2,...,N}.

Eigenvalues of the analytic Hermitian matrix Ay + By (u)(p — pg) are analytic in
the neighborhood of = pyg, hence we obtain

ai(ﬂ‘)(l‘_ﬂk) :a?'i_(“_ﬂk)ﬂi(u)? S {1727"'7N}7

where o? are eigenvalues of Ay and $;(u) are analytic near p = ;. Therefore,
a9
a;(p) = ——+ Bi(p), i€{l,2.. N} (4.1.16)
1= fu

near t = g, which means that the behavior of «; (1) in the neighborhood of p = py,
depends on the rank of the matrix Agx. We note that the matrix Ay is non-negative
for all x € CV in the sense

2

> 0.
L2

N
Py miv;

(Akx, X>CN :‘
i=1

Therefore, a? > 0, 1 <i < N. Given Nj = rank(Ay), where 0 < Ny, < min(myg, N),
there are precisely Ny linearly independent {kai}f-v:"'l. We can hence construct an
orthonormal set of‘ eigenvectors {u;}7"*, corresponding to ju, such that u;, ¢ L2,
1 <j < Ny anduj € L2, Ny +1 < j < my. In other words, a? > 0, 1 < i < Ny
and these o;(u) diverge at uy as follows:

lim a;(p) = —o0, lim a;(p) = +o0.
Iy JIA

On the other hand, a? =0, Ny +1 <4< N and these o;(u) are continuous at j.
Assume now that the ith eigenvalue ;(u) has vertical asymptotes at

Py < iy <00 < iy, < 0.
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Using Schwarz inequality and spectral calculus for p < pq, we obtain
o 1/2
gl < ([T IR ) e < Bl

Therefore, lim,_o () = —0 and o;(p) is monotonically decreasing on
(7007 Hiy )

On the interval g € (i, iy, ), 1 <1 < K;j—1, the eigenvalue a;(u) is continuous,
monotonic, and has a simple zero at p; € (pq,, fts,,,) with the unique solution of
the constrained eigenvalue problem (4.1.10) given by

N
wi =3y — L) Moy € 12,
j=1

where A(p)x = 0 and ||u}|| 2 < oo since for each i € {1,2,...,N},
H(M* _ L)*l’U_HQQ = /OO <dE)‘vi’vi>L2 Hvl”%2
’ Moo= ) TG0 = il = AR, A e o))
Therefore, (K; — 1) negative eigenvalues of operator L|pz are located at uj €
(#iys pirir ), 1 <1< K; — 1. Due to the monotonicity, a;(u) >0 on pi € (piy,,0) if

< 0.

@;(0) > 0 or has precisely one zero at pif;, € (Ki,,0) if ;(0) < 0 or limo a;(p) =
—00. /

It is now time to count the numbers of negative and zero eigenvalues of operator
L|z2. Sorting the negative eigenvalues of L in increasing order

pr < pg <o < pg <0,

we have
K
n(L) = ka, 2(L) = mg41.
k=1

Let ©(z) be the Heaviside step function such that ©(z) =1 for z > 0 and (z) =0
for z < 0. Each eigenvalue a; (1) has K; jump discontinuities and K; —©(«;(0)) zeros
on (—00,0). On the other hand, for each eigenvalue p < 0, only Ny < min(my, N)
eigenvalues of {a;(u) }L, diverge at iy, and there exist my — N}, eigenvectors {ui Fi
that belong to L2. Summing all contributions to the index n.(L) together and noting
that Zivzl K; = Zszl Ny, we obtain

N K

ne(L) = Y [K; — 0(ai(0))] + Y _[mx — Ni] = n(L) — (po + 20),

i=1 k=1

where pg + 2 is the total number of non-negative eigenvalues of lim 49 A(pt). Count-
ing what is left over at p = 0, we obtain

2e(L) = 20 + mr41 — Niy1 = 2(L) + 20 — Zoo,
where zoo = Nk 41 is the number of unbounded eigenvalues of A(u) as p10. O

Exercise 4.4 Let ¢ be a localized mode of the stationary NLS equation with the
power nonlinearity,

—¢"(x) + cg(x) — (p+ 1) (x) =0, z€R,
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where ¢ > 0 and p > 0 are parameters. Let
L= +c—(2p+1)(p+1)e()
and consider the constrained L? space given by
L(R) = {ue *(R): (u,6)z2 =0}.
Show that

1, p>2,

(L) =1.
0, p<2, ze(L)

n(L)=1, z(L)=1, n.(L)= {

4.1.2 Sylvester’s Law of Inertia

Spectral stability problems for localized modes of the nonlinear Schrédinger equa-
tions can be written in many cases as the generalized eigenvalue problem,

Lu=~vyM™u, (4.1.17)

where L and M are unbounded differential operators. We assume that M is a strictly
positive self-adjoint operator such that M ! : L? — L? is a bounded non-negative
operator, whereas L is a self-adjoint operator in L? with o.(L) > ¢ > 0.

Let n(L) and z(L) denote finite numbers of negative and zero eigenvalues of
operator L. Under this condition, we would like to ask if the numbers of negative and
zero eigenvalues of the generalized eigenvalue problem (4.1.17) can be counted from
the numbers n(L) and z(L). The answer is given by a generalization of Sylvester’s
Law of Inertia [200] from matrices to differential operators obtained by Pelinovsky
[153].

Let {uk}z(:Ll) be a set of orthonormal eigenvectors of L for negative eigenvalues
{)\k}z(:Ll) and let {uk}z(jn)(iz)(fl) be an orthonormal system of eigenvectors of L
for the zero eigenvalue if it exists. We denote U = Span{uy,...,ux} C L? with
K =n(L) + 2(L) and consider the orthogonal decomposition of L? into the direct
sum L? = U @ U', where Ut is the orthogonal complement of U in L?. In the
coordinate representation, we have

K
VueL?: wu= Zakuk +ut, ap = (uup) e, uteUt. (4.1.18)
k=1
Let us now consider the quadratic form Qp(u) associated with the self-adjoint
operator L given by
Vu € Dom(L):  Qr(u) = (Lu,u)re.

Let P, : L? — U+ C L? be the orthogonal projection operator. The quadratic form
Qr(u) becomes diagonal in the coordinate representation (4.1.18) according to the
sum of squares

K
Quw) =Y Mlaxl* + Qu(Peu),  Qr(Pou) = (PeLPeu,u)2.  (4.1.19)
k=1



208 Stability of localized modes

Since P.LP, is strictly positive, the last term of the sum of squares (4.1.19) is
positive for u # 0, whereas the first sum contains n(L) negative and z(L) zero
terms.

Let us represent the positive self-adjoint operator M in the form M := S§5%,
where S : Dom(S) — L? is an invertible operator and S* is the adjoint operator in
the sense

Vf € Dom(S), Vg€ Dom(S%): (f,5"g)r> = (Sf, g)r>-
For all nonzero u € Dom(M), we have (Mu,u)r2 = [|[S*ul[2, > 0.

Exercise 4.5 Let ¢ be a positive localized mode of the stationary NLS equation
with the power nonlinearity,

—¢"(@) + cd(@) = (p+ 1) (2) =0, z€R,
where ¢ > 0 and p > 0 are parameters. Show that
L=-0+c—(p+1)6™(x) = 5°5,

where

¢'(x)
¢(x)’
and prove that Ker(L) = Ker(S) = Span{¢}.

S=-0,+

Let us define the congruent operator to L by
L=S5"LS. (4.1.20)
The quadratic forms Qj (v) and Qr(u) are related by the transformation
u=2Sv, v=2S8"tu,
thanks to the explicit computation
Qp(v) = (S"LSv,v) 2 = (L(Sv), (Sv)) 12 = QL(Sv) = QL(w).

The spectrum of L is not, however, equivalent to the spectrum of L since

Lv=X = S*'LSv=X = L(Sv)=\S*)"'S7'(Sv) = Lu=IM‘u

Therefore, if (v,A) is an eigenvector—eigenvalue pair for L, then the generalized
eigenvalue problem (4.1.17) with M = S5* has eigenvector u = Sv for eigenvalue
A

If L is self-adjoint, then L is self-adjoint and the eigenvalues of the generalized
eigenvalue problem (4.1.17) are real and semi-simple. Therefore, the multiplicities
of the zero eigenvalue in o, (L) and o,(L) coincide and z(L) = z(L). We shall now
consider the number of negative eigenvalues of L and compare n(L) and n(L).

Let {vp} | with K = n(L) + 2(L) be a set of orthonormal eigenvectors of
L for negative and zero eigenvalues {7y}~ , of o,(L). Eigenvectors {iy}r_, with
i = Svg of the generalized eigenvalue problem (4.1.17) inherit orthonormality
with respect to the weight M ! since

<M_1€Lj77jtk>L2 = <(S*)_1S_ISUJ'7S’U]€>L2 = <Uj,’l}k>L2.
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Let U = span{iy, fig, ..., i } and P.: L? — U+ C L? be the orthogonal projec-
tion operator with respect to the weight M ! in the sense

vat e Ut (M7'atag) e =0, ke{l,2,.. K}

In the coordinate representation, we have

K
VueL?: u=Y Bpix+it, Pfp= (M luin)e, a-eUt  (41.21)
The quadratic form Qp(u) = Q;(S™'u) becomes diagonal in the coordinate
representation (4.1.21) according to the sum of squares

K
= Z%|5k|2 +Qr(Pu), Qr(P.u)= (P.LPu,u)ps. (4.1.22)
=1

Again operator P.LP, is strictly positive because the spectrum of the generalized
eigenvalue problem (4.1.17) includes only n(L) negative and z(L) zero eigenvalues
and the rest of the spectrum ~ is strictly positive. As a result, the last term in the
last sum of squares (4 1.22) is positive for u # 0, whereas the first sum contains
n(L) negative and z(L) zero terms.

We shall now prove that if the quadratic form @, (u) is diagonalized to the sum
of squares in two different ways (4.1.19) and (4.1.22), then the numbers of negative
and zero terms in each sum of squares are equal.

Theorem 4.2 Let L be a self-adjoint operator in L? with a.(L) > ¢ > 0 and
dim 0,(L) < 0o. Let L be a congruent operator (4.1.20) associated with an invertible

operator S. Then, the congruent operators have equal numbers of negative and zero
eigenvalues, that is, n(L) = n(L) and z(L) = z(L).

Proof We only need to prove that n(L) = n(L) because the kernels of L and L
are related by the transformation u = Sv and v = S~'u for solutions of Lu = 0
and Lv = 0 in L2.

Let us consider negative eigenvalues of L and L. By contradiction, we assume
that n(L) > n(L) and show that this is false. The case n(L) < n(L) is treated
similarly. To find a contradiction, we construct a vector u € L? by the following
linear combination

n(L)
U= chﬁk—i—ul, ut e UL
k=1
Expand 4 into similar linear combinations
n(L)
Uy, = Z apjuj +up, ke{1,2,..,n(L)},
j=1

so that

3
h

n(L) n(L)
E, Qk,jCk | Uj + E,

1 k=1

<.
Il
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Since the set of eigenvectors of o,(L) is linearly independent, setting u = 0 gives
an under-determined system of linear equations on {c1, ca, ..., Cn E)},

n(L)

> ke =0, je{l,.,n(L)} (4.1.23)
k=1

and the residual equation

ut + E ckukl =0.
k=1

Ifn(L) < n(L), the linear system (4.1.23) is under-determined and always admits

a nonzero solution for {ck}z(:Ll) that generates a nonzero vector ug € L? given by

Z Z cxcj (L, Uj) 1, Z rlek)? <0,
j=1 k=1
Qr(up) = (Lut,ut) 12 = (P.LP.u,u) > > 0,

since P,LP, is strictly positive. The contradiction is resolved if and only if n(L) =
n(L). O

If operator M ~! in the generalized eigenvalue problem (4.1.17) is invertible but
non-positive, eigenvalues v can be complex-valued and multiple. In this case, the
factorization M = SS* and the congruent self-adjoint operator L = S*LS do not
exist and it is hard to prove that Qp(P.u) > 0 for all nonzero u € L?, where P,
is now the projection operator to the orthogonal complement of all eigenvectors of
the generalized eigenvalue problem (4.1.17).

One way around this obstacle is to develop scattering theory for solutions of
Lu = yM ~!u under some restrictive assumptions — see Buslaev & Perelman [25] and
Pelinovsky [153]. The other way out is to use the wave operator theory as in Weder
[210] and Cuccagna et al. [43]. In both methods, the count of complex and multiple
eigenvalues in the generalized eigenvalue problem (4.1.17) in terms of the negative
eigenvalues of L is performed using the count of negative eigenvalues in the Jordan
canonical blocks for eigenspaces related to the complex and multiple eigenvalues.
Construction of Jordan blocks for multiple eigenvalues of the generalized eigenvalue
problem (4.1.17) is discussed by Vougalter & Pelinovsky [209].

Exercise 4.6 Consider the generalized eigenvalue problem (4.1.17) and assume
that M is invertible but non-positive. Also assume that there is a simple pair of
complex conjugate eigenvalues vy and 7o with complex-valued eigenvectors ug, 4y €
L? and that all other isolated eigenvalues are real and simple. Prove that

n(L) =N, +1,
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where N, is the number of real eigenvalues v with eigenvectors u such that

(Lu,u)r2 < 0.

Exercise 4.7 Consider the generalized eigenvalue problem (4.1.17) and assume
that M is invertible but non-positive. Also assume that there is a double eigenvalue
70 € R, 7 # 0 with the generalized eigenvectors ug, u; € L? defined by

Lug = fyOMfluo, Luy = Wokfflul + MLy,
under the conditions that
(M~ ug,up)r2 =0 and (M uy,ug)ze # 0.
Assume that all other isolated eigenvalues are real and simple. Prove that
n(L) = N, + 1,

where N, is the number of real eigenvalues v with eigenvectors u such that
(Lu,u)p2 < 0.

4.1.3 Pontryagin’s invariant subspaces

A generalization of Sylvester’s Law of Inertia is useful to count eigenvalues of the
generalized eigenvalue problem (4.1.17) for sign-indefinite operators L and M with
a finite number of negative and zero eigenvalues. This generalization is referred to
as Pontryagin’s Invariant Subspace Theorem.

Let L : Dom(L) C L? — L? be a self-adjoint differential operator with o.(L) >
¢ > 0. We assume that L has k negative eigenvalues and no zero eigenvalues, that
is, n(L) = k < o0 and z(L) = 0.

Definition 4.7 We say that Dom(L) C L? is Pontryagin space (denoted as II,)
if it can be decomposed into the direct orthogonal sum

I, =1, II_, I NI_ =g, (4.1.24)
in the sense
Vuelly : (Lu,u)p2 >0, VYuell_: (Lu,u)r: <0,

and

Vuy € 4, Yu_ €I ¢ (Luy,u_)r2 =0.

The direct orthogonal sum (4.1.24) implies that any nonzero u € II, can be
represented in the form v = uy + u_, where ug € IIL. We shall use the notation
u = {u_,u4} for this representation and the notation [-,-] = (L-, )2 for the
quadratic form associated with the operator L.

Definition 4.8 We say that II is a non-positive subspace of I1,; if (Lu,u)y2 <0
for all u € II. We say that II is a mazimal non-positive subspace if any subspace of
I1,; of dimension higher than dim(II) is not a non-positive subspace of II,.
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Lemma 4.3 The dimension of the maximal non-positive subspace of 11, is k.

Proof By contradiction, we assume that there exists a (k + 1)-dimensional non-
positive subspace II of II,;. Let {e1, e, ..., ¢, } be a basis in II_. We fix two elements
uy,ug € IT with the same projections to {ej, e, ..., e.}, so that

U] = ey +a2ez—|—---+a,@e,{+u1+,

Uy = areq + agex + -+ e, +ug,

where ul, uf € TI,.. Tt is clear that u; — up = uj —uj € I1, so that

[ui =g, uf —uf] > 0.

On the other hand, since Iis a subspace, u; — ug € 1:[, so that

[uf —ug,uf —uf] <o.
Hence, uf = uJ and u; = uy. Therefore, u] is uniquely determined by coordinates
{a1,a2,...,a,} and dim 1T = k. O

Exercise 4.8 Prove the Cauchy—Schwarz inequality in Pontryagin spaces:

Vigell: |f,gl” <I[f. fllg.gl,

where IT is a non-positive subspace of II,.

Exercise 4.9 Prove that if II is a T-invariant subspace of II,, and IIt is the
orthogonal complement of 1T in II,, with respect to [-,-], then IT* is also invariant
with respect to 7.

The main application of the Pontryagin space is the Pontryagin Invariant Sub-
space Theorem, which is formulated for the L-symmetric operators below.

Theorem 4.3 Let T be an L-symmetric bounded operator in 1, such that
Vf,g € Dom(T): (LTf,g)r2 ={(Lf,Tg)re. (4.1.25)
There exists a k-dimensional, mazimal non-positive, T-invariant subspace of Il,.

The first proof of this theorem was given by L.S. Pontryagin in [173] using the
theory of analytic functions. A more general proof based on angular operators
was developed by M.G. Krein and his students (see books [12, 70, 91]). The same
theorem was rediscovered by M. Grillakis in [77] with the use of topology. In the
usual twist between Russian and American literature, the Pontryagin Invariant
Subspace Theorem is often referred to as the Grillakis Theorem by readers who are
unfamiliar with the history of the subject.

In what follows, we follow the work of Chugunova & Pelinovsky [33] and give
a geometric proof of Theorem 4.3 based on the Schauder Fixed-Point Theorem
(Appendix B.2). The proof uses the Cayley transformation of a self-adjoint operator
in IT,; to a unitary operator in II,; (Lemma 4.4) and the Krein representation of the
maximal non-positive subspace of Il in terms of a graph of the contraction map
(Lemma 4.5).
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Lemma 4.4 Let T be a linear operator in 11, and z € C, Im(z) > 0 be a regular
point of the operator T, such that z ¢ o(T'). Let U be the Cayley transform of T
defined by

U=(T-2)(T-2""
The operators T and U have the same invariant subspaces in I1,,.

Proof Let II be a finite-dimensional invariant subspace of the operator T' in II,.
If 2 ¢ o(T), then (T —2)lI =11, (T — 2z) 'l =1l and (T — 2)(T — 2)'II C II, that
is UII C II. Conversely, let IT be an invariant subspace of the operator U. It follows
fromU—1 = (2—2)(T—2)"! that 1 ¢ o(U), therefore Il = (U—I)Il = (T —2)"'IL
From there, IT C Dom(7T") and (T — z)II = II so that 711 C II. O

Corollary 4.2 If T is a self-adjoint operator in 11, then U is a unitary operator
in Il,.

Proof We shall prove that
Vg € Dom(U) C Il : (LUg,Ug)r> = (Lg, g)1>-
Using the notation [-, -] := (L-, )2, we proceed by the explicit computation
[Ug,Ug) = (T —2)f,(T = 2)f] = [T, Tf] = 2[f, Tf] = 2[Tf, f] + |2[*[f f),
9,91 = (T = 2)f,(T = 2)f] = [Tf,Tf] = 2[f, Tf] = 2[T'f, f] + |21*[f. ],
where we have introduced f € Dom(T) such that f = (T — z)~'g. O

Lemma 4.5 A linear subspace I1 C I, is a k-dimensional non-positive subspace
of Il if and only if it is a graph of the contraction map K : II_ — 11, such that

Vuell: w={u_,Ku_} and |Ku_| <|u_]|,

where |Juy| = \(Lui,ui>Lz|1/2, uy € Il

Proof Let II be a k-dimensional non-positive subspace of II,,. We will show that
there exists a contraction map K : II_ — II; such that II is a graph of K. Indeed,
the subspace II is a graph of a linear operator K if and only if it follows from
u={0,uy} € II that u;. = 0. Since II is non-positive with respect to (L-,-) 2, then

Vu={u_,uy} €Il: (Lu,u)r2 = (Luy,uq)p2 + (Lu_,u_)pe
= [lug | = Jlu-|* < 0.
Therefore, 0 < |luy| < |Ju—| and if u— = O then uy = 0. Moreover, for any

u_ € II_, it is true that || Ku_|| < |Ju_||, hence K is a contraction map. Conversely,
let K be a contraction map K : II_ — II;. Then, we have

Vu={u_,us} €: (Lu,u)pe = |Ku_|? - |u_||* <0.

Therefore, the graph of K belongs to the non-positive subspace of I1,; and dim(II) =
dim(I1,) = &. O
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Proof of Theorem 4.3 Let z € C, Im(z) > 0 be a regular point of the self-adjoint
operator T in I,. Let U = (T — 2)(T — z)~! be the Cayley transform of T. By
Corollary 4.2, U is a unitary operator in II,,. By Lemma 4.4, 7" and U have the same
invariant subspaces in II,. Therefore, the existence of the maximal non-positive
invariant subspace for the self-adjoint operator T' can be proved from the existence
of such a subspace for the unitary operator U. Let u = {u_,u} and let

Ui Uiz }
U—
[ Ua1 Uz

be the matrix representation of the operator U with respect to the decomposition
(4.1.24). Let II denote a k-dimensional non-positive subspace in II,;. Since U has a
trivial kernel in II,; and U is unitary in I, then

Vuell: (LUu,Uu)p2 = (Lu,u)r2 <O0.

Therefore, IT = UII is also a x-dimensional non-positive subspace of II,;. By Lemma
4.5, there exist two contraction mappings K and K for subspaces II and II, respec-
tively. As a result, IT = UTI is written in the form,

= _ | Un U U_ _ (U11+U12K)U—)
Ku_ U21 U22 Ku_ (U21 + UQQK)U,, ’

which is equivalent to the scalar equation,
Usi + UK = K(Uy + U K).

We shall prove that the operator (Uy; + Uy2K) is invertible. By contradiction, we
assume that there exists u_ # 0 such that 4 = (U + U2 K)u_ = 0. If a_ = 0,
then i, = Ki_ = 0 and we obtain that {u_, Ku_} is an eigenvector in the
kernel of U. However, U has a trivial kernel in II,;, hence u_ = 0. Let F'(K) be an
operator-valued function on the space of contraction operators given by

F(K) = (Un + U K) (U1 + U2 K) ™',

and rewrite the equation above in the form K = F(K). By Lemma 4.5, the operator
F(K) maps the operator unit ball |[K| < 1 to itself. Since U is a continuous
operator and Ui is a finite-dimensional operator, then U5 is a compact operator.
Hence the operator ball ||K|| <1 is a weakly compact set and the function F'(K) is
continuous with respect to weak topology. By the Schauder Fixed-Point Theorem
(Appendix B.2), there exists a fixed point K such that F'(Ky) = Ko and | Ko|| < 1.
By Lemma 4.5, the graph of K defines the k-dimensional non-positive subspace II,
which is invariant with respect to U. By Lemma 4.3, the x-dimensional non-positive
subspace II is the maximal non-positive subspace of II,,. (]

Exercise 4.10 Consider a generalized eigenvalue problem Lu = AM ~'u, where
L and M are self-adjoint bounded invertible operators in L? and show that T =
L=M~! is symmetric with respect to operator M1 in the sense of (4.1.25). As-
sume that £ = n(M) = 0 and derive the Sylvester Law of Inertia (Theorem 4.2)
from the Pontryagin Invariant Subspace Theorem (Theorem 4.3).
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Exercise 4.11 Under the same conditions as in Exercise 4.10, show that T" =
L~'M~1 is also symmetric with respect to operator L in Pontryagin space II, with
k=n(L).

4.2 Unstable and stable eigenvalues in the
spectral stability problem

Consider the generalized nonlinear Schrédinger equation,

where ¥(x,t) : R x R, — C is the wave function and f(|]%|?) : Ry — R is the
nonlinear function such that f(0) = 0 and f’(0) > 0.
Let ¢(x) : R — R be a localized mode of the stationary generalized NLS equation,

—¢"(z) = f(¢*)¢(z) = wo(z), =z €R. (4.2.2)
When we substitute

P(z,t) = (qﬁ(m) + [u(z) + iw(x)]eM + [a(x) + iu’}(;c)]e;‘t> e it (4.2.3)
and neglect quadratic terms in w and w, we obtain the spectral stability problem,
Liu=-dw, L_w=>M, XeC (4.2.4)

associated with the Schrodinger operators L,

{ Ly = =0} —w = [(*) = 20°['(¢?),
L_=-0}—w-—f(¢").

If we consider the case of the power NLS equation with f(¢2?) = (p + 1)¢* for
p > 0, then the localized mode ¢ exists in explicit form for any w < 0 (Exercise
3.31 in Section 3.3.4),

d(z) = |w|*/2P sech/? <p lw|(2z — s)) , z€R, (4.2.5)

where s € R is an arbitrary parameter of the spatial translation. Note that ¢(x) > 0
for all z € R. The following theorem gives sufficient conditions for stability and
instability of the localized mode ¢ in the generalized NLS equation (4.2.1).

Theorem 4.4 Assume that a localized mode ¢ exists in the stationary NLS equa-
tion (4.2.2) such that ¢(z) > 0 for all z € R and the map R 3 w — ¢ € H*(R)
is C1. The localized mode ¢ is spectrally unstable if d,,||¢||2. > 0 and is spectrally
stable if 9, ||p)|32 < 0.

Proof By Lemma 4.1, because ¢(z) — 0 as |z| — oo exponentially fast, we have
ge(Ly) = 0(=0; —w) = [|w], 00).

Lemma 4.2 implies now that o, (L) includes finitely many non-positive eigenvalues.
The number of negative eigenvalues of Ly is denoted by n(Ly).
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It is clear that L_¢ = 0 is equivalent to the stationary NLS equation (4.2.2)
thanks to the gauge translation. Because ¢(z) > 0 for all x € R, Corollary 4.1
implies that

n(L_) =0, Ker(L_)= Span{¢}.

Furthermore, L1 ¢ = 0 thanks to the spatial translation of ¢(x). Using the same
argument, since ¢’(z) has only one zero on R, we obtain

n(Ly) =1, Ker(Ly) = Span{¢'} L Ker(L_).

To count the unstable eigenvalues in the spectral stability problem (4.2.4) with
Re(A) > 0, we note that if (u,w) € H2(R) x H%(R) is an eigenvector for A # 0,
then u belongs to the constrained L? space,

L2={ue L’ R): (u,¢)r2=0}. (4.2.6)

Let P.: L?> — L? C L? be the orthogonal projection operator and note that
L2 = Ran(L_). Inverting L_ for u € L2, we eliminate w from the second equation
of system (4.2.4) by

w = c¢+ A\P.L_'Pu,

where ¢ € R is uniquely found from the projection of the first equation of system
(4.2.4) to ¢ for A # 0:

(Ly + NP.L='P.)u, ¢) 2
Algll7

Using the projection operator P, for the first equation of system (4.2.4), we obtain
the generalized eigenvalue problem

c=—

P.LyPu=—-AP.w=~P.L”'Pu, ~=-\% (4.2.7)

It is clear that P.L~'P, is a strictly positive bounded operator and that the gen-
eralized eigenvalue problem (4.2.7) has only real semi-simple eigenvalues 7. We
are particularly interested in negative eigenvalues ~ since these eigenvalues corre-
spond to pairs of real eigenvalues \ in the spectral stability problem (4.2.4), which
are located symmetrically about 0 and include one unstable eigenvalue (Definition
4.1).
We note that n(Ly) =1, Ker(Ly) € L2, and L,8,¢ = ¢, so that

_ 1dQ

T 2dw’

where Q(w) = |¢||2.. By Theorem 4.1, P.L,P. has no negative eigenvalues if
Q' (w) < 0 and has exactly one negative eigenvalue if Q'(w) > 0. By Theorem 4.2,

(L', @) 12 = (0.0, ¢) L2

there is exactly one negative eigenvalue 7 (real positive A) if @Q'(w) > 0 and no
negative eigenvalues v if Q' (w) < 0. O

Corollary 4.3 Let ¢ be the localized mode (4.2.5) of the power NLS equation
(4.2.1) with f(¢?) = (p + 1)¢* for p > 0. The localized mode ¢ is spectrally
unstable if p > 2 and it is spectrally stable if 0 < p < 2.
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Proof Using the exact solution (4.2.5), we compute the dependence Q(w) explicitly
as

Qw) = |w|%7% / sech??(pz)dz, w < 0. (4.2.8)
R

Therefore, Q' (w) < 0 for p < 2 and the localized mode ¢ is spectrally stable in the
power NLS equation for p < 2. On the other hand, @Q'(w) > 0 for p > 2 and the
localized mode ¢ is spectrally unstable for p > 2. O

Remark 4.3 The case p = 2 is critical since it follows from (4.2.8) that Q' (w) =0
for p = 2. The localized mode ¢ is still unstable in this case because of the highly
degenerate zero eigenvalue of the spectral stability problem (4.2.4) and the associ-
ated perturbations that grow algebraically in time. Perelman [167] and Comech &
Pelinovsky [40] discuss this case in more detail.

Similar results on the count of the unstable eigenvalues for a positive localized
mode ¢ hold for d > 1. If n(L4) = 1 and Q'(w) < 0, the localized mode ¢ is
spectrally (and orbitally) stable. This result is usually quoted as the Stability The-
orem of Grillakis, Shatah and Strauss [74], although it appeared in the Russian
literature 10 years earlier in the work of Vakhitov & Kolokolov [207]. The spec-
tral stability condition @’(w) < 0 is commonly known in the physics literature as
the Vakhitov-Kolokolov criterion, although physicists often forget to check the as-
sumptions n(L_) = 0 and n(L4) = 1, which are necessary for the validity of this
criterion.

If ¢ is not sign-definite but n(L4) and n(L_) are still finite, the Sylvester Law
of Inertia (Theorem 4.2) is not applicable and we need the Pontryagin Invariant
Subspace Theorem (Theorem 4.3) in an appropriately defined Pontryagin space.
Application of this theory for abstract self-adjoint operators L, and L_ is the goal
of this section.

From a historical perspective, more general theorems on spectral stability of a
sign-indefinite localized mode ¢ in the Gross-Pitaevskii equation (4.2.1) can be
found in the second paper of Grillakis et al. [75] as well as in the works of Jones
[99, 100] and Grillakis [76, 77] published at the end of the 1980s. While the second
paper of Grillakis [77] has almost all the ingredients of the modern stability analysis,
it took 20 more years to obtain the most general count of all unstable (real and
complex) eigenvalues in the generalized eigenvalue problem for operators L, and
L_ in a constrained L? space [33, 43, 105, 153].

4.2.1 Count of eigenvalues of the generalized
eigenvalue problem

Let Ly and L_ be real-valued self-adjoint operators in L2. Throughout this section,
we assume that o.(Ly) > ¢y for some cx > 0 and 0,(L4) includes finitely many
non-positive eigenvalues of finite multiplicities. The negative and zero indices of L4
are denoted by n(L) and z(L.).

We write an abstract spectral stability problem in the form

Liu=—- v, L_w=2Mu, MeC. (4.2.9)
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Let P.: L? — L? C L? be the projection operator to the orthogonal complement
of Ker(L_) given by

L2={ueL?: (u,up)rz =0 for all up € Ker(L_)}. (4.2.10)

We are only interested in nonzero eigenvalues of the spectral problem (4.2.9)
because only nonzero eigenvalues A determine the spectral stability or instability
of the underlying solution. Since .(L_) > c_ > 0 and L? = Ker(L_) ® Ran(L_)
for the self-adjoint operator L_, we have L2 = Ran(L_). If A # 0 and u € L?, then
u € L2. As a result, we express w from the second equation of system (4.2.9)

w=AP.LT'Pu+wy, wye Ker(L_). (4.2.11)

Substituting w into the first equation of system (4.2.9) and using the projection
operator P., we obtain a closed equation for u,

P.LyPu=-XP.L_'Pu, ucH (4.2.12)

and a unique expression for wyg,

1
wy = =5 (I = Pe)(Ly + N’ PL=' Po)u, (42.13)

where A # 0 and (I — P.) is the orthogonal projection from L2 to Ker(L_).
Equation (4.2.12) shows that the linear eigenvalue problem (4.2.9) for nonzero A
is equivalent to the generalized eigenvalue problem for nonzero ~,

Lu=~yM"tu, ~eC, (4.2.14)

where L = P,L,P., M~ = P.LZ'P,., and v = —)2. The following lemma, states
the equivalence of quadratic forms [lul|7. and (M ~'u,u)r2 for solutions of the
generalized eigenvalue problem (4.2.14).

Lemma 4.6 The generalized eigenvalue problem
Lu=+yM"'u with |ju|p < oo
is equivalent to the generalized eigenvalue problem
Lu=yM"tu with [(M ™ u,u)ps| < oo.

Proof Since M1 is a bounded invertible self-adjoint operator with Dom(M ~1) =
L?, there exists C' > 0 such that

Vue L2: (M u,u)rz] < Cllul3e. (4.2.15)

Therefore, if u is an eigenvector of Lu = yM~'u and |uz> < oo, then
[(M~Yu,u)r2| < co. On the other hand, L is generally an unbounded non-invertible
self-adjoint operator with Dom(L) C L2. If u is the eigenvector of Lu = yM ~‘u
with |[(M~!u,u) 2| < oo, then u € Dom(L) C L2, so that |jul|z: < oo. O
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Operators L and M have finitely many non-positive eigenvalues in L2. By the
spectral theory of self-adjoint operators, the constrained space L2 can be equiva-
lently decomposed into the direct orthogonal sums

L2 =My @ HYp, (4.2.16)
LZ=H; oH) o H], (4.2.17)

where H denotes the eigenspace for negative eigenvalues of operator L, 1 denotes
the kernel of L, and Hz denotes the eigenspace for positive eigenvalues and the
continuous spectrum.

Since P, is a projection operator defined by the kernel of L_ and M~! =
P.L~'P., it is obvious that

dim(Hy,) = n(L_). (4.2.18)

Let Ker(L_) = Span{vy,vz,...,un} with N = z(L_) and define a matrix-valued
function A(u) by

Vi §é U(L+) : Al,](/j’) = <(N - L+)_1Uiavj>L27 i,j€ {1727 7N}

The eigenvalues of L are related to the eigenvalues of Ly by Theorem 4.1, which
gives

dim(H;) =n(Ly) — po — 20 (4.2.19)
and

dim(HY) = 2(Ly) + 20 — Zoo, (4.2.20)

where ng, 29, and pg are the numbers of negative, zero, and positive eigenvalues of
lim,+0 A(p) and zoe = N —ng — 20 — Po.

If HY is trivial (that is, dim(H%) = 0), operator L is invertible and we can
proceed with analysis of the generalized eigenvalue problem (4.2.14). However, if L
is not invertible, we would like to shift this problem and reduce it to an invertible
operator.

Let v_; be the smallest (in absolute value) negative eigenvalue of M L. There
exists a small number § € (0, |y_1|) such that the operator L+3§M ~* is continuously
invertible and the generalized eigenvalue problem (4.2.14) is rewritten in the form

(L+6M Yu=(y+0)M u, ~eC. (4.2.21)
By the spectral theory, for any fixed § € (0, |y_1]), we have

2 —
L =My a1 @HE sara (4.2.22)

The following lemma characterizes the dimension of H}_ s,/ 1.

Lemma 4.7 Assume that dim(HY) = 1 and let {uy,...,u,} be the Jordan chain
of L*-normalized eigenvectors of the generalized eigenvalue problem (4.2.14) given
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Lul = 0,
Lus = ]\47111417

Lup = M 'up_q,

which is truncated if (M lu,,u1)r2 # 0. Fiz & € (0,]v_1|), where y_; is the
smallest (in absolute value) negative eigenvalue of (4.2.14). Then

dim(’HZMM,l) = dim(#H}) + No, (4.2.23)
where

{0 if n is odd and (M ~lu,,u1)r2 > 0 or if n is even and (M ~tu,,u1) 2 < 0,
0=

1if nis odd and (M ~u,,u;)r2 < 0or if nis even and (M~ u,,u1)rz > 0.

Proof Since we shift a self-adjoint operator L to a self-adjoint operator L + M !
for a sufficiently small § > 0, the zero eigenvalue of operator L becomes a small
real eigenvalue u(3) of operator L + 6M ~!. By perturbation theory for an isolated
eigenvalue of a self-adjoint operator (Chapter VIL.3 in [108]), eigenvalue u(d) is a
continuous function of § and

.o n _

%ﬁ}% = (—=1)" "M g, ug) g (4.2.24)
The assertion of the lemma follows from the limiting relation (4.2.24). Since no

eigenvalues of (4.2.14) exist in (—|y-1/,0), the eigenvalue u(d) remains sign-definite
for 6 € (0, |y-1]). O

Remark 4.4 Assumption dim(H%) = 1 of Lemma 4.7 can be removed by con-
sidering the Jordan block decomposition for the zero eigenvalue and by summing
contributions from all Jordan blocks.

If 0 is a semi-simple eigenvalue of the generalized eigenvalue problem (4.2.14),
the following lemma gives an analogue of Lemma 4.7.

Lemma 4.8 Let Ker(L) = span{uj,us,...,u,} and Mg € R™*™ be the matriz
with elements

(MK)” = (Mﬁlui,ujnz, 1 S’L,j STL
Then for small 6 >0
dim(H, 5p-1) = dim(H ) + dim(Hy, ). (4.2.25)

Proof Let {uy,us,...,u,} be a basis for Ker(L), which is orthogonal with respect
to (M~1. Y2 (such a basis always exists if 0 is a semi-simple eigenvalue of Lu =
~M~1u). Then, for the jth Jordan block, the result of Lemma 4.7 with n = 1 shows
that dim(H, 5,,-1) = dim(Hp) + 1if (M~ uj,u5) 2 < 0. Equality (4.2.25) holds
after summing contributions from all Jordan blocks for this basis. The number
of negative eigenvalues of My is invariant with respect to the choice of basis in

Ker(L). O
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We shall now introduce notation for particular eigenvalues of the generalized
eigenvalue problem (4.2.14) and formulate our main result on the count of unstable
eigenvalues in the spectral stability problem (4.2.9). Recall from Definition 4.1 that
we are looking for unstable eigenvalues A € C with Re(\) > 0. By the symmetries
of the spectral stability problem (4.2.9), pairs of real eigenvalues A correspond
to negative eigenvalues -y, pairs of purely imaginary eigenvalues A correspond to
positive eigenvalues v, and quartets of complex eigenvalues A correspond to pairs of
complex conjugate eigenvalues 7. Therefore, the unstable eigenvalues of the spectral
stability problem (4.2.9) correspond to negative and complex eigenvalues of the
generalized eigenvalue problem (4.2.14).

Let N, (N; ), NJ (N;)), and N, (N,}) be the numbers of negative, zero, and
positive eigenvalues v of the generalized eigenvalue problem (4.2.14) with the ac-
count of their algebraic multiplicities whose generalized eigenvectors are associated
to the non-negative (non-positive) values of the quadratic form (M~ .);.. Num-
bers NS (N,f) include both isolated and embedded eigenvalues with respect to the
continuous spectrum of the generalized eigenvalue problem (4.2.14). Let N+ (N,-)
be the number of complex eigenvalues in the upper (lower) half-plane v € C for
Im(y) > 0 (Im(y) < 0). Because L and M are real-valued operators, it is obvious
that N.+ = N.-. Our main result is the following theorem.

Theorem 4.5 Assume that o.(L+) > cx > 0 and 0,(L+) includes finitely many
non-positive eigenvalues of finite multiplicities. Let L = P.L, P., M~! = P.LT'P,,
and § € (0, ]y_1]), where P, : L? — [Ker(L_)]* and v_1 is the smallest (in absolute
value) negative eigenvalue of (4.2.14). Eigenvalues of the generalized eigenvalue
problem (4.2.14) satisfy the following identities:

Ny 4+ NJ+ N+ Nev = dim(Hp s0,-1), (4.2.26)

N, + NJ + N, + N+ = dim(Hj,), (4.2.27)

where dim(Hy,) and dim(H  5,,1) are defined by (4.2.18), (4.2.19), (4.2.23), and
(4.2.25).

Remark 4.5 If L is invertible, then N° = 0 and dim(H 55,-1) = dim(H).

Exercise 4.12 Let L and M be invertible self-adjoint operators with finite num-
bers n(L) and n(M) of negative eigenvalues. Assume that L and M commute and
hence they have a common set of eigenvectors. Show that

N, + N, =n(L), N;+Ni=n(M), N =0,
which agrees with (4.2.26) and (4.2.27).

A direct consequence of Theorem 4.5 is the fact that the total number of un-
stable and potentially unstable eigenvalues of the generalized eigenvalue problem
(4.2.14) equals the total number of negative eigenvalues of the self-adjoint operators
L+5M~' and M, while the number of negative eigenvalues of the generalized eigen-
value problem (4.2.14) is bounded from below by the difference between negative
eigenvalues of L + 6M ' and M.
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Corollary 4.4 Let Npeg = dim(H [ 5,, 1) +dim(Hy,), Nunst = N, + Ny +2N,+,
and NP = 2N+ +2NO. Then,

unst

Nunst + NP0y, = Nyeg. (4.2.28)

unst

Proof Equality (4.2.28) follows by the sum of (4.2.26) and (4.2.27). O

Corollary 4.5 Let N~ =N, + N, . Then,
N7 2> \dim(H ] s55,-1) — dim(Hy, )| (4.2.29)

Proof Inequality (4.2.29) follows by the difference between (4.2.26) and (4.2.27).
O

We note that the number of unstable eigenvalues Nyy,st includes N— = N, +N,;
negative eigenvalues v < 0 and N, = N+ + N.- = 2N+ complex eigenvalues with
Im(v) # 0. While eigenvalues NP = 2N+ 4 2N? are neutrally stable, they are
potentially unstable, since they can bifurcate to the complex domain in parameter

continuation at the localized modes (Sections 4.3.1 and 4.3.3).

Exercise 4.13 Assume that dim(#%) = 0 (so that § can be set to 0) and show
that Theorem 4.5 and Corollary 4.4 recover the following theorem from Ref. [75]:
“The localized mode is spectrally stable if n(Ly) + n(L-) = pg and spectrally
unstable if the number n(L4) 4+ n(L_) — po is odd.”

Exercise 4.14 Assume that dim(#%) = 0 (so that § can be set to 0) and show
that Theorem 4.5 and Corollary 4.5 recover the following theorem from Ref. [76]:
“There exist at least |[n(Ly)—n(L_)—pg| real positive eigenvalues X in the spectral
stability problem (4.2.9). If n(L_) = 0, there are exactly n(L) — pg real positive
eigenvalues \.”

Theorem 4.5 appeared in [33, 43, 105, 153], although the methods of proof pre-
sented therein were quite different. The method of [43] relies on the sequence of
constrained spaces that reduces L? to the invariant subspace for the continuous
spectrum of the generalized eigenvalue problem. The method of [105] applies the
Grillakis Theorem from [77]. The method of [153] is based on an application of the
Sylvester Law of Inertia extended to non-positive operators M. The proof we give
below follows the method of [33] and it is based on an application of the Pontryagin
Invariant Subspace Theorem.

Proof of Theorem 4.5 Consider the generalized eigenvalue problem (4.2.21) for a
fixed § € (0, |y1]) and define a bounded invertible operator

T=(L+6M YH ML

Operator T is self-adjoint with respect to (M ~'. -);2. By Theorem 4.3, it has a
k-dimensional maximal non-positive invariant subspace in Pontryagin space II,,
where k = dim(# ;). Identity (4.2.27) follows from the count of eigenvalues of the
generalized eigenvalue problem (4.2.21), which relies on the analysis of T-invariant
subspaces in Pontryagin space (Section 4.2.2).
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On the other hand, let us define another bounded invertible operator
T=MYL+oM Y

which is self-adjoint with respect to ((L+8M~1)~1. ) 2. By Theorem 4.3 again, it
has a k-dimensional maximal non-positive invariant subspace in Pontryagin space
Iz, where & = dim(H  s5p,-1)-

Let H., be the eigenspace of L2 associated with an eigenvalue 7o of operator T.
It follows from the generalized eigenvalue problem (4.2.21) that

Vf,g €Dom(L): ((L+dM™)f,g)rz = (v0+8) (M~ f,g)rz.
Therefore, for f = (L4 M=) f and § = (L + dM~1)g, we have
VigeLy: (L+0M™)'f,g)2 = (vo+0)(M " f,g) 2.

If 49 > 0 or Im(7yp) # 0, the maximal non-positive eigenspace of T in II; associated
with 7o coincides with the maximal non-positive eigenspace of T" in Il,. If 79 < 0,
the maximal non-positive eigenspace of T in I coincides with the maximal non-
negative eigenspace of T' in II,. Identity (4.2.26) follows from the same count of
eigenvalues after N” and « are replaced by N, and # respectively. |

4.2.2 Analysis of invariant subspaces in Pontryagin space

The proof of Theorem 4.5 uses the count of eigenvalues of the generalized eigenvalue
problem (4.2.21) that contribute to the maximal non-positive invariant subspace in
Pontryagin space I1,;. Here we count these eigenvalues in the main result, Theorem
4.7 below.

Let us define the sesquilinear form [-,-] and the symmetric operator 7' by

[ ]= (MY Y e, Ti=(L+5M ) TML (4.2.30)

We shall consider various sign-definite T-invariant subspaces of II,. In general,
these subspaces do not provide a canonical decomposition of II,, compared with the
direct orthogonal sum (4.2.16). Recall from Definition 4.7 the notation Iy = H,
and II_ = HL in the canonical decomposition

HK:H+@H_7 H+ﬂH_:®.

Let us denote the eigenvalue of T' by A := 1/(y + ). Let H.+ (H.-) denote the
T-invariant subspace associated with a complex eigenvalue X in the upper (lower)
half-plane and #,,(#,) denote the non-positive (non-negative) T-invariant subspace
associated with a real eigenvalue A.

The spectrum of the generalized eigenvalue problem (4.2.21) consists of not only
eigenvalues but also the continuous spectrum (Definitions 4.5 and 4.6). Nevertheless,
we show that the maximal non-positive T-invariant subspace does not include the
continuous spectrum and only includes isolated and embedded eigenvalues of finite
multiplicities.

Lemma 4.9 The continuous spectrum of T is real.
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Proof Let Pt and P~ be projection operators orthogonal to IIT and II~ re-
spectively. The self-adjoint operator M ~! admits the polar decomposition M~! =
J|M~1|, where J = PT — P~ and |M 1| is a positive operator. Since J? = I and
M1 is self-adjoint, we have

JIM™YJ =M™ and JIMTHYET = MY,
Operator T = BM~! with B = (L + §M~!)~! is similar to the operator

M~ Y2BJ|M~YY2 = MY Y2 BI|M Y2 (T +2P7)
— |M71|1/QB‘M71|1/2 4 2‘N171‘1/2BJ|M71‘1/2P7.

Since P~ is a projection to a finite-dimensional subspace, the second operator in the
sum is a finite-rank perturbation of the first operator in the sum. By Theorem 18 of
Glazman [69], the continuous part of the self-adjoint operator |M ' |'/2B|M ~!|/2
is the same as that of [M~'[/2BJ|M~'|*/2  which is the same as that of T by the
similarity transformation. O

Theorem 4.6 Let II. be an invariant subspace associated with the continuous
spectrum of T. Then, [f, f] > 0 for any nonzero f € Il..

Proof By Theorem 4.3, the operator 7" has a k-dimensional maximal non-positive
invariant subspace of Il,. Let us denote this subspace by II. Because any finite-
dimensional invariant subspace of T' cannot be a part of Il., IT and II. intersect
trivially. Assume now that there exists a nonzero fy € II. such that [fy, fo] < 0.
Since fy ¢ II, the subspace spanned by fy and the basis vectors in IT is a (k + 1)-
dimensional non-positive subspace of II,. However, by Lemma 4.3, the maximal
dimension of any non-positive subspace of Il is k. Therefore, [fo, fo] > 0 for any
nonzero fo € I1,. O

Note that Theorem 4.6 states that the quadratic form associated with the self-
adjoint operator M 1 is strictly positive on the subspace related to the continuous
spectrum of the generalized eigenvalue problem (4.2.21). This result has a technical
significance since it establishes a similarity between the spectral stability analysis
based on Sylvester’s Law of Inertia with Qr(P.u) > 0 (Section 4.1.2) and the one
based on Pontryagin’s invariant subspaces (Section 4.1.3).

It remains to count isolated and embedded eigenvalues of finite multiplicities for
operator T'. Note that T is self-adjoint in the Pontryagin space II,. Let H) denote
the eigenspace of II,; associated with the eigenvalue A\ of T, so that

Ker(T — M) # @,  Hy = NpenKer(T — M)
As previously, the eigenvalue A is said to be semi-simple if
dim Ker(T — AI) = dim(H,)

and multiple if

dim Ker(T' — M) < dim(H).
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In the latter case, the eigenspace H, can be represented by the union of Jordan
blocks and the canonical basis for each Jordan block is built by the generalized
eigenvectors,

fj ell, : Tfj = )‘fj + fjfl, je {1, ...777,}7 (4231)

where fo = 0. Each Jordan block of generalized eigenvectors (4.2.31) is associated
with a single eigenvector of T'. We start with an elementary result about the gen-
eralization of the Fredholm theory for a symmetric operator T' in the Pontryagin
space Il.

Lemma 4.10 Let A be an isolated eigenvalue of T associated with a one-
dimensional eigenspace Ker(T — AI) = Span{f1}. Then, A\ € R is algebraically
simple if and only if [f1, fi] # 0 and X\ € C is algebraically simple if and only if
[f17 f_.l} 7& 0.

Proof Since (L+dM~1)~! and M~ are bounded invertible self-adjoint operators,
the eigenvalue problem T'f = Af in the Pontryagin space Il is rewritten as the
generalized eigenvalue problem

M7'f=XNL+oMY)f (4.2.32)

in the Hilbert space L2. Since ) is an isolated eigenvalue, the Fredholm theory
for the generalized eigenvalue problem (4.2.32) implies that A € R is algebraically
simple if and only if

<(L + 6M71)f17 f1>L2 7é 07
while A € C is algebraically simple if and only if
(L+86MYf1, fi)re #0.

Since A # 0 (otherwise, M ! is not invertible), the condition of the Fredholm theory
is equivalent to the condition that (M~'fy, fi)re # 0 and (M~1f1, fi)2 # 0,
respectively. The assertion of the lemma is proved when definition (4.2.30) of the
sesquilinear form is used. O

Lemma 4.11 Let Hy and H, be eigenspaces associated with eigenvalues A and
of the operator T and X # ji. Then H is orthogonal to H,, with respect to [-,].

Proof Let n>1and m > 1 be the dimensions of #) and H,,, respectively. Using
the Jordan chain (4.2.31), we write

feEHN<= (T -AN)"f=0,
geEH, = (T —pul)mg=0.

We should prove that [f, g] = 0 by induction for n+m > 2. If n+m =2 (n =m = 1),
then it is found directly that

(ﬂ—A)[f7g]:07 feHN gEHu,

so that [f, g] = 0 for A # fi. Let us assume that subspaces H and H,, are orthogonal
for 2 < n+m < k and prove that an extended subspace H) with 7 = n+ 1 remains
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orthogonal to #,. To do so, we define f=(T—=\)f, g= (T —X)g and verify
that

feHN <= (T-N)"f=(T—\)"f=0,
9€Hy = (T —p)™f = (T —pl)™ g =0.
By the inductive assumption, we have [f, g] = [f, 3] = 0, so that
0=1[f, 9] =T = AD)f,g] = (n = Nf gl + [, 3] = (2 = NIf, g]-

Therefore, [f, g] = 0 for A\ # fi. Similarly, an extended subspace 7-lu with m =m+1
remains orthogonal to H,. The assertion of the lemma follows by the induction
method. O

Lemma 4.12 Let Hy be an eigenspace associated with an isolated eigenvalue
A€ER of T and { f1, f2,-.., fn} be the Jordan chain of eigenvectors. Let

Ho = Span{fi, fa, ..., fx} C Ha
and
Ho = Span{fi1, fa, -, fr> fri1} C Ha,
where k = in if n is even and k = £(n — 1) if n is odd.

(i) If n is even (n = 2k), the neutral subspace Hy is the mazimal sign-definite
subspace of Hy.

(ii) Ifn is odd (n = 2k+1), the subspace Hy is the mazimal non-negative subspace
of Hx if [f1, fn] > 0 and the mazimal non-positive subspace of Hy if [f1, fn] <O,
while the neutral subspace Hy is the maximal non-positive subspace of Hy if
[f1, fn] > 0 and the mazimal non-negative subspace of Hy if [f1, fn] <O.

Proof Without loss of generality we will consider the case A = 0 (the same argu-
ment is applied to the operator T'=T — AI if A # 0). We will show that [f, f] =0
for any f € Ho. Using a decomposition over the basis in Hg, we obtain

k ko ok
VE=Y aifi: (L= aid;[fi f] (4.2.33)
i=1 i=1 j=1
For any 1 <1,j <k, we note

[fir £i1 = [T fis1, Tfia] = o = [T* firrs TF fin] = [T fisens Fivn) -
In the case of even n = 2k, we have

In the case of odd n = 2k + 1, we have

i fi1 = [T fisnrr, fjanma] =0, 1<i,j<k.

Therefore, H, is a neutral subspace of H,. To show that it is the maximal neutral
subspace of H,, let H{, = Span{ f1, f2, .., fis fro }, Where k+1 < kg < n. Since fp,11
does not exist in the Jordan chain (4.2.31) (otherwise, the algebraic multiplicity is
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n+ 1) and Ag is an isolated eigenvalue, then [fi, f,] # 0 by Lemma 4.10. It follows
from the Jordan chain (4.2.31) that

[frs fu) = [T s ful = [fons T ] = s frmega] # 0. (4.2.34)

When n = 2k, we have 1 < n — ko + 1 < k, so that [fi,, fn—ko+1] # 0 and the
subspace Hj, is sign-indefinite in the decomposition (4.2.33). When n = 2k + 1, we
have 1 <n—ko+1<kforkg>k+2andn—kyo+1==k+1 for kg = k+1. In either
case, [fry, fn—ko+1] 7 0 and the subspace Hj, is sign-indefinite in the decomposition
(4.2.33) unless ko = k + 1. In the latter case, we have

frr1s fret) = [f1, o] 70 and  [fy, fogr] = [T fin, fu] =0, 1< <k.

Therefore, the subspace Hjy with ko = k1, that is Ho, is non-negative for [fy, fn] >
0 and non-positive for [f1, fn] < 0. O

Lemma 4.13 If A € R is an algebraically simple embedded eigenvalue, then the
corresponding eigenspace Hy = Span{fi1} is either positive or negative or neutral
depending on the value of [f1, f1].

Proof Because the embedded eigenvalue is assumed to be algebraically simple, the
assertion of the lemma is trivial. O

There is a technical problem to extend the result of Lemma 4.13 to multiple
embedded eigenvalues. If A € R is an embedded eigenvalue of T', the Jordan chain
(4.2.31) can terminate at f, even if [f1, f,] = 0. Indeed, the Fredholm theory for
the generalized eigenvalue problem in Lemma 4.10 gives a necessary but not a
sufficient condition for existence of the solution f,,11 in the Jordan chain (4.2.31) if
the eigenvalue A is embedded into the continuous spectrum. If [f1, f,] = 0 but f,41
does not exist in II,, the neutral subspaces Hg for n = 2k and Ho for n =2k +1
in Lemma 4.12 may not be the maximal non-positive or non-negative subspaces.

Lemma 4.14 Let A € C, Im()\) > 0 be an eigenvalue of T, Hy be the correspond-
ing eigenspace, and Hy = Hy U Hs. Then, the neutral subspace Hy is the mazimal
sign-definite subspace of Hy.

Proof By Lemma 4.11 with A\ = p, the eigenspace H, is orthogonal to itself with
respect to [+, ], so that H, is a neutral subspace. It remains to prove that H, is
the maximal sign-definite subspace of Hy. Let Hy = Span{fi, fa, ..., fn}, where
{f1, f2, -, fn} is the Jordan chain of eigenvectors (4.2.31). Consider a subspace

%\, = Span{fi, fo, ..., fu, f;} for any 1 < j < n and construct a linear combination
of fn+17j and fTJ

Va e C: [f’thl*j + aij?fnJrl*j + a-f]] =2Re (O‘[f]anJrl*j]) =2Re (a[.fl:fn]) .

By Lemma 4.10, we have [f,, fi] # 0, so that the linear combination Sfr1—5 + afj
is sign-indefinite with respect to [-, -]. O
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Exercise 4.15 Let v = g + iyr be a complex eigenvalue of Lu = vMlu
with a complex-valued eigenvector u = upr + iu;. Let uw = crupr + cruy, where
c = (cgr,cr) € R? and show that

(Lu,u) > = (Le,c)rz, (M~ 'u,u)r2 = (Mec, ¢)pe,
where matrices L and M have exactly one positive and one negative eigenvalue.

Exercise 4.16 Let 79 € R be a double eigenvalue of Lu = yM~!u with an
eigenvector ug and a generalized eigenvector u;, according to equations

Lug = voM ~tug,
Luy = ’yOM71U1 + MﬁluO,

which terminates at uy if (M ~uy,ug) 2 # 0. Show that the maximal non-negative

subspace of H., = Span{ug,u;} with respect to both (L-,-) and (M~!. )12 is
one-dimensional.

Exercise 4.17 Let vy > 0 be an eigenvalue of Lu = yM ~'u of algebraic multi-
plicity three with an eigenvector ug and the generalized eigenvectors u; and wuo,
according to equations

Lug = oM~ ug,

Luy = ’yoM71U1 + ]\4711107

Lus = ’YOM71U2 + ]\471U17
which terminates at ug if (M ~1ug, ug)r2 # 0. Show that the maximal non-negative
subspace of H., = Span{ug, u1,us} with respect to both (L-,-) and (M1, )z is
two-dimensional if (M ~lug,ug)r2 > 0 and one-dimensional if (M ~lug,ug)= < 0.

The following theorem summarizes the count of the dimensions of the maximal
non-positive and non-negative subspaces associated with eigenspaces of T" in II,;.

Theorem 4.7 Let N,(\) (Np(N\)) denote the dimension of the mazimal non-
positive (non-negative) subspace of I1,; corresponding to the eigenspace Hy of oper-
ator T for an eigenvalue A.

If A € R is isolated from the continuous spectrum, then

dim(Hy) = Np(A) + N, (N) (4.2.35)
and, for each Jordan block of generalized eigenvectors, we have the following:

(1) If n = 2k, then Ny(A) = No(A) = k.
(2) If n =2k +1 and [f1, fn] > 0, then Ny(A) =k + 1 and N, (\) = k.
(3) If n=2k+1 and [f1, fn] <0, then Np(A) =k and N,(\) =k + 1.

If A € R is a simple embedded eigenvalue, then we have the following:

(1) If [f1, 1] > 0, then Ny(A) =1, Ny (X) = 0.
(2) If [f1, 1] <0, then Ny(A) =0, Np(X) = 1.
(3) If [f1, f1] =0, then Np(\) = Np(X) = 1.

IFA ¢ R, then dim(Hy) = N,y(A) = N, ().
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Proof The assertions of the theorem follow from Lemmas 4.12, 4.13, and 4.14. [

Remark 4.6 For a simple embedded eigenvalue A € R, equality (4.2.35) does not
hold in case (3) of Theorem 4.7 as

1 =dim(Hy) < Npy(A) + No(A) = 2.

If A € R is a multiple embedded eigenvalue, computation of the projection matrix
[fi, ;] is needed in order to find the dimensions N,(A) and N, (X).

If the number of negative eigenvalues of operators L + M ! and M equal the
number of particular eigenvalues of the generalized eigenvalue problem (4.2.21), it
is natural to ask if the total number of isolated eigenvalues of L + dM ' and M
is related to the total number of isolated eigenvalues of the generalized eigenvalue
problem (4.2.14). The following exercise shows that the latter is bounded from above
by the former under the assumption of no embedded eigenvalues in the generalized
eigenvalue problem [33].

Exercise 4.18 Assume that no embedded eigenvalues occur in the generalized
eigenvalue problem (4.2.21) and prove that the eigenvalues satisfy the inequality

N, +NJ + Nf + N+ < N+ Ny, (4.2.36)

where N and Ny are the total numbers of isolated eigenvalues of L and M.

4.3 Spectral stability of localized modes
Let us consider the Gross—Pitaevskii equation,

Wy = —thga + V()9 + o9 *, (4.3.1)

where ¢(z,t) : Rx Ry — C, 0 € {1,-1}, and V(z) : R — R is a 2w-periodic
bounded potential.
The stationary Gross—Pitaevskii equation in the focusing case 0 = —1,

—¢"(z) + V(2)6(z) — ¢*(z) = wo(z), x€R, (4.3.2)

admits a strong localized mode ¢ € H?(R) for any w < wy = info(L), where
L =—82+V(z) (Section 3.1). The localized mode ¢(z) decays to zero as |z| — 0o
exponentially fast.

Using the same linearization technique as in Section 4.2, we obtain the spectral
stability problem

0 L_ U
Lu = Au, 57{—L+ 0 ], uf[w}, (4.3.3)

associated with the Schrodinger operators L,

Ly =-02+V(z) —w—3¢*(z),
L. =-024+V(z) —w— ¢*(z).
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We note that Ly has both periodic potentials V(z) and exponentially decaying po-
tentials ¢2(x). The following theorem describes the spectral stability of the localized
mode ¢.

Theorem 4.8 Assume that the map R 3 w — ¢ € HX(R) is C! near a fived w,
0 ¢ o(Ly) for this w, and ¢(x) > 0 for all x € R. The localized mode ¢ is spectrally
unstable if n(Ly) > 2 orn(Ly) =1 and £ ||¢||2. > 0 and it is spectrally stable if
n(Ly) =1 and SL||¢||2. < 0.

Proof Because ¢(z) decays to zero exponentially fast as |x| — oo, Lemma 4.1
extended to the case of both periodic and decaying potentials implies that

oo(Ly) =0(=02+V(z) —w) > wy —w > 0.

The point spectrum of operators L4 is isolated from the continuous spectrum
o.(Ly) and it includes finitely many negative eigenvalues and, possibly, a zero
eigenvalue.

To compute the location of o (L), we consider the spectrum of the limiting prob-
lem

(=02 +V(z) —w)u=—Iw, (=02+V(z)—w)w=u
This problem becomes diagonal in variables v4+ = u =+ iw,
(=02 + V(x) — w)vy = Fidvg.

Therefore, o.(L) = +io(—02+ V(z) —w), that is, 0.(£) C iR with the gap (—ic, ic)
near the origin, where ¢ = wg — w > 0.

Because L_¢ = 0 is equivalent to the stationary equation (4.3.2), we note that
0 € o,(L_). By the assumption that ¢(x) > 0 for all # € R. Lemma 4.2 and
Corollary 4.1 extended to the case of both periodic and decaying potentials imply
that 0 is a simple eigenvalue of L_ and no negative eigenvalues of L_ exist.

By the assumption of the theorem, 0 ¢ 0,(L). There are still negative eigenval-
ues of L, which follows from the negativity of the quadratic form

(Ly¢, d)p2 = —2¢* < 0.

Hence, we have n(Ly) > 1.

Because L, is invertible, Lf(j) exists. Taking the derivative of the stationary
equation (4.3.2) in w under the assumption that the map R > w +— ¢ € H%(R) is
C'! shows that L;lgb = 0,¢. Algorithmic computations then show that

o[ 2]}, e[ 2[5 ]}

under the condition that Q'(w) # 0, where Q(w) = ||¢|2.. Indeed, Lu = 0 gives
Liu=0, L_w=0,

with the only solution © = 0 and w = C1¢ for C; € R. If £2u = 0, then Lu €
Ker (L), which gives the system

Liu=C1¢, L_w=0,
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with the only solution u = C19,¢ and w = Cs¢ for (C1,Cs) € R2. Finally, if
L3u = 0, then Lu € Ker(£?), which gives the system

Liu=C1¢p, L_w=C0,¢,

which does not generate new solutions if

d
(O, )1z = 299

2@5£0.

Thus, 0 € o0,(L) is an eigenvalue of geometric multiplicity one and algebraic
multiplicity two.

We can now consider nonzero isolated eigenvalues of o,(L). If u = (u,w) €
H2(R) x H%(R) is an eigenvector of £ for A # 0, then
(uy@)r2 =0, (w,0,0)r2 = 0. (4.3.4)

Let us consider the constrained L? space,
L2={ueL’R): (u,¢)r>=0}

and let P.: L? — L? C L? be the orthogonal projection operator. If u € L2, then

c
we can now eliminate the component w from system (4.3.3) by

w=C¢+ \P.L”*P.u,
where C' € R is uniquely found from the projection to ¢ for A # 0:

<(L+ + >\2PCL:1PC)U7 ¢>L2
Aol

Using the projection operator P,., we can close system (4.3.3) at the generalized

C=—

eigenvalue problem,
P.L{Pau = —-APaw=~P.L ' Pau, v=-\. (4.3.5)

Because operator P,L~! P, is strictly positive, all eigenvalues ~ are real and simple
and the number of negative eigenvalues 7 equals the number of negative eigenvalues
of P.L, P, (Theorem 4.2).

By Theorem 4.1, we know that n(P.L; P.) = n(Ly)—1if (L7'¢,¢)r2 < 0, which
gives Q'(w) < 0, whereas n(P.L.P.) = n(Ly) if (L7'¢,¢)r2 > 0, which gives
Q' (w) > 0. Spectral stability corresponds to the case of strictly positive eigenvalues
7, which may only happen if n(L;) = 1 and Q'(w) < 0. In the case n(L4) > 2 or
n(Ly) =1 and Q' (w) > 0, there is at least one negative eigenvalue v < 0, which
gives at least one unstable eigenvalue A > 0. O

Two distinct branches of localized modes ¢ exist with @'(w) < 0 in the limit
of large negative w (Section 3.2.3). Exercise 3.10 shows that n(Ly) = 1 for the
localized mode ¢ which is centered at the minimum of V(z), and n(L;) = 2 for
the localized mode ¢ which is centered at the maximum of V(z). Therefore, the
former localized mode is spectrally stable, whereas the latter localized mode is
spectrally unstable with exactly one real unstable eigenvalue.
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If V(z) = 0, the two distinct localized modes belong to the family of transla-
tionally invariant localized modes ¢(z — s), s € R of the stationary cubic NLS
equation,

—¢"(2) - ¢*(z) =wé(z), z€R.
In this case, the localized mode exists in the explicit form,

o(z) = v/2Jw|sech(v/|w|z), w <O0.

Direct computation gives Q' (w) < 0. Because Ly ¢'(z) = 0 and ¢’ (x) has exactly one
zero on R, we have n(Ly) =1 and z(Ly) = 1, so that £ has additional degeneracy
at 0 but no unstable eigenvalues with Re(A) > 0. As a result, the localized mode
¢(x — s) is spectrally stable for all s € R in the case of the cubic NLS equation
(Corollary 4.3 for p = 1).

If the localized mode ¢ is sign-indefinite on R, the count of unstable eigenvalues is
developed from Theorem 4.5. However, this construction only works if the number
of zeros of ¢ is finite on R, that is, if w is fixed in the semi-infinite gap with w < wy.
Unfortunately, no information on stability of localized modes ¢ can be extracted
for w in a finite gap of the spectrum of L = —92 + V().

To overcome this limitation, we shall apply reductions of the Gross—Pitaevskii
equation with a periodic potential to the nonlinear evolution equations with con-
stant coefficients. We restrict ourselves to a number of prototypical examples that
include solitons in the coupled NLS equation (Section 4.3.1), vortices in the NLS
equation (Section 4.3.2), soliton configurations in the DNLS equation (Section
4.3.3), vortex configurations in the DNLS equation (Section 4.3.4), and gap solitons
in the nonlinear Dirac equations (Section 4.3.5).

Other examples of localized modes in nonlinear evolution equations will remain
outside the scope of this book. Readers can find stability analysis of solitons of the
generalized Korteweg—de Vries equation in [34], solitons of the Boussinesq equa-
tion in [132], solitons of the Maxwell-Bloch equations in [128], among many other
examples.

4.3.1 Solitons in the coupled NLS equations

Let us consider the coupled cubic NLS equations,

{ 10pp1 + 0241 + (JU1]? + x[2]?) 1 =0,

4.3.6
101h2 + 024ba + (X[ * + [¥2]?) b2 = 0, ( )

where 1 2(z,t) : R x Ri — C are envelope amplitudes and x > 0 is the coupling
constant. This system coincides with system (1.2.11) from Section 1.2.1, where it
is shown that the system has the standard complex-valued Hamiltonian structure
with the conserved Hamiltonian,

(1] + 2x1¢n ] [¢0a]* + |w2\4)> dz,

1
H= / <|8x1/)1|2 + |3a:1/12|2 - 5
R



4.8 Spectral stability of localized modes 233

the conserved powers,

Q1 = /R WP, Qa = /R i 2,

and the conserved momentum,

P= i/ (105001 — Y1021 + V20,100 — Y20p1)2) da.
R
Stationary localized modes are given by

d)l (I7t) = ¢1(I)e*iw1t7 wQ(l'yt) — ¢2(x)efiw2t7

where (¢1,¢2) are real-valued functions and (w;,ws) belong to an open domain
D C R2. Weak stationary solutions (¢1,$2) € H(R) x H*(R) are critical points of
the energy functional

E,(ur,u2) = H(u1, ug) — wi1Q1(u1) — weQ2(us). (4.3.7)

Exercise 4.19 Assume that the map R? 3 (wi,ws) = (¢1,¢2) € H'(R) x
HL(R) is C! and show that the Hessian matrix of the energy surface D(wi,ws) =
E,(¢1,¢2) is symmetric with

0*D  0Q; 0Q;

— = - ] 1,2}. 4.3.
G = bi€(12) (43.5)

Ui’j = 6&)2‘6(,03‘

The linearization of the coupled NLS equations (4.3.6) leads to the spectral sta-
bility problem

Liu=-)\w, L_-w=Mu, M€C(, (4.3.9)
where Ly are 2 X 2 matrix Schrodinger operators,
(L2)ig = (=07 +w;) 81 — Vig(a),
(Lt )iy = (=02 +wj) bij — Vig(x) — Wi(2),
associated with the decaying potentials
o3 (@) + xd3(x) 0
0 x93 (@) + ¢3(2)

Px)  xbi(x)da(x) }
Xb1(x)p2(x) o3 () .

Exercise 4.20 Assume that ¢ (x) and ¢5(z) are not identically zero for all z € R
and show that

V(z) = [

Wi(x) =2 {

Ker(L_) = Span {¢1e1, pae2},

where {ej,es} is a standard basis in R2. Show that ¢’ € Ker(L,), where ¢’ =
(¢ (), ¢5(x)).
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To invert the operator L_, we define the constrained L? space,
L2 ={u=(u1,uz) € L*(R) x L*(R) : (w1, ¢1)1> = (ua, )2 =0} .

There are also constraints on w = (wy,ws), but, as we did earlier, the eigenvalue
problem (4.3.9) for A # 0 can be closed at the generalized eigenvalue problem,

P.L.Pu=~P,L”'Pu, ~=-)\2, (4.3.10)
where P, : L? — L2 C L? is an orthogonal projection operator.
Exercise 4.21 Assume that Ker(L,) L Ker(L_) and show that
(Pl Pe) =n(Ly) —pU) = 2(U),  2(PelyPe) = 2(Ly) + 2(U),

where p(U) and z(U) are the numbers of positive and zero eigenvalues of the Hessian
matrix U of the energy surface D(wy,ws).

Exercise 4.22 Consider a traveling localized mode of the coupled NLS equations
(4.3.6),

Uy (x,t) = gy (x4 2ct)e ™9 hy(2,t) = do(x + 2ct)e %2t

where (¢1, ¢2) is a critical point of the energy functional

Eo(ur,uz) = H(ui,u2) — @1Q1(u1) — @2Q2(uz) — cP(u1, uz).
Define the Hessian matrix U of the extended energy surface D(wi,ws,c) =

E,(¢1,¢2) and use Galileo invariance (1.2.19) to show that p(U) = p(U) and

2(U) = 2(U).

The following theorem determines the spectral stability of localized modes in the
coupled NLS equations (4.3.6) based on Theorem 4.5.

Theorem 4.9 Assume that z(Ly) = 1 and 2(U) = 0 for a point (w1,ws) in
the domain D. The numbers of eigenvalues v of the generalized eigenvalue problem

(4.3.10) satisfy
N, + N,f+ N+ =n(Ly) — p(U), (4.3.11)
N, + N;f + N+ =n(L_). (4.3.12)

Proof The assumptions of Theorem 4.5 are satisfied and equalities (4.3.11) and
(4.3.12) follow from equalities (4.2.26) and (4.2.27) if N? = 0 and

dim(Hy 57r-1) = n(Ly) = p(U).

From the assumptions of the theorem, we have Ker(L,) = Span{¢'}, where ¢’ =
(¢1(z), ¢h(x)). Let ¢ = (¢1(x), p2(x)) and observe that

L_(z¢) = —2¢.
Since Ker(Ly) L Ker(L_), we have

(L2191 = — 5 (06, 6) 12 = £(Q1+ @) >0



4.8 Spectral stability of localized modes 235

By the definition of N and NJ, we have N) = 0 and N) = z(Ly) = 1. By
Lemma 4.7, we obtain dim(#, ,,,.) = dim(# ). On the other hand, since

L 0, ¢ =¢re1, L 0.,,¢=pres,

we obtain

. _ 1 .

B%Ai,j(ﬂ) = —(L7'¢ie;, ¢j€;) 12 = — (O, $j€5) 12 = §U¢,j, i,j € {1,2}.
Therefore, pg = p(U) and zp = 2(U) = 0. Using (4.2.19), we obtain dim(H}) =
n(Ly) — p(U). The assertion of the theorem is proved. O

Equalities (4.3.11) and (4.3.12) are not precise as they do not specify if the
localized mode ¢ is spectrally stable or spectrally unstable. To make the conclusion
more precise, we consider a particular family of localized modes that bifurcates from
the solution of the stationary cubic NLS equation,

—ng({l’) - d)g = w¢07 HANS R?

for any fixed w < 0. The exact localized solution for ¢ (x) is available in the analytic
form,

do(x) = v/ 2|w]| sech(y/|w|x),

where it is chosen to be centered at = 0 thanks to the translational invariance of
the NLS equation.

If ¢1 = ¢p and w; = w, then substituting ¢ into the second equation of system
(4.3.6) and linearizing it around the zero solution, we obtain the linear stationary
Schrédinger equation,

—¢"(2) — 2x|wlsech® (V/|w|x)y(z) = Mp(z), = €R. (4.3.13)

The second-order differential equation (4.3.13) can be reduced to the hypergeomet-
ric equation, from which exact expressions for the eigenvalues and eigenfunctions
can be obtained [213]. As a summary of this theory, we state that for x € (xn, Xn+1),

where

+1

Xn = Mv ne N07

2
there exist exactly n+1 negative eigenvalues of the stationary Schrodinger equation
(4.3.13) at A € {=M3|wl], —=A3|w|, ..., —A2|w]|}, where

VI+8x—(2k+1
A = V2T X2 k41 e 0.1, )
The eigenfunction g (z) for A = —A2|w| is
Yo(x) = sech™ (\/|w|z) >0, zeR.

The eigenfunction ¢y (z) for A = —A2|w| has exactly k zeros on R, in agreement

with Corollary 4.1.

We shall now consider the family of localized modes ¢ = (¢1, ¢2) of the coupled
NLS equations (4.3.6) such that the first component ¢;(x) is positive for all z € R
and the second component ¢o(z) has exactly n zeros on R. The following local
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bifurcation result shows that this family exists for x > x,, in a neighborhood of the
solution (g1, ¢2) = (¢o,0), which corresponds to the bifurcation curve wy = A2w;.
Thanks to the scaling invariance, we can set w; = —1 for convenience.

Lemma 4.15 Fiz n € Ny, x > xn and assume that 6,, # 0, where

8 = =2x* (G0, Li " dotn) iz — [nl1s- (4.3.14)

There exists an €, > 0 such that the coupled NLS equations (4.3.6) admit a localized
mode (¢1, 2) near (dg,0) for wy = —1 and we € B,,, where

Bn=(-22,-X2+e,) if 8,>0, Bp= (-2 —¢€,,—A\2) if 6,<0.

Proof The proof follows the method of Lyapunov—Schmidt reductions (Section
3.2.1). To simplify details, let us expand the solution (¢1, ¢2) near (¢g,0) as

¢1($) = (bo(l’) + 62(51(1') + 0(64),
() = €tn(z) + €Ga(x) + O(c),
wo = —A2 + €26, + O(e*),

where ¢o(z) = v2sech(z), ¥, (z) is the L?-normalized eigenfunction of the linear
Schrédinger equation (4.3.13) for w = —1 and A = —)2, and € is a formal small

ns
parameter.
The first two corrections of the perturbation series satisfy the linear inhomoge-

neous equations

Ll(gl = X¢O¢7217
Lody = 8, + 2XP0tnd1 + 3,

where

Ly = —0?41—6sech’(z), Ly=—08%+ X2 — 2y sech?(z).

We note that Ker(L;) = Span{¢(} and Ker(Ly) = Span{t,,}. Since ¢}(z) is odd
on R, the operator L is invertible in the space of even functions and a unique even
solution ¢ € H?(R) exists. On the other hand, the solution ¢ € H?(R) exists if
and only if 4, is given by

Sn = — (2, 2xbo1 + ¥2) 12,

which is equivalent to (4.3.14). Since L, = diag(L;, L) at € = 0, existence and
uniqueness of a localized mode (¢1, ¢2) near (¢g, 0) follow by the Lyapunov—Schmidt
reduction algorithm, provided §,, # 0. O

By Corollary 4.1, we infer that z(L_) = 2 and n(L_) = n are preserved for any
€ > 0 if the localized mode has positive ¢;(x) and n zeros for ¢o(z) on R. The
following lemma computes the numbers n(L;) and p(U) for the localized mode
near the bifurcation curve wy = A2wy.
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Lemma 4.16 Let ¢ = (¢1,¢2) be a localized mode in Lemma 4.15 for wq = —1
and wy € By,. Then, we have z(Ly) =1, 2(U) =0, and

(L)) 14+mn, d,>0, ) 1, 6, >0,
n = =
M 2+n, §,<0, P 2, 0, <0,

where 0y, is given by (4.5.14).

Proof From the proof of Lemma 4.15, we know that n(Ly) =1+ n and z(L4) =
14+1=2at e=0. When wy € B, the degeneracy of Ker(L) is broken since only
a simple zero eigenvalue with the eigenvector ¢’ = (¢)(z), #5(x)) is preserved by
the translational symmetry of the coupled NLS equations (4.3.6).

Let (A,u) be the eigenvalue—eigenvector pair for Liu = Au. The bifurcating
eigenvalue of L4 can be traced by the regular perturbation series,

u(z) = { wn(zm } te { ul(()x) } +é { u;zx) ] +0(e%),
A= + O(eh).
Corrections of the perturbation series satisfy linear inhomogeneous equations
Lyuy = 2x¢oty,
Lauz = (Ao + 80)n + 2x0tn (&1 + w1 ) + 305,
From the linear inhomogeneous equations in Lemma 4.15, we infer that
uy = 2&1, Uy = 3(2)2, and Ay = 26,.

Adding this perturbation result for € > 0 to the previous count at ¢ = 0, we obtain

1+n, d,>0, _

To trace the zero eigenvalue of U, we compute perturbation expansions

Ua=-52|  cr-2ednugs] -0
Ui = *% o = 72<¢07$1>L237;22 - +O(e?),
Usy = —%812 - = —37:21 o + O(e?),
Usp = —% e = —375}22 _ +0(¢)
From Lemma 4.15, we know that
giml—i+0@x
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which gives det(U) = —2/6,, + O(€?). Since 6, # 0, we obtain

) 1, 4, >0, (U) =0
= z =0,
b 2, 0, <0,

which completes the proof of the lemma. O

Substituting the result of Lemma 4.16 into equations (4.3.11) and (4.3.12), we
obtain

N, + NS 4+ N+ =n,

N, +N,1++NC+ =n.
In particular, the positive localized mode ¢ is spectrally stable for n = 0 and the
sign-indefinite localized mode ¢ may have at most (2n) unstable eigenvalues for

n>11Ifw = —1and wy = —A2 (e = 0), the spectral stability problem (4.3.9)
becomes block-diagonal with two blocks,

Liuy = = wy,  Lowi = Aug (4.3.15)

and

LQ(UQ + 1w2) = :tl)\(UQ + iw2), (4316)

where Ly = —92 4+ 1 — 2sech?(z).

The first problem (4.3.15) is a linearization of the cubic NLS equation. By Corol-
lary 4.3 for p = 1, this problem gives no contribution to the count of N, N7, N,
and Nc+.

The second problem (4.3.16) is given by an uncoupled pair of linear Schrédinger
equations (4.3.13) with w = —1. From analysis of these equations, we know that

there exist 2n isolated eigenvalues at
A==Hi(A\p =A%), ke{0,1,..,n—1}
Moreover, since
(Lyu,u)pz = —(A2 — A2)||Yl32 <0, ke{0,1,...,n—1}, (4.3.17)
we obtain
wy=-A,: Ny =N, =N =0, Ni=n. (4.3.18)
We note that
MN-XN=n-kC\+n—-Fk)>n-k2>>1, ke{0,1,..,n—1}.

Because system (4.3.15) has the continuous spectrum for Re(A) = 0 and [Im(\)| > 1,
pairs of imaginary eigenvalues of negative energy (4.3.17) in the count N,I are
embedded into the continuous spectrum of the spectral stability problem (4.3.9).
By the analysis developed by Grillakis [77] and Cuccagna et al. [43], embedded
eigenvalues of negative energy bifurcate generally to complex unstable eigenvalues.
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Figure 4.1 The existence domain of the first family of localized modes with w; =
—1 and w2 = —w on the plane (w, x) and the three particular localized modes for
three values of x at w = 0.6. Reproduced from [166].

Therefore, we should expect that the count of eigenvalues for wy # —A2 becomes
wp€Bp: Ny =N, =NI=0, Na+=n, (4.3.19)

hence 2n complex eigenvalues in the count N+ are unstable.

To confirm this result, we approximate numerically the first family of localized
modes in the coupled NLS equations (4.3.6). These numerical approximations are
discussed by Yang [213], Champneys & Yang [31], and Pelinovsky & Yang [166].

Figure 4.1 shows the localized mode with n = 1 for w; = —1, wy = —0.6, and
X € (x1,Xx2), where x2 is the local bifurcation boundary in Lemma 4.15 and x; is
the non-local bifurcation boundary studied in [31]. The one-sided domain By near
X2 is located to the left of the local bifurcation curve, hence ¢; < 0 in Lemma 4.15.

Figure 4.2 shows the unstable eigenvalues in the interval (x1, x2). Near the local
bifurcation boundary x = x2, there is a pair of unstable complex eigenvalues A =
Re(o2) £ilm(oz), which bifurcate from the embedded eigenvalues A = +i(\Z — A\?)
according to the above analysis.

No unstable eigenvalues exist at x = 1 since N,y = 1 and N+ = 0. However,
unstable eigenvalues exist for both ¥ > 1 and xy < 1 with N, = 0 and N+ =1
since the embedded eigenvalues with negative energy are structurally unstable with
respect to parameter continuation. An additional pair of real unstable eigenvalues
A = *0; exists for x < 1. It bifurcates from the pair of purely imaginary eigenvalues
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Figure 4.2 Eigenvalues of the first family of localized modes for x € (x1, x2) at
w = 0.6. The solid (dashed) lines are the real (imaginary) parts of the eigenvalues.
Reproduced from [166].

X = +ioy for ¥ > 1. The latter pair merges to the end points A = +iw? of the
continuous spectrum at y = 1.185 and coalesces at the origin at x = 1.

Let us summarize the numerical computations of the unstable eigenvalues and
indices n(L4) and p(U),

4, <x <l
n(Ly) = =X p(U) =2, for all x1 < x < x2,
37 1< X < X2,

so that
2, X1 < x < 1,

n(Ly) —p(U) = {

1, 1< X < X2.
On the other hand, n(L_) =1 for all x; < x < x2 and

1 < x <1, 1 <x<l1
Nc+: X1 X Np_: o X1 X )
1, 1<x<xe2 0, 1<x<xo2.

The count of unstable eigenvalues agrees with the result of Theorem 4.9 and it is
more precise than equalities (4.3.11) and (4.3.12).

The spectral stability of the localized mode ¢ with n = 1 at x = 1 is not
a coincidence. The system of coupled NLS equations (4.3.6) with x = 1 is the
Manakov system (1.4.3), which belongs to the list of integrable evolution equations
(Section 1.4). In this case, there exists an exact localized mode ¢ = (41, ¢2) with

n=1for w; = —1 and wy = —w with w € (0,1) in the analytic form,
61(2) = V1 — w? cosh(wz)
1= cosh(z) cosh(wx) — wsinh(z) sinh(wzx)’
o) (4.3.20)
wv1—w?sinh(z
Pa(x) =

~ cosh(z) cosh(wz) — wsinh(z) sinh(wz)’



4.8 Spectral stability of localized modes 241

The Manakov system has an additional rotational symmetry (Section 1.2.1) in the
nonlinear potential

W (i, al?) = 2 (417 + a2

As a result, this symmetry generates a pair of imaginary eigenvalues of negative
energy in the count N, =1 for v = 1, as per the following exercise.

Exercise 4.23 Show that the spectral stability problem (4.3.9) for y = 1 admits
the exact solution

u= { —¢2 } w:q:i[¢2 } A = +i(1 — w?). (4.3.21)
1 o1
Furthermore, show that these eigenvalues contribute to the count N, since
(Lyu,u)pe = —(1=w?) ([[¢1]172 — l¢2]72) <0, (4.3.22)

where (¢1, ¢2) are given by (4.3.20).

We also note that the Manakov system admits another family of exact asymmetric
localized modes with an additional free parameter that includes the localized mode
(4.3.20) [213]. Because of the presence of this additional parameter, z(L;) = 2 at
x = 1 and this additional zero eigenvalue of L, leads to a bifurcation of an unstable
eigenvalue in the count N, for x < 1.

The rotational symmetry in the nonlinear potential W (|11]2, [12]?) may become
useful to stabilize a localized mode ¢ with n = 1 in the physically relevant situa-
tions, which are not modeled by the integrable coupled NLS equations. Pelinovsky
& Yang [166] also considered the system of coupled saturable NLS equations,

. 24 |y
a _'_85 + \¢1| — 0’
O O T ST + 1)
2 2
s + 02 + — A Tl

L+ s([vn[? + [12]?)

where s > 0 is an arbitrary parameter. The exact solution (4.3.21) also exists in
the associated spectral stability problem for the pair of imaginary eigenvalues of
negative energy. The embedded eigenvalue persists in the continuous spectrum of
the spectral stability problem. As a result, the localized mode ¢ with n = 1 is
spectrally stable at least near the local bifurcation point.

Exercise 4.24 Consider the Gross—Pitaevskii equation,
i¢t = 71/)zz + V(f)"/’ - WJ|27/J7

where V() is bounded and decaying to zero exponentially fast as |z| — co. Assume

that the operator L = —02 + V(z) has (n + 1) negative eigenvalues {—A32, ..., —A2}
and show that a localized mode ¢(x) with n nodes on R bifurcates near w = —\2.
Show that if

|)\$L—1 - )‘i‘ > A?L’

then the other n eigenvalues of L contribute generally to the count of unstable
eigenvalues N+ = n with N, = N, = N, = NJ = 0.
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4.3.2 Vortices in the NLS equation

Let us consider the generalized NLS equation in polar coordinates (r,6) on the
plane R?,

. 1 1
i = =D = f([9)0,  Ar =07+ 0, + 505, (4.3.23)

where ¥(r,0,t) : Ry x [0,27] x Ry — C is the amplitude function and f(|1|?) :
R, — R is a C'! nonlinear function. Assume that the NLS equation (4.3.23) admits
a vortex of charge m,

¢(T7 97 t) — qb(r)eime*i‘“t,

where w € R, m € N, and ¢(r) : R; — R is a solution of the stationary generalized
NLS equation,

m2

“Amd— f(0°)p=wd, Ny =07+ %ar -5 (4.3.24)
A fundamental vortex of charge m is defined by the C'' function ¢(r) such that
#(0) =0, ¢(r) > 0 for r € Ry, and ¢(r) — 0 as r — oo exponentially fast. Such
solutions exist only for w < 0. Existence results for vortices of charge m in the
cubic—quintic NLS equation with f(|1[?) = ||? — |4|* were obtained by Pego &
Warchall [151].
Linearization of the NLS equation (4.3.23) with the substitution

= [0 + o (1, 0)eN + 5 (r,0)M] e

results in the spectral stability problem

osHep =i\p, ) eC, (4.3.25)
where ¢ = (¢4, p_) and
. { —A —w = f(¢?) = 62 (¢?) —¢f'(¢?)e? ™ ]
7¢2f/(¢2)€72im,9 —A, 7w7f(¢2) *¢2f/(¢2)

The spectral stability problem (4.3.25) involves a partial differential operator
A,.. If o(r,0) is 2m-periodic in 6, we can separate variables r and 6 and reduce the
eigenvalue problem to an infinite set of uncoupled ordinary differential equations.
To do this, let us expand ¢(r,6) in a Fourier series,

@) = 3 o (e,

neEL

and substitute it into equation (4.3.25). Equations for npf+m) and w@_m) detach
from the other equations and become a closed eigenvalue problem,
osHyp, =ilp,, n €z, (4.3.26)

where ¢,, = (<p(+”“"‘), go(lhm)) and

—Apim *w*f(qg) *¢2f/(¢2) *¢2f/(¢2)

H, =
—¢* f'(6°) —Apm —w = f(¢?) = * (%)
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The eigenvalue problems (4.3.26) are different between cases n = 0 and n # 0.
Both cases can be transformed, however, to the standard form

Liu=-)\w, L_w=)\u, (4.3.27)

for suitably defined operators Ly and vectors (u, w).
When n = 0, the eigenvalue problem (4.3.26) transforms to the form (4.3.27) for
vectors

u= gaim) + 90(:7") cC, w= —i((pgrm) — <p(_7m)) cC
and operators
Ly =~Ap —w—f(¢°) =20°f'(¢%), L-=—Ap—w— f(¢?).
When n € N, the eigenvalue problem (4.3.26) transforms to the form (4.3.27) for
vectors
u=¢, €C? w=—iogp, € C?

and operators
L,=H, L_=o3H,0s3.

Note that H_,, = 01 H,01 and 0301 = —0103. As a result of this symmetry, the
eigenvalue problem (4.3.26) with —n € N is equivalent to that with n € N.

Let us consider the Hilbert space L2(R ) equipped with the weighted inner prod-
uct,

Vf.ge IA(R,): mmw:AMNWWMr

Because functions f(¢?) and ¢?f'(4?) decay to zero as r — oo exponentially fast,
Lemma 4.1 gives o.(H,,) = [¢,00) with ¢ = —w > 0 for any n € Z. The number of
negative and zero isolated eigenvalues of H,, is finite.

Thanks to the gauge and translational symmetry of the NLS equation, there are
at least three eigenvectors in the non-trivial kernels of H_;, Hy, and H; given by

n==+1: @, =¢)1F %(;5(7‘)031, n=0: ¢y=¢(r)osl,

where 1 = (1,1) € R2

The case n = 0 is similar to the case of localized modes of the one-dimensional
NLS equation. If ¢(r) > 0 for all » > 0, then L_ is non-negative and L, has
n(L4) — 1 negative eigenvalues in a constrained subspace of LZ(R.) if

(L36,0)2 = 5 10l <0 (13.25)
By Theorem 4.8, the spectral stability problem (4.3.27) for n = 0 has no unstable
eigenvalues if n(Ly) =1 and the constraint (4.3.28) is met.

We shall now consider the spectral stability problem (4.3.27) for n # 0. Combin-
ing these equations for £n, we write

{ O-BHnLPn = i)‘")onv

, n € N. (4.3.29)
osH_np_, =1idp_,,
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As mentioned above, the second equation of system (4.3.29) is equivalent to the
first one and both equations can be reduced to the standard form (4.3.27).

Exercise 4.25 Let A be an eigenvalue of the spectral stability problem (4.3.29)
with the eigenvector (¢,,,0). Show that there exists another eigenvalue —\ with
the eigenvector (0, o1¢p,,). Moreover, show that if Re(A) > 0, there exist two more
eigenvalues A and —\ with the eigenvectors (0,71@,,) and (@,,,0).

The following theorem gives the main result on the count of unstable eigenvalues
in the spectral stability problem (4.3.29).

Theorem 4.10 Assume that Ker(Hi1) = Span{yp,,} and Ker(H,) = @ for
n > 2. Let Nyeal be the number of real positive eigenvalues in the stability prob-
lem (4.8.29), Neomp be the number of complex eigenvalues in the first quadrant,
and Ni;‘ag be the number of purely imaginary eigenvalues with Im(A) > 0 and

(Hyn$p, @) r2 < 0. Then, these numbers satisfy
Nreal + 2Ncomp + 2N,

imag

= 2n(H,,). (4.3.30)

Proof Forn > 2, L_ = o3H,03 is invertible on L2(R, ), so that we can rewrite
the eigenvalue problem (4.3.29) as the generalized eigenvalue problem,

Liu=~L"'u, y=-)2 (4.3.31)
Because the spectral stability problem (4.3.29) has a double size, let us abuse the
notation and extend the size of the generalized eigenvalue problem (4.3.31) for
u= (‘an ‘P—n) € C47 W= _1(03‘Pn703§0n) e
Therefore, from now on, Ly is a diagonal composition of [H,, H_,] and L_ is a
diagonal composition of [o3H,,03,03H_,,03].
For each A € R (y < 0), we have

R> <Hn(Pn7 @n)L% = i)‘<0-3san’ CPn>L% €EiR = <H7Lson7 (pn>L72 =0.

Similarly, (H,®,,, ®,,)r2 = 0. By Theorem 4.5, we have N, = N, = Nyeal-

From symmetries of eigenvalues (Exercise 4.25) we conclude that

Ne+ = 2Neomp, N;f =2N;,

imag*®
Since the spectra of H,, H_, = 01H,01, and 03H, 03 coincide, we have
n(L_) =n(Ly) = 2n(Hy).

Since N? = 0 because Ker(H,,) = @, equality (4.3.30) follows from either equality
(4.2.26) or equality (4.2.27) in Theorem 4.5.

For n = 1, we need a constrained Lf space because Ker(osHy103) = span{os@y; }.
Therefore, we define

2 ={peL’Ry): (o3piy, )iz =0},

The generalized eigenvalue problem (4.3.31) is now defined in the constrained space
uel? xL2.
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Since (03941, %41)r2 = 0, we know that ¢, | Ker(o3Hx103). By direct com-
putation, we obtain (03Hy103) ' = —2r¢(r)1, which gives

((JsHﬂOg)_l‘Pipsoil)L% = / & (r)rdr > 0.
0

By Theorem 4.1, we still have n(Ly) = 2n(H,), N = 0, and N = 1. By Lemma
4.7, we also have dim(H ;,,-1) = dim(H}) = n(L). Again, for n = 1, equality
(4.3.30) follows from either equality (4.2.26) or equality (4.2.27) in Theorem 4.5. [

In the case of the defocusing NLS equation (such as the cubic—quintic NLS equa-
tion [151] or the cubic NLS equation with a harmonic potential [118]), it is possible
to show that n(H,) = 0 for |n| > 2m. By Theorem 4.10, this useful result shows that
the unstable and potentially unstable eigenvalues only appear for |n| < 2m, which
limits the numerical analysis of the spectral stability problem (4.3.29) by a finite
number of differential equations. Numerical approximations of unstable eigenvalues
with the use of Evans functions are reported in [118, 151].

Unfortunately, no bounds on n(H,) exist in the case of a general nonlinear
function f(|1|?), unless the localized mode ¢ is small. Yang & Pelinovsky [215]
used arguments similar to the ones in Section 4.3.1 and showed for the coupled
NLS equations with the saturable nonlinear function f(|1)|?) that the vortex of
charge m = 1 may become spectrally unstable for perturbations with |n| = 2
because n(Hz) = 1. From the numerical point of view, Theorem 4.10 remains
a useful tool to trace unstable and potentially unstable eigenvalues of the spec-
tral stability problem (4.3.29) after the index n(H,) is computed numerically or
analytically.

4.3.3 Soliton configurations in the DNLS equation

Let us consider the one-dimensional cubic DNLS equation,

i"z)n +e€ (¢n+1 - 21/}71 + %,71) + |wn|2¢n = 07 (4332)

where ¢, (t) : Ry — C, n € Z, and € > 0 is a coupling parameter. Because of
the scaling transformation, we can normalize the frequency of the time-periodic
localized mode by w = —1.

All localized modes are real-valued on the lattice of one dimension, up to a
multiplication by €' for § € R (Section 3.2.5). Therefore, these localized modes are
the time-periodic solutions 1, (t) = ¢, e, where the real-valued sequence {@, }nez
is found from the second-order difference equation

(1= ¢p)bn = € (bnt1 — 260 + dn_1), n €L (4.3.33)

By Theorem 3.8, localized modes for small ¢ € R can be characterized by the
limiting configuration

(4.3.34)

©0) _ +1, neUg,
" 0, n e Uy,
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where Z is decomposed into subsets Uy UU_ U Uy and N := dim(Uy UU_) < oo.
To be more precise, for each limiting solution (4.3.34) there is a unique solution
{¢n}nez in 12(Z) of the difference equation (4.3.33) for a small e € R such that
{®n}nez depends analytically on € near e = 0 and

lim ¢, = ¢, n €.

The linearization of the DNLS equation (4.3.32) at the localized mode {¢y, }nez
results in the spectral stability problem

(Lyw)p = =Awp, (L_w)p = Ay, (4.3.35)
where L are the discrete Schrodinger operators,
(Lyuw), = (1 — 3¢72L) Up — € (Upy1 — 2Up + Up—_1),
(L_w), = (1 — gzﬁi) Wy, — € (Wpy1 — 2wy, + Wp—1) .

Operators Ly are bounded in [%(Z). We are looking for eigenvectors (u, w) € 12(Z) x
12(Z) and eigenvalues A € C of the non-self-adjoint spectral problem

u u 0 L_

o]aafi] =] 2 BT wem

Orbital stability of the fundamental localized mode with Uy = {0} and U_ = @&
was proved with the variational technique by Weinstein [212]. Stability of this mode
close to the continuum limit € — oo was considered by Kapitula & Kevrekidis [102].
Spectral instabilities of localized modes with dim(U; UU_) > 1 were considered
numerically in [142] and analytically in [155].

For e =0and ¢ = d)(o), operators L1 are diagonal and the spectra of Ly and £
are known explicitly.

e The spectrum of L, consists of the semi-simple eigenvalue —2 of multiplicity NV
and the semi-simple eigenvalue 1 of an infinite multiplicity.

e The spectrum of L_ consists of the semi-simple eigenvalue 0 of multiplicity N
and the semi-simple eigenvalue 1 of an infinite multiplicity.

e The spectrum of £ consists of the eigenvalue 0 of geometric multiplicity N
and algebraic multiplicity 2N and the semi-simple eigenvalues +i of an infinite
multiplicity. The subspace of [2(Z) x I2(Z) corresponding to the zero eigenvalue
is associated with the set Uy U U_ and that for the pair of eigenvalues =i is
associated with the set Uj.

For small € > 0, small nonzero eigenvalues A in the spectral stability problem
(4.3.35) bifurcate from the zero eigenvalue. Spectral instabilities may arise from the
zero eigenvalue and the following theorem controls the number of unstable eigenval-
ues near 0. Bifurcations of the continuous spectrum from points +i were considered
recently by Pelinovsky & Sakovich [159]. No instabilities arise from points =i.

Theorem 4.11 Let ng be the number of sign changes in {¢£LO)},L€U+UU7 and
N :=dim(Uy UU_). For sufficiently small € > 0, the localized mode ¢ is spectrally
stable if no = N — 1 and spectrally unstable if no < N — 1 with exactly N —1—nyg
real positive eigenvalues X\ in the spectral stability problem (4.3.36).
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Before discussing the proof of Theorem 4.11, let us consider the immediate con-
sequence of the theorem.

Corollary 4.6 Given the set of nodes U, UU_, there exist only two configurations
of the limiting solution (4.3.34) which are spectrally stable for small € > 0.

Proof The spectrally stable configurations must have nyp = N — 1, which means
that the distributions of {4+1,—1} in the set of nodes Uy U U_ must be sign-
alternating. One configuration has +1 on the left-most node n € Uy UU_ and the
other one has —1 on that node. O

Remark 4.7 The fundamental localized mode with Uy = {0} and U_- = &
has no nonzero eigenvalues of the spectral stability problem (4.3.36) near 0 for
small € > 0. The fundamental localized mode is stable not only spectrally but also
orbitally (Section 4.4.2).

We shall break the proof of Theorem 4.11 into a number of elementary results.
In particular, we shall characterize for small ¢ > 0 the continuous spectrum of £
(Lemma 4.17), the negative and zero eigenvalues of Ly (Lemma 4.18), and the
small nonzero eigenvalues of £ in a constrained I? space (Lemma 4.19).

Lemma 4.17 For any € > 0, for which ¢ exists,
oc(L) = [—(1 4 4e)i,i] U [i, (1 + 4e)i].

Proof Since I — €A : 12(Z) — [?(Z) is a strictly positive operator, the localized
mode ¢ decays to zero as |n| — oo exponentially fast for any ¢ > 0, for which
it exists. By the discrete version of the Weyl Theorem (Appendix B.15), 0.(£) =
o(Ly), where

0 I —€eA

Lo = —(I—eA) 0

Diagonalizing the eigenvalue problem for Ly in variables v = u &+ iw, we obtain
(I —eA)vy = Hidvy,
from which it follows that if A € o(Ly), then +iX € [1,1 + 4¢]. O

Lemma 4.18 Let ng be the number of sign changes in {QsT(’LO)}nEU+UU,~ For suf-
ficiently small € > 0, we have

n(L-)=no, z(L-)=1, n(Ly)=N, z(Ly)=0,

where n(L) and z(L) are the number of negative and zero eigenvalues of operator
L with the account of their multiplicities.

Proof By the discrete analogue of Corollary 4.1 for the second-order discrete
Schrodinger operators Ly, if A € o,(Ly) for € # 0, then A is a simple eigenvalue.
For € = 0, the diagonal operator L has the semi-simple negative eigenvalue —2
of multiplicity N and no zero eigenvalues. For € > 0, I — €A is strictly positive
and ¢ is analytic in e. Analytic perturbation theory for isolated eigenvalues of the
self-adjoint operators implies that there are exactly N negative eigenvalues of L,
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with the account of their multiplicities and no zero eigenvalues for sufficiently small
e>0.

For any e > 0, for which ¢ exists, equation L_¢ = 0 is equivalent to the sta-
tionary DNLS equation (4.3.33). Therefore, z(L_) = 1 for € > 0. By the discrete
analogue of Lemma 4.2, there exist ng negative eigenvalues of L_, where ng is the
number of sign changes in {¢, }nez. These negative eigenvalues and the remaining
N — 1 —ny positive eigenvalues of L_ for € > 0 are small as they bifurcate from the
zero eigenvalue of L_ of algebraic multiplicity IV that exists for ¢ = 0. It remains
to prove that the number of sign changes in {¢, },ez is semi-continuous in € > 0.
Hence it equals the number of sign changes in {(Z)gzo)}nemum.

Consider two adjacent nodes nq,ny € Uy U U_ separated by M nodes in Uy on
Z, so that ng —n1 = 14+ M. The difference equation (4.3.33) on [n1 +1,n2 — 1] can
be rewritten as the linear system

Apnipy = €ebyy, (4.3.37)

Where ¢M = (¢TL1+17“'7¢71271) 6 RnQ_n1_17 b = (¢’I’L1707 "'707 ¢TL2) e Rn2_n1_17
and
14+2e—¢2 4y —€ 0 .. 0

2
AM: 7.6 1+2€i¢n1+2 7.6 O

0 0 0 .. 1+2—¢2
Let D; s, 1 <1 < J < N be the determinant of the block of the matrix Ay,
between the Ith and Jth rows and columns. By Cramer’s rule, we have

j N—j+1
_ o Dijpin + VT, Dy N

Gyt = Dix (4.3.38)

Since lim¢0 Dy g =1forall1 <1 <J < N, we have

. s . N+1
hme—)O € '7¢’ﬂ1+j = d)nl’ 1 S J < 2 )
. i . N+1
hme%O € J¢n1+j :¢n1 + ¢n27 J= Tv
) L N +1 .
hme%() €’ ! N¢’rl1+j = ¢n27 2 <J S N.

Therefore, the number of sign changes in {¢n}ne[n1,n2] for small € > 0 is exactly one
if sign(¢y,) = —sign(¢,,) and zero if sign(¢,,) = sign(¢n, ). Combining with the
sign changes on other segments between two adjacent nodes in Uy UU_, we obtain
the semi-continuity of the sign changes in the sequence {¢,, }necz in € > 0. O

Remark 4.8 The semi-continuity of the sign changes in the sequence {¢y,}nez
can be viewed as the discrete version of elliptic smoothing of the operator I —eA for
€ > 0. This result is not valid for € < 0 and the number of sign changes in {¢y, }nez
for € < 0 exceeds generally the number of sign changes in {¢£? Ineviuu_-

Let us extend the family of localized modes to ¢(w) for a fixed ¢ > 0, where
{¢n (W)}nez satisfies

(Jw] = 7.(@))¢n (W) = e(Pn41(W) = 260 (W) + Pn1(w)), nEZ,
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and w is defined near w = —1. The limiting configuration (4.3.34) becomes now
+/|w|, neUg,
()= TYIeh el
0, n € Uy.

For small € > 0, we obtain
()72 = Nlw| + O(e),
which hence gives
d
Wi = =N+ 0() <0.

Under this condition, 0 is a double eigenvalue of £ for any € # 0 and

Ker(L) = span{[ 25 ” Ker(£2) = spanH 3} } , { ‘16‘75 ]} (4.3.39)

where 0,¢ = 0,,¢(w)|w=—1. Since the zero eigenvalue of L for e = 0 has algebraic
multiplicity 2N, this computation shows for N > 2 that 2N —2 eigenvalues bifurcate
from 0 for € > 0. If A € 0,(£) and A # 0, then (u,w) € I?(Z) x I?(Z) satisfy the
constraints

(w,@)i2 =0, (W,0,¢);2 =0. (4.3.40)
If we let
Z={uci*(z): (u,¢)p =0}, (4.3.41)

and introduce the orthogonal projection operator P, : 1> — [2 C (2, then the non-
self-adjoint spectral problem (4.3.36) can be closed as the generalized eigenvalue
problem

(P.LyP)u=~(P.L”*P)u, ~=-\% (4.3.42)

similarly to the continuous case.
We recall that Ly is invertible and n(P.L4 P.) = n(Ly)—1 since for small € > 0,
we have

1d
(L' D) = (Dud. d)iz = 5 - S(w)1 <.

w=-1

By equalities (4.2.26) and (4.2.27) in Theorem 4.5, we thus obtain

N> +Nf+Ng=n(Ly)—1=N -1,
{ P + = nlLs) (4.3.43)

N, + N} + N =n(L_) = no.
If ng = 0, the count of eigenvalues in (4.3.43) gives the result of Theorem 4.11 as
N, =N-1, N, =N, =N, =0.

In other words, if nyp = 0 and N = 1, no small nonzero eigenvalues y exist, whereas if
no = 0and N > 2, exactly N—1 small negative eigenvalues 7y exist in the generalized
eigenvalue problem (4.3.42), which give N — 1 small positive eigenvalues A in the
spectral stability problem (4.3.36).
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If ng > 1, we have to admit that the count of eigenvalues in (4.3.43) does not
provide a proof of Theorem 4.11. In addition, the operator norm of P,L~! P, diverges
as € — 0 because N — 1 small nonzero eigenvalues of L_ converge to 0 as € — 0.
On the other hand, L, is invertible for any € > 0. Therefore, we may think about
the other constrained [? space for the vector w of the spectral stability problem
(4.3.36). Instead of the constrained space (4.3.41), let us define

P={wel*(Z): (w,0,¢) =0} (4.3.44)

In all previous examples, the component w was eliminated from system (4.3.36)
and the constraint on w was neglected. Let us now eliminate u from the system and
neglect the constraint on u. Since Ly is invertible, we do not need any projection
operator to find that

u= —)\LIIW.

The non-self-adjoint spectral problem (4.3.36) is now replaced by the generalized
eigenvalue problem,

L_w= 'yL__,_lw, v= =\ (4.3.45)
Because
0= <L7W7 ¢>12 = 7<L-T-1W, ¢>l2 = 7<W7 aw¢>l27

we realize that if w € 12(Z) is an eigenvector of the generalized eigenvalue problem
(4.3.45) for v # 0, then w € [2, where [2 is defined by (4.3.44). Therefore, we do

not need to recompute the numbers of negative eigenvalues of operators L_ and
L, in the new constrained 2 space.

Lemma 4.19 For sufficiently small e > 0, there exist ng small positive eigenvalues
v and (N—1—ng) small negative eigenvalues 7y in the generalized eigenvalue problem

(4.3.45).

Proof Let w(e) € I2(Z) be an eigenvector of the generalized eigenvalue problem
(4.3.45) for a small eigenvalue y(€) such that y(e) — 0 as ¢ — 0. Thanks to ana-
lyticity of the coefficients of Ly in e, w(e) is continuous as € — 0. If we normalize
|w(e)|l;z = 1 for all € > 0, there exists a nonzero vector w(0) = lim._,o w(e) € [?(Z).
Because lim._,g7y(e) = 0, the vector w(0) is compactly supported on nodes of
Uy UU_, hence

L7'w(0) = —-w(0).

By continuity in €, (L 'w(e), w(€));2 < 0 for small € > 0. Therefore, we can think
about application of Sylvester’s Law of Inertia (Theorem 4.2).

Let Uy be the subspace of [?(Z) associated with eigenvectors for N small or zero
eigenvalues of L_ for a fixed € > 0. Let Py : I?(Z) — Uy and Py~ : 12(Z) — Uy
be the orthogonal projection operators to the invariant subspaces with respect to
self-adjoint operator L_ so that Py + P(f- = I. The generalized eigenvalue problem
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(4.3.45) can be written in the form
PyL_Pow =~ (P LT Pow + Py L' Pirw)
N . L1 (4.3.46)
P{L_Piw =~ (P} L' Pow+ P L' Pifw) .
The spectrum of Pg-L_ Pg- is bounded away from zero and is strictly positive. If v
is small, there exists a unique solution of the second equation of system (4.3.46),

_ -1 —
Pirw =~P; (P L_Py- —vP-Ly'Py") " P Li'Pyw.

Substituting this expression into the first equation of system (4.3.46), we obtain
the finite-dimensional eigenvalue problem for small ~,

PoL_Pyw = fy(POL:LlPO P LT P (P L P —yPHL7'PY) ’1POlL;1PO) Pow,
which can be rewritten as the nonlinear eigenvalue equation
Lwy = yM (v)wo, (4.3.47)

for wo € RY and N x N matrices L and M (7).

The matrix L = PyL_ Py is diagonal with ng negative, one zero, and N —1 —ng
positive diagonal elements for small € > 0. On the other hand, matrix M(0) =
POLIIPO is a strictly negative matrix for small € > 0. Consider the truncated
problem Lwq = M (0)wq. By Sylvester’s Law of Inertia (Theorem 4.2), there exist
ng negative eigenvalues —y and N — 1 — pg positive eigenvalues —v for small € > 0.
Moreover, for each eigenvalue, v — 0 as € — 0. Because M (7) is a self-adjoint
operator for real v and 7 is small, negative and positive eigenvalues persist in the
nonlinear eigenvalue problem (4.3.47) for sufficiently small € > 0. O

Corollary 4.7 Let u(e) be a small eigenvalue of L_ such that u(e) — 0 as e — 0.
The spectral stability problem (4.3.36) has a pair of small eigenvalues A(e) and
—X(€) such that A(e) — 0 as e = 0 and

lim A(©)
=0 i(e)

Moreover, if u(e) < 0 and (u,w) is the eigenvector of the spectral stability problem
(4.3.36), then

=2. (4.3.48)

(Lyu,u);2 <0 and (L_w,w);2 <0. (4.3.49)
Proof The first statement (4.3.48) follows from the Rayleigh quotient for the gen-
eralized eigenvalue problem (4.3.45),
y2 o LW, W)
(L7 w, W)
and the limit

li_{r(l]([,__,_lw, W)z = ——,

which is obtained in the proof of Lemma 4.19.
The second statement (4.3.49) follows from the relationship

(Lyu,u)e = —Mw,u)2 = (W, \u)2 = (L_w, W)z,

which is obtained from the spectral stability problem (4.3.36) for A € iR. O
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The proof of Theorem 4.11 relies on Lemma 4.19. It follows from equalities
(4.3.43) that

Nreal + 2N,

imag

+ 2Neomp = n(Ly) +n(L_) — 1, (4.3.50)

where Nyea1 = N, + N, is the number of positive real eigenvalues A, Neomp = 2N+
is the number of complex eigenvalues A in the first quadrant, and Np .. = 2N, is
the number of purely imaginary eigenvalues A with Im(\) > 0 and the eigenvector
(u,w) such that (Liu,u)2 <0.
By Lemma 4.19 and Corollary 4.7 for a small ¢ > 0, we have obtained a more
precise count of eigenvalues,
Nieat = N, =N —1—mnq, Ny

imag

:N;z‘r = To, NCOmp :Nc+ :Nn_ :N; =0.

Even if eigenvalues A € iR in N,_ and A € R in N, are semi-simple, they are

imag
structurally stable on iR and R with respect to parameter continuation in e.

Exercise 4.26 Consider the set Uy UU_ = {1,2,..., N} C Z and prove that the
set of NV small eigenvalues {1;(€) }1<;j<n of operator L_ is given asymptotically by

pi(e) = vie+ O(),

where {1;}]L, is a set of eigenvalues of the N x N matrix with the elements

Siy1 + S, J=1
M, =4 oD p=itl i<,
—S5, J=1— 1a
0, otherwise,
where
+1 if ¢V >0,
S = J i1 1 E {2,...,N},

-1 if ¢{"¢{”, <0,
and s; = sy4+1 =0.

As a numerical example, we consider two localized modes for N = 2 with U, =
{1,2}, U_ = @ and U; = {1}, U_ = {2}. The first configuration corresponds
to the bond-symmetric soliton ¢ and it is spectrally unstable with exactly one real
positive eigenvalue since ng = 0 < N —1 = 1. The second configuration corresponds
to a twisted soliton ¢ and it is spectrally stable with a pair of purely imaginary
eigenvalues of negative energy because ng =1=N — 1.

From Corollary 4.7 and Exercise 4.26, the small positive eigenvalue of the spec-
tral stability problem (4.3.35) for the bond-symmetric localized mode is expanded
by

A=2Ve(1+0()) as e—0

whereas the small imaginary eigenvalues for the twisted localized mode are ex-
panded by

A=22iVe(1+O(e)) as e— 0.
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Figure 4.3 Top: the bond-symmetric localized mode (left) and the corresponding
spectral plane A (right) for ¢ = 0.15. Bottom: the real positive eigenvalue A
versus € from asymptotic (dashed line) and numerical (solid line) approximations.
Reprinted from [155].

These results are illustrated in Figures 4.3 and 4.4. The top panels of each figure
show the mode profiles (left) and the spectral plane of A (right) for e = 0.15. The
bottom panels indicate the corresponding asymptotic approximations of the small
eigenvalues (dashed line) versus the numerical approximations (solid line). We ob-
serve for the twisted localized mode that the purely imaginary eigenvalues coalesce
at € = €, ~ 0.146 with the continuous spectrum at +i. As a result, the complex

unstable eigenvalues bifurcate for € > €.. Therefore, Neomp = 1 and N, ., = 0 for

imag

€ > €., in agreement with equality (4.3.50).

4.3.4 Vortex configurations in the DNLS equation
Let us consider the two-dimensional cubic DNLS equation,
it + €(AY) + [t = 0, (4.3.51)

where ¥, (t) : Ry — C, n € Z2, € > 0 is a small parameter, and A is the two-
dimensional discrete Laplacian,

(Ad))n = Unte, T Vnoer T Untes +Un—e, —4n, ne€ 227
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Figure 4.4 Top: the twisted localized mode (left) and the corresponding spectral
plane X (right) for e = 0.15. Bottom: the imaginary (left) and real (right) parts
of the small eigenvalue A versus e from asymptotic (dashed line) and numerical

(solid line) approximations. Reprinted from [155].

with {e1, e2} being unit vectors on Z?. For small € > 0, we consider vortex solutions

of the DNLS equation (4.3.51),
Un(t) = ppelt, neZ?
where amplitudes {¢;, },ez2 satisfy the stationary DNLS equation
(1= [6nl*)n = e(A)n, ne€Z

For € = 0, the limiting vortex configuration is defined by

¢(0) _ 619", n e S,
" 0, ne St

(4.3.52)

(4.3.53)

(4.3.54)

where S C Z? with N = dim(S) < oo, S+ = Z2\S, and 6 € TV. Recall from
the Lyapunov—Schmidt reduction method (Section 3.2.5) that the vortex solution

persists for € # 0 only if {6, }nes is a root of the function

Z kg (g

(4.3.55)
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For the vortex configurations, we require that if §,, = 0 for one ny € S, then
{0n}nes ¢ {0,7}. Under this constraint, the localized mode {¢,, } ,ez2 is not equiv-
alent to the real-valued solution up to the multiplication by ¢'* with o € R.

Theorems 3.9 and 3.10 give us the conditions (and the computational algorithm),
under which the limiting configuration ¢(0) is uniquely continued into the vortex
solution ¢ for small ¢ > 0. Moreover, both ¢ € [2(Z) and 8 € TV can be expanded
in power series

p=000)+> o™, 0=00+> cFor. (4.3.56)
k=1 k=1
Linearization of the DNLS equation (4.3.51) at the vortex solution (4.3.52) is
defined by the substitution

Un(t) = [¢n a4+ EnBS\t} dt nez?
which results in the spectral stability problem
oHv =ilv, (4.3.57)

where vector v has components (ay,b,) for all n € 72, o is a diagonal matrix of
{+1, -1}, and H is the Jacobian operator (Section 3.2.5),

- 2 2
o { 1= 2/ o

& i } €Oy + Oy 4 Oy + 0y — 4) { (1) (1) } .
For € = 0, the spectrum of H includes the semi-simple eigenvalue —2 of multiplic-
ity N = dim(S), the semi-simple eigenvalue 0 of multiplicity N, and the semi-simple
eigenvalue 1 of infinite multiplicity. On the other hand, the spectrum of icH in-
cludes the zero eigenvalue of geometric multiplicity N and algebraic multiplicity
2N and the semi-simple eigenvalues +i of infinite multiplicity.
Using power series expansion (4.3.56), operator H is expanded into the power

series

H=H 4+ fn®. (4.3.58)
k=1

Using the power series (4.3.55) and (4.3.56), the Jacobian N x N matrices M*) =
Dgg®) () are obtained. These matrices determine persistence of the limiting vor-
tex configuration (Theorem 3.10). In particular, if g*) = 0 for k = 1,2,...,ky — 1
for some ko > 1, g¥0) £ 0, and M*0) has a simple zero eigenvalue with the eigen-
vector pg = (1,1,...,1) € RV (thanks to the gauge invariance), then the limiting
vortex configuration (4.3.54) persists for small € > 0.

It is natural to expect that the eigenvalues of matrices {M*)},cy determine the
small eigenvalues of H for small € > 0. Note that 0 € o(#) for any € € R as long
as the vortex solution exists, thanks to the gauge invariance of the DNLS equa-
tion (4.3.51). The following theorem establishes the relation between eigenvalues of
{M®)};5; and small eigenvalues of H.
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Theorem 4.12 Let ¢ be the vortex solution of the stationary equation (4.3.53)
in the power series form (4.3.56). Let P#~1 . RV — Ker(M®*=1) ¢ RN be the
orthogonal projection operator and let pg be a nonzero eigenvalue of the matrix
PE=DpME) pE=1) for any k > 1. There exists an eigenvalue p of operator H such
that u = g + O(**1) as e — 0.

Proof Let p be an eigenvalue of H with the eigenvector v. From the power series
(4.3.58), we write

[H(O) + eHW 4o p FAHED L Ry (B L O(FHY | v =
Let {M(™},,cn be Jacobian matrices such that
Ker(M™) ¢ Ker(M™) c RN for any m > 1.
Let o be an element in the intersection of
Ker(MW)nKer(MP)n ... nKer(MFED) c RN

but a ¢ Ker(M®*)) for some k > 1.

Recall the projection operator P : 12(Z2) x 1?(Z?) — Ker(H () C 12(Z?) x I2(Z?)
given by

nes,  (4.3.59)

L[ (@) - o (B)).
2

vf e ZQ(Z2) (P = B (eie"(f') . 67i9n(f) )

and the obvious relation
V0o e T: ¢ V(00)+ ) ane, =0 (0 + ) + O(l|er]|?). (4.3.60)
nes

Hence we obtain

a="P (Z omen) ’ (Z ant) = D" (80)cx,

nes nes

where Dgp? (8y) is the Jacobian matrix of the infinite-dimensional vector ¢'*(6)
with respect to the N-dimensional vector 6. It is clear that
HOvO® =0, where v = Z ape, = ngb(o)(ﬂo)a.
nes
Furthermore, the partial (k — 1)th sum of the power series (4.3.56) satisfies the
stationary equation (4.3.53) up to the order of O(*).

If dim Ker(M®*=1) = d;,_; +1, then the partial (k— 1)th sum of the power series
(4.3.56) has (di—1+1) arbitrary parameters when 0y is shifted in the direction of the
vector a. In the tangent space of the stationary equation (4.3.53) in the direction
of «, the linear inhomogeneous system

HOy) oy Dym=1) 4 9O —0, m=1,2,.. k-1

has a particular solution in the form v("™) = D9¢)(m)(00)a form=1,2,....k— 1.
Using the regular perturbation series for isolated zero eigenvalues of H(®),

v=v® pev® 4 L FvB L O, p= e + O(F,
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we obtain the linear inhomogeneous equation
HOyE) LWy =) RO — v () (4.3.61)

Applying the projection operator P and recalling the definition of the vector g(8, €) =
PF(¢,€), we find that the left-hand side of the inhomogeneous equation (4.3.61)
reduces to the form

P [H“)nga(k—l)(oo) + -+ HPDep ™ (60)| a = Dog® (69)a = MW,
whereas the right-hand side becomes 1z Pv(®) = . Therefore, piy, is an eigenvalue
of the Jacobian matrix M®*) and e is the corresponding eigenvector. O

Small eigenvalues of the self-adjoint operator H are expected to be related to the
small eigenvalues of the spectral stability problem (4.3.57), similarly to the one-
dimensional DNLS equation (Section 4.3.3). We will show that the relationship be-
tween these small eigenvalues for the vortex solutions of the two-dimensional DNLS
equation may be more complicated than that for solitons in the one-dimensional
DNLS equation. The following theorem gives the main result on the relationship
between nonzero eigenvalues of the Jacobian matrices {M®)};>; and small eigen-
values of the spectral stability problem (4.3.57).

Theorem 4.13 Under the conditions of Theorem 4.12, there ezists a pair of small
eigenvalues \ of the spectral stability problem (4.3.57) such that

A= 2N + O(M2),

where Ay, /o is found from the quadratic eigenvalue problems,

1
odd k: MPa = 42 /200, (4.3.62)

even k: MP a4 )\;C/QE a= /\k/za (4.3.63)

Here £L5) s a skew-symmetric matriz defined by (4.3.66) below.

Proof Similarly to the computations of small nonzero eigenvalues of H in Theorem
4.12, we write the spectral stability problem (4.3.57) in the form

o [H(‘” FeHM 4 PR kB L oM |y = v
Using relations
&, = —ice,, HWe,=-2¢, necSs,
we find a solution of the linear inhomogeneous equation
HO O = Qingd)(o)(Go)a

in the form

20 =3 6,6, = 80(8)a,
nes

where ®(*)(8,) is the matrix extension of ¢®) (8y), which consists of vector columns
é,,nes.
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Similarly, there exists a particular solution of the inhomogeneous problem
HO ™) 4 gD m=1) oy (M) ,(0) — 2iaDg¢(m)(90)a, m=1,2---,k,
in the form (™ = &™) (9y)c, where
k-1

k
K= if kis odd and k':§—1ifkis even.

Using the regular perturbation series for an isolated zero eigenvalue of oH (),
v = v L ey o kg1 %,\ (¢<o> tep® 4ot Ek’¢<k'>)
+ v L o,
and
A=+ O,
where
vim) = D9¢<m)(90)a for m=0,1,---,k—1,
P = <I>(m)(00)a for m=0,1,.. .k,
we obtain a linear inhomogeneous equation for v(*). When k is odd, the linear
equation for v(®) takes the form

2O GE) L9V (k=1) |y 35 0) _ %)‘i/2U‘P(O)~ (4.3.64)
When & is even, the linear equation for v(¥) takes the form
HO (R L gDy (R=1) 4 3y (R)3,(0)
n %/\m (H“)go“"') T +H<k/+1><p(0)) - %)\i/Q(ﬂp(O). (4.3.65)
Using the projection operator P and the definition of the new matrix
Lo =p [H<1><1><’<'>(00) ot HUC’*%(U)(GO)} , (4.3.66)

we obtain reduced problems (4.3.62) and (4.3.63) from the solvability conditions
for the linear inhomogeneous problems (4.3.64) and (4.3.65). O

Exercise 4.27 Assume that matrix £*) is skew-symmetric and prove that eigen-
values of the quadratic eigenvalue problem (4.3.63) occur in pairs A/ and —Ag/s.

A general count of unstable eigenvalues in the quadratic eigenvalue problem
(4.3.63) was developed by Chugunova & Pelinovsky [37] and Kollar [119].

Let us apply Theorems 4.12 and 4.13 to the localized modes ¢ associated with
the vortex cell,

S =1{(1,1),(2,1),(2,2),(1,2)} c Z°.

The persistent localized modes (Section 3.2.5) include eight soliton configurations
and one vortex configuration of charge L = 1 with the phase distribution
m(j—1)

0; = = j=1,2,3,4. (4.3.67)
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The Jacobian matrix M1 is given by

S1+ 84 —S1 0 —S84
MO | s st oS o, (4.3.68)
0 —S89 So + S3 —S83
—S4 0 —S3 S3 + s4

where
s1=cos(fz —01), s2=-cos(f3—03), s3=cos(fs—03), s4=cos(f1—04).

For the soliton configurations, M) is generally nonzero. Every positive eigen-
value of M) generates a pair of real eigenvalues of the quadratic problem (4.3.62)
and every negative eigenvalue of MY generates a pair of purely imaginary eigen-
values of the quadratic problem (4.3.62). These results are similar to the analysis
of stability of localized modes in one dimension (Section 4.3.3).

For the vortex configuration (4.3.67), MWD = 0 is zero. Therefore, we proceed
with the Jacobian matrix M® at the order k = 2,

1 0 -1 0
0 1 0 -1

(2 —
M -1 0 1 0
0 -1 0 1

Using the projection formula (4.3.66), we obtain

0 1 0 -1
-1 0 1 0

(2) —
£ 2 0 -1 0 1
1 0 -1 0

and consider eigenvalues in the quadratic problem (4.3.63). Note that the eigenvalue
problem is equivalent to the difference equation with constant coefficients

—Qjy2 + QOtj —Qj_o = )\faj + 2\ (aj+1 — ajfl) , 7=1,23,4,
subject to periodic boundary conditions. Using the discrete Fourier transform, the

difference equation reduces to the characteristic equation:

2
()\14—215111%) -0, n=1,2,34.

There exist two eigenvalues of algebraic multiplicity two at Ay = —2i and Ay = 2i
and a zero eigenvalue of algebraic multiplicity four.

Exercise 4.28 Show that if v is given by the perturbation series in Theorem
4.13, then

Hv, V) = 20 (LY + M\ Da, a) + O(),

hence the double eigenvalues \; = +2i have zero energy (Hv,v); at the order
k=2.
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Figure 4.5 Top: the spectral plane A = A, + i\; for ¢ = 0.6. Bottom: imaginary
and real parts of small eigenvalues versus € using asymptotic (dashed lines) and
numerical (solid lines) approximations. Reprinted from [156].

To detect the splitting of the zero eigenvalue of multiplicity four, one needs to
extend computations up to the order k¥ = 6. This was performed in [156], where it
was found that A3 = +4+/2i. Taking into account that the double eigenvalues at
A1 = %2i split along the imaginary axis at the order k = 4 for € > 0, we conclude
that the vortex configuration (4.3.67) is spectrally stable for small € > 0.

Figure 4.5 shows numerical results for the vortex configuration (4.3.67). The lin-
earization spectrum of the vortex solution at the order £ = 2 has a zero eigenvalue of
algebraic multiplicity four and two pairs of imaginary eigenvalues A ~ +2¢i. These
pairs split along the imaginary axis at the order k = 4. The pair of larger purely
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imaginary eigenvalues of negative energy undertakes a bifurcation to a quartet of
complex eigenvalues for a larger value of € upon collision with the continuous spec-
trum. The pair of smaller purely imaginary eigenvalues of positive energy merges
with the continuous spectrum avoiding a bifurcation to a quartet of complex eigen-
values. The zero eigenvalue produces another pair of purely imaginary eigenvalues
X\ ~ £4+/26% at the order k = 6. This pair has negative energy and it bifurcates to a
quartet of complex eigenvalues upon collision with another pair of purely imaginary
eigenvalues of positive energy for larger values of e.

Exercise 4.29 Compute matrices MM, M® and £® and the eigenvalues of
the quadratic eigenvalue problems (4.3.62) and (4.3.63) for the three vortex config-
urations

w(j —1)L
— 1
associated with a larger vortex cell,

0; = jef{1,...8, Le{1,2,3}

S ={(1,1),(2,1),(3,1),(3,2),(3,3),(2,3),(1,3), (1,2)} c Z°.

Prove that the configuration with charge L = 1 is stable, whereas the configurations
with charges L = 2 and L = 3 are unstable. Show that if the node (2,2) is removed
from Z2, the vortex configuration with charge L = 2 becomes spectrally stable.

Exercise 4.30 Study stability of the vortex configuration,

(] —1 .
S CEL NP

associated with the vortex cross,
§={(0,-1),(1,0),(0,1),(-1,0)} ¢ 2

and show that the quadratic eigenvalue problem (4.3.63) at k = 2 has zero matrix
£2) = 0. Prove that the vortex cross configuration is spectrally stable for small
€>0.

4.3.5 Gap solitons in the nonlinear Dirac equations

Let us consider the nonlinear Dirac equations,
i(ug + ug) + v = 9zW(u, u,v,0),
{ i((vz - vz)) +u= GUW((u, U, v, 17)), (4.3.69)
where (u,v) € C2, (z,t) € R%, and
W (u,a,v,9) = W(|ul® + [v]?, [u]*|v]?, w0 + va).
We assume the existence of the localized mode,
u(z,t) = up(x)e ™, v(x,t) = vo(x)e !, wug(x) = o(2),

for some w € (—1,1) (Section 3.3.4). This localized mode is known as the gap soliton
because (—1, 1) corresponds to the gap in the continuous spectrum of the nonlinear
Dirac equations (4.3.69).
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Linearization of the nonlinear Dirac equations (4.3.69) with the substitution

u(z,t) = [uo(z) + Vi(z)eM] e ",
u(z,t) = [ﬂo(x) + Vg(x)e’\t] elwt,
v(z,t) = [vo(z) + Va(x)eM] et
o(z,t) = [Uo(x) + Va(z)e ] et

results in the spectral stability problem
cHV =i\V, (4.3.70)

where V = (Vi, V5, V3, Vy) € C4, o is a diagonal 4 x 4 matrix of {1, 1,1, -1}, and
H =L+ V(x)is a sum of the differential operator with constant coefficients

—w — 10, 0 -1 0

0 —w + 10, 0 -1
L= 4.3.71
-1 0 —w + 10, 0 ( )
0 -1 0 —w — 0,
and the matrix potential function
aigmuo 67%3 87%0’110 81210170
0%, 02 . 02 02
V(’Ij) = "o totto tovo tovo W('u,(), ﬂ(), Vo, 170). (4372)
a’?)ouo 8§0ﬂ0 6TQJOUO a?)é
812J()7J.[) 812)0710 agé a12)0170

We note that
H:HY(R) x H'(R) x H}(R) x H}(R) — L?(R) x L*(R) x L*(R) x L*(R)

is a self-adjoint operator. It arises in the quadratic form associated with the energy
functional E,(u,v) = H(u,v) —wQ(u,v) after it is expanded near the critical point
(ug,v0) (Exercise 3.29).

Exercise 4.31 Use the gauge and translational symmetries of the nonlinear Dirac
equations (4.3.69) and show that Ker(H,,) = Span{V1, Va}, where

Vi =o0ug, Vz=20,uy,
where uy = (ug, @, vo, Up)-

When ug(z) = vo(x) for all x € R, elements of V(z) in (4.3.72) enjoy additional
symmetry relations

2
Buoﬁo voUo 'Y ) UoTo ' *

W =05, W, 0LW=0.W, 0,,W=0,W.
In this case, the eigenvalue problem HV = y'V admits two particular reductions:

Q) Vi=Vy, Vo=V, (ii) Vi=-Vy, Vo= V3.
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These reductions allow us to block-diagonalize the spectral stability problem
(4.3.70), after which the spectral stability problem can be transformed to the con-
ventional form

L.U=-\W, LW =AU, (4.3.73)
where U € C2, W € C?, and L4 are 2 x 2 matrix differential operators. The

block-diagonalization of the spectral stability problem (4.3.70) was discovered by
Chugunova & Pelinovsky [35].

Lemma 4.20 Assume uo(xz) = vo(x) for all x € R. There exists an orthogonal
similarity transformation with an orthogonal matriz

10 1 0
g_ Lo 1 0 1
V2o 1 0 -1

10 -1 0

that simultaneously block-diagonalizes the self-adjoint operator H,

STHS = { h;* ; } : (4.3.74)
and the linearized operator o H
H_
SToHS =0 [ h(f)+ 0 } , (4.3.75)
where Hy are 2 x 2 Dirac operators
I —w — 10, Fl1 V()
= xT ;
* F1 —w + ia:): *
with the new potential functions
02 492 92,402,
Vj:(x) = |: oo 0o “o oro W(UQ,TLQ,UQ,T)()).
653 + alztof)o afztouo + aﬁovo

Proof Block-diagonalizations (4.3.74) and (4.3.75) are checked by explicit compu-
tations. O

Corollary 4.8 Let

U

V:S|:10'3W

] ., UWecC~
The spectral stability problem (4.3.70) is equivalent to the standard form (4.3.73)
with

Ly =H; and L_=o03H o3.

Let us abuse the notation and denote up = (ug,%p) € C?. The kernel of H
(Exercise 4.31) is now decomposed into

Ker(Ly) = Span{d,up} and Ker(L_) = Span{ug}.
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Define the constrained L? space,
L2={UeL*R): (u,U)z2=0}. (4.3.76)
Thanks to the exponential decay of Vi (x) as || — oo, we find
(L) = (=00, —(1+ w)JU [l - w, 00)

for any fixed w € (—1,1). Therefore, the zero eigenvalue of Ly is bounded away
from the continuous spectrum. Using the standard algorithm, the spectral stabil-
ity problem (4.3.73) can be reduced to the generalized eigenvalue problem in the
constrained L? space,

LU =yM™1U, ~=-)% (4.3.77)

where L = P.L,P., M~' = P.L_'P,, and P. : L*(R) — L? C L?*(R) is an
orthogonal projection operator.

Although we are now in the formalism of Section 4.2, the assumptions of Theorem
4.5 are not satisfied since o.(L4) is not bounded from below by a positive constant.

No analytic theory of the spectral stability of localized modes in the nonlinear
Dirac equations (4.3.69) has been developed so far. Numerical approximations of
eigenvalues were constructed using the Evans function computations [46] and the
Chebyshev interpolation [35].

For illustrations, let us consider the nonlinear Dirac equations (4.3.69) with

1
W= (ult + o)

when the potential functions Vi (z) are computed explicitly by

2|ug|? u2
V+ = V7 = 9 2 .
Ug 2lug

Figure 4.6 displays the spectra of operators H, H_, and L := ic H for six values
of parameter w in the interval (—1,1). When w is close to 1, there exists a single
nonzero eigenvalue for H; and H_ and a single pair of purely imaginary eigenvalues
of L (top left panel). The first set of arrays on the figure indicates that the pair of
eigenvalues of L becomes visible at the same value of w as the eigenvalue of H,.
This correlation between eigenvalues of L and H; can be traced throughout the
entire parameter domain.

When w decreases, the operator H_ acquires another nonzero eigenvalue from
the continuous spectrum, with no changes in the number of isolated eigenvalues
of L (top right panel). The first complex instability occurs near w &~ —0.18, when
the pair of purely imaginary eigenvalues of L collides with the continuous spectrum
and emerge as a quartet of complex eigenvalues, with no changes in the number of
isolated eigenvalues for H; and H_ (middle left panel).

The second complex instability occurs at w =~ —0.54, when the operator H_
acquires a third nonzero eigenvalue and the linearized operator L acquires another
quartet of complex eigenvalues (middle right panel). The second set of arrays on
the figure indicates a correlation between these eigenvalues of L and H_.
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Numerical eigenvalues of L, H+, H (0=0362). Numerical eigenvalues of L, H+, H_(®=0.008).
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Figure 4.6 Eigenvalues and instability bifurcations for the nonlinear Dirac equa-
tions. Reprinted from [35].

When w decreases further, the operators H; and H_ acquire one more isolated
eigenvalue, with no change in the spectrum of L (bottom left panel). Finally, when
w is close to —1, the third complex instability occurs, correlated with another
bifurcation from the continuous spectrum in the operator H_ (bottom right panel).
The third set of arrays on the figure indicates this correlation. In a narrow domain
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near w = —1, the operator H, has two nonzero eigenvalues, the operator H_ has five
nonzero eigenvalues and the operator L has three quartets of complex eigenvalues.

These numerical results imply that there exists a correlation between bifurcations
of isolated eigenvalues in the operator L and those in the Dirac operators H; and
H_. However, analysis of this correlation remains open for further studies.

4.4 Other methods in stability analysis

After the spectral stability of localized modes is proved, the spectral information
can be used to study the nonlinear stability of localized modes. If the spectral
stability problem is defined by a non-self-adjoint linearized operator, the nonlinear
stability problem involves analysis of the time evolution of the original equation.

Analysis of the linearized stability in the sense of Definition 4.2 can already be
difficult compared to the spectral stability analysis. If the localized mode is unstable
spectrally, it is unstable linearly (because we can choose initial data of the linearized
evolution in the direction of an unstable eigenvector). However, what if the localized
mode is spectrally stable and no perturbations grow exponentially fast? Several
subtle issues may be obstacles for the linearized stability of the spectrally stable
localized modes:

e Nonzero eigenvalues on the imaginary axis may be multiple and lead to the
polynomial growth of solutions of the linearized equation.

e The zero eigenvalue may have a higher algebraic multiplicity than the one pre-
scribed by the symmetries of the original equation, leading again to the polyno-
mial growth of solutions of the linearized equation.

e The eigenvectors of the spectral problem may not form a basis in L? space,
leading to no semi-group properties of the linearized evolution operator.

The first two issues can occur also in finite-dimensional evolution problems, but
the third issue can only arise in infinite-dimensional evolution equations. A subtle
phenomenon of ill-posedness of linearized evolution equations was studied recently
by Chugunova & Pelinovsky [36] in the context of the advection—diffusion equation
with a sign-varying dispersion. Good news is that the initial-value problem for
linearized Gross—Pitaevskii and nonlinear Schrodinger equations is well-posed and
eigenvectors of the spectral problem do form a basis in L? space.

If the spectral information is relatively simple and the linearized evolution is
stable, we can then ask if the localized wave is orbitally stable in the sense of
Definition 4.3. The orbital stability is studied as a variant of the classical stability
of critical points in the sense of Lyapunov. Recall that the localized wave ¢ is a
critical point of the energy functional E, (u) = H(u) — w@Q(u) in a function space
X. If we can prove that ¢ is a local minimizer of E,(u) in X and the minimum is
non-degenerate in the sense of

3C>0: E,(u)— E,(¢p) > Cllu— o[k,

for all u sufficiently close to ¢ in X, then ¢ is stable in the sense of Lyapunov.
In other words, for € > 0, there exists 6 > 0 such that if ||u(0) — ¢||x < ¢ then
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lu(t) — ¢||x < € for all t € R,. Indeed, continuity of E,(u) with respect to u,
conservation of E,(u(t)) for a solution u(t) : Ry — X, and the convexity of E,,(u)
at ¢ imply the stability of ¢ in the sense of Lyapunov.

The classical method of Lyapunov needs to be revised, however, because the sym-
metries of the nonlinear evolution equations result in the existence of a continuous
orbit T'(#)¢ near the localized mode ¢, where 6 is an arbitrary parameter along the
soliton orbit. We would not say that the solution ¢ is unstable if u simply shifts
along the orbit T(0)¢. Therefore, only the relative distance from u to the orbit
T(0)¢ matters for the stability analysis and one needs to specify how to identify
the parameter 6 to ensure that ||[u—T'(0)¢||x is minimal in 6. A sufficient condition
for orbital stability of localized modes in the context of nonlinear Schrodinger and
Klein-Gordon equations was obtained by Grillakis et al. [74, 75].

If the localized mode ¢ passes through the test of orbital stability, one can finally
consider the strongest asymptotic stability in the sense of Definition 4.4. Asymptotic
stability would guarantee that the dynamics near the orbit T(6)¢ approaches the
orbit T'(0)¢,, as t — oo and the remainder term disperses away in a local norm
on X. The solution ¢, near ¢ corresponds to another value ws, of parameter
w. To put it in a different way, asymptotic stability guarantees that the localized
mode ¢ is an attractor in the time evolution of the nonlinear equation in the sense
that initial data close to a localized mode ¢ resolves into a localized mode ¢
and a dispersive remainder. In this case, dispersion-induced radiation arises in the
Hamiltonian dynamical systems with conserved energy and power.

A combination of dispersive decay estimates following from the linearized time
evolution, the modulation equations for varying parameters (w, ), and continua-
tion arguments for the dispersive remainder is needed for the proof of asymptotic
stability of localized modes.

For all three topics, the central element of analysis is the conditions of symplectic
orthogonality on the dispersive remainder. These symmetry constraints have been
used already in the formalism of the spectral stability problem, when the non-
self-adjoint eigenvalue problem in L? space is written as a generalized eigenvalue
problem for self-adjoint operators in a constrained L? space. While the degeneracy
of the zero eigenvalue is not so important in the context of the spectral stability, it
becomes the key element in analysis of the nonlinear stability of localized modes.

For simplicity of presentation, we consider the generalized Gross—Pitaevskii equa-
tion with a localized potential,

iy = —ee + V(I)w - f(|1/)|2)¢a (441)

where ¥(z,t) : R x Ry — C is the wave function, V(z) : R — R is a bounded
potential with an exponential decay to zero as |z| — oo, and f(|¢|?) : Ry — Risa
C* function such that f(0) = 0 and f’(u) > 0 for all u € R. The only role of V (z)
is to break the translational invariance of the nonlinear Schrédinger equation and
to reduce the algebraic multiplicity of the zero eigenvalue of the spectral stability
problem. Some arguments on the construction of localized modes and eigenvectors
of the spectral stability problem can be simplified if V' (z) is even on R.
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A similar analysis can be developed for other versions of the nonlinear Schrodinger
equation and the Korteweg-de Vries equations. Accounts of these works can be
found in Tao [202] and Angulo Pava [11].

4.4.1 Linearized stability of localized modes

Let us assume the existence of the localized mode of the Gross—Pitaevskii equation
(4.4.1),

U(a,t) = p(a)e ", (4.4.2)

where ¢(z) : R — R and w € R are found from the stationary generalized Gross—
Pitaevskii equation,

—¢" () + V(2)p(x) — f(¢*)d(x) = wo(x), = €R. (4.4.3)

We assume that the map R 3 w — ¢ € H2(R) is CL. If V(—z) = V(=) for all
x € R, we also assume that

¢(=2) = ¢(z), zeR.

Thanks to the exponential decay of V(z) to zero as |z| — oo, if w < 0, then the
localized mode ¢ enjoys the exponential decay to zero such that

3C>0: |p(a)| < CeVIelel 2 eR.
Applying the standard linearization
U(@,t) = [6(x) + 2(z, )] 7",
we obtain the linearized Gross—Pitaevskii equation,
120 = —2g0 + V2 —wz — f(¢*)2 — ¢ (6%) (2 + 2). (4.4.4)
Separation of variables
2(z,t) = [u(x) + iw(z)] M
results in the spectral stability problem
Liu=- w, L_w=\u, (4.4.5)
associated with the Schrédinger operators,
Ly=-0;+V —w—f(6*) = 26°f'(¢"),
L_o=-924V —w-— f(¢?).

Since

L,(ﬁ = 07 L+aw¢ = ‘;b? (446)

the spectral stability problem (4.4.5) admits a non-trivial null space. Assuming

1d
Ker(Ly) =@ and (6,000)r2 = 5 - [16]7: #0,
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which are standard assumptions in Sections 4.2 and 4.3, the zero eigenvalue has
algebraic multiplicity one and geometric multiplicity two.

We say that (u,w) € L2(R) x L?(R) is symplectically orthogonal to the eigen-
vectors of the generalized kernel of the spectral stability problem (4.4.5) if

<u7 ¢>L2 = 07 <w: 8w¢>L2 =0. (447)

Under this condition, (u,w) € L?(R)x L%(R) belong to the invariant subspace of the
linearized problem (4.4.5), which is symplectically orthogonal to its two-dimensional
null space. Note that u belongs to the same constrained subspace L2 C L? as in
Sections 4.2 and 4.3, where the spectral stability problem (4.4.5) was reduced to
a generalized eigenvalue problem. In this section, however, we shall work with the
full system (4.4.5).

Besides the zero eigenvalue, the spectral problem (4.4.5) may have other isolated
eigenvalues and the continuous spectrum with possible embedded eigenvalues. To
single out the main ingredient of this section, we shall assume that no isolated and
embedded eigenvalues of the spectral stability problem (4.4.5) exist except for the
double zero eigenvalue. This assumption is not critical since symplectically orthog-
onal complements of invariant subspaces for isolated and embedded eigenvalues
can be constructed to reduce L?(R) to an invariant subspace for the continuous
spectrum of the spectral stability problem as in the work of Cuccagna et al. [43].

Under the assumption of no nonzero eigenvalues, we present the scattering theory
for the eigenfunctions of the spectral stability problem (4.4.5) associated with the
continuous spectrum. We shall prove the symplectic orthogonality and complete-
ness of these eigenfunctions in L? following the works of Buslaev & Perelman [25],
Pelinovsky [153], Cuccagna [41], and Krieger & Schlag [122].

For convenience of working with purely imaginary A, we set

A=iQ, u=U, and w=ill,
obtaining then L U = QW , L_W = QU, or explicitly

{ _U"(z) + U(x) + Vi (2)U(2) = QW (2), (4.4.8)

—W"(x) + W (z) + V_(2)W(z) = QU (=),
where ¢ = —w > 0 and
Vi=V = f(¢%) = 20°f'(¢*), V_:=V = f(¢?).

By the Weyl Theorem (Appendix B.15), the continuous spectrum of system (4.4.8)
coincides with the purely continuous spectrum of the limiting system

=U{ (x) + cUp(z) = QWo(z), —W{(z)+ Wo(z) = QUy(z). (4.4.9)

Using the Fourier transform, we can see that the only solutions of system (4.4.9)
in L*°(R) exist for 2 € (—o00, —c]U[¢, 00). Let us focus on the positive branch [¢, o)
and define

k=vVQ—¢c, p=vQ+ec
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It is clear that c is a branch point of the two-sheet Riemann surface for solutions
(U, W) of system (4.4.8) on the complex plane of Q. If arg(2 —c¢) = 0, then k € R4,
whereas if arg(2 — ¢) = 2w, then k € R_. In both cases, we can choose p € R.

We shall define two particular solutions u = (U, W) of system (4.4.8) for 2 =
¢+ k? with k € R according to the limiting behavior

lim w(z,k)e P =e_, lim us(z,k)e " =e,, (4.4.10)
Tr—>—00 Tr—r—00

where eL = (1,£1). These two solutions exist thanks to the exponential decay of
Vi (x) to zero as || — co. If Q2 € [¢, 00), the first solution u; (z, k) decays exponen-
tially to zero as * — —oo, while the second solution us(z, k) remains bounded as
T — —00.

Interpreting the terms with the potentials V4 () as source terms, we rewrite the
linear system (4.4.8) for u;(z) in the equivalent integral form

wi(z, k) = e’e_ —1/; [91+g2 9 _92] (y — ) {V+(y) ’ )} i (y, k)dy,

2 g1—92 g1tge 0 V. (y
where
sin(kx sinh(px
gi(z) = gﬁ )a g2(z) = #

Since Vi(x) decay to zero exponentially as £ — —oo, there exists a unique
solution for uj(z, k) for all z € R and all £ € R in the class of functions decaying
like eP* as x — —oo. When the solution u;(x, k) is extended to the opposite limit
T — 400, it may grow exponentially to infinity according to the limiting behavior

; —pz _
zBI-Poo uy(z, k)e P = A(k)e_, (4.4.11)
where
1
Alk) =1+ A (Ve ()Ur(y, k) = V- (y)Wi(y, k) e dy

and u; = (Ul, Wl)

The integral equation for a bounded solution us(z, k) cannot be found from the
linear system (4.4.8) in the same way as the solution u;(z, k) because the integral
operator with the kernel go(x) is not well-defined on the class of bounded functions.
To derive the equivalent integral equation, we need to follow the steps of a reduction
procedure described by Buslaev & Perelman [25].

Let us first rewrite the system (4.4.8) in vector variable

:<U+W U—W>

2 2
as follows:
(=92 +¢)p+ Ve =Qozp, (4.4.12)
where
o | V16 -2 f(e?) —6*1'(¢?) }:{m Vs

. (4.4.
LR V@) - | LV %] (4.4.13)
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The solution u; (z, k) transforms to the solution ¢, (z, k) that satisfies the integral
equation

pi(z, k) =ePes — /

—00

g1y — ) 0 X
{ 0 92y — ) V(y)e1(y, k)dy,

where {e;,e;} is a standard basis in C2. Let us look for the bounded solution
@5 (z, k) in the form

zo(x, k)

po(w, k) = 20(z, k)opy (2, k) + 21(x, K)er,  Ouzo(w, k) = e12(z, k)

(4.4.14)

where z1(z,k) and z2(z, k) are new variables and ¢12(x, k) # 0 at least for large
negative x.
Substitution of (4.4.14) into system (4.4.12) leads to the system of equations

a, d,
— (02 + k%) 21 + <V1 - —Zj“vz) 2z =2 ( 1 Pu “"12> 2 =0,
2

1 P12 4%7%2
O
— (0 +p) 22+ Vaoz + (p— %) 29 = 0.
12

The Green function can be constructed for large negative values of = because the
potential-free equation for zo has only a growing solution as x — —oo and the new
potential terms decay exponentially as z — —oo thanks to the representation

Vi — @VZ _9 (8w<,011 _ 90113w<,012)
V= 12 P12 ol
Vo _ UzP12

P12

Incorporating the boundary condition for ug(z,k) (and thus for ¢, (x,k)), we

{Vn V12}
Vor Voo |7

rewrite the differential system for z1(x, k) and z9(z, k) in the equivalent integral
form

arlok) = = [ I (e 00) + Vit K200, )

z(z, k) = / ") (Vi (g, k)2 (9, K) + Vaa(y, K)za(y, b)) dy.

It follows from the system of integral equations that zo(z, k) decays exponentially
to zero as ¥ — —oo with the exponential rate of the potential Vo1 = V5, while
z1(x, k) remains bounded as x — —oo. Integrating the first-order equation for
20(z, k), we obtain the bounded solution ¢, (z, k) in the final form

al,k) = 21(z, K)er + ( / %) o1, k),

where ¢ is at our disposal. Note that the term ¢, (x, k) multiplied by the integral
term decays exponentially to zero as x — —oo with the exponential rate of the
potential V5, while the integral term may grow as x — —oo. Therefore, g # —o0.

If A(k) # 0 in the asymptotic behavior (4.4.11), then V(z,k) decays to zero
exponentially fast as © — 400, so that z1(z, k) remains bounded and zs(z,k)
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decays exponentially to zero as x — —+oo. In this case, we can pick zg = +oo.
When the integral representation for zj(z,k) is extended to z — +o0, we obtain
the limiting behavior

21(x, k) = a(k)e™ +b(k)e ™% as x — +oo,

where the exponentially decaying term is not written and

1
2ik [

b(k) = ﬁ/nf]u (Vi1 (y, k)21 (y, k) + Vaia(y, k) z2(y, k)) dy.

a(k)=1 e~ kY Vi1 (y, k)21 (y, k) + Via(y, k)22 (y, k)) dy,

Coefficients a(k) and b(k) are referred to as scattering data and the construction
of eigenfunctions of the continuous spectrum resembles the construction of inverse
scattering for Lax operators (Section 1.4.1). The following limiting behavior of the
solution uy(z, k) follows from the construction above for any A(k) # 0:

uy(z, k) — [a(k)eikz + b(k)eii’"] ey as x— +oo. (4.4.15)
Combining the previous computations, we have proved the following lemma.

Lemma 4.21 There exist bounded solutions uy(x, k)e™P* and us(z, k)e ** for
any x € R and k € R\{0} of the linear system (4.4.8) that satisfy the boundary
conditions (4.4.10) and (4.4.11). Moreover, if A(k) # 0, then us(z, k) also satisfies
the asymptotic behavior (4.4.15).

Since the system of equations (4.4.8) is real-valued for real 2, we obtain imme-
diately that

uy(z, k) = wi(z, —k), wa(x,k)=1z(z,—k), z€R, keR,
so that
a(k) = a(—k), bk)=b(—k), keR. (4.4.16)

We need two more solutions of system (4.4.8), which would exhibit similar behavior
as * — +oo. If we adopt the assumption that V(z) is even on R (merely for a
simplification of algebra), these two solutions are obtained by the inversion z — —z,

wi(z, k) =ui(—z, k), wax, k) =us(—2,k), z€R, keR (4.4.17)

Exercise 4.32 Let uy = (Uy,W;) and uy = (U, W2) be any two solutions of
system (4.4.8) for ; and Q5 respectively. Let W[uy, uz] be the Wronskian between
the two solutions in the form

Wiluy, ug] = Uy (z)Us(z) — U (2)Us(z) + Wi (z)Wi(x) — Wi (x)Wa(z). (4.4.18)
Show that
%W[ul, UQ} = (Ql — Qz) (Ul (I)Wz({l’) + W1 (I)UQ(ﬁ)) ; T € R, (4419)

so that W[uy, ug] does not depend on z if Oy = Q.
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Lemma 4.22 Let ui(x, k) and ua(z, k) be solutions of (4.4.8), which satisfy the
boundary conditions (4.4.10), (4.4.11) with A(k) # 0, and (4.4.15). Then, for any
k € R\{0}, we have

la(k)|*> — |b(k)|> =1, b(k) = —b(k). (4.4.20)

Proof The first scattering relation follows from the direct computations of the
Wronskian Wug, G| for & — +oo:

Wlug, Gg] = —4dik = —4ik(|a(k)|> — |b(k)[*), keR.
The second scattering relation follows from similar computations:
Wlug, wo] = —dika(k), W (ug, W) = —4ikb(k) = 4ikb(k), k€ R.
The value k£ = 0 is to be excluded from consideration. O

We shall now identify important cases when this generic construction of bounded
solutions of system (4.4.8) may break.

Definition 4.9 We say that Q € [¢,00) is an embedded eigenvalue if A(k) =0
and there exists B(k) # 0 such that u;(z, k) satisfies
lim wi(z,k)e’® = B(k)e_.

T—+00

We say that Q € [¢,00) is a resonance if A(k) # 0 and there exists b(k) # 0 such
that uy(z, k) satisfies

. ikx __
zgr_,r_loo uy(z, k)e™ = b(k)ey.

Lemma 4.23 No resonances may occur for 2 € (¢, 00).

Proof If Q € (c,00), that is k € R\{0}, the resonance condition is equivalent
to a(k) = 0 in the limiting behavior (4.4.15). However, the condition a(k) = 0
contradicts the constraint (4.4.20) for any k € R\{0}. Therefore, resonance may
occur only for k=0 (Q = ¢). O

Remark 4.9 Resonances may lead to bifurcations of exponentially decaying so-
lutions of the linearized system if a perturbation to the potential terms is applied.
Resonances with k = 0 are referred to as the edge bifurcations [107, 42], for which
new isolated eigenvalues bifurcate from the end point of the continuous spectrum.
Note that a(k) and b(k) are singular as k — 0 if £ = 0 is not a resonance and they
are bounded as k — 0 if £ = 0 is a resonance.

To define the symplectic orthogonality of the bounded eigenfunctions, we use the
symplectic inner product defined by

\7[1117112} = ‘/]R (Ul(l')WQ(.f) + Wl(x)Ug(l')) d.’L‘,

for any two solutions uy = (Uy, Wi) and ug = (Us, Wa) of system (4.4.8). Although
the eigenfunctions us(x, k) are not orthogonal because of the quadratic dependence
of Q = ¢+ k? versus k, one can correct the definition of the wave functions to
regain the standard orthogonality relations of the eigenfunctions. The following
lemma gives the relevant calculation.
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Lemma 4.24 Let us(z, k) and wa(z, k) be solutions of system (4.4.8) for Q =
¢+ k%, which satisfy (4.4.10), (4.4.15), and (4.4.17). The wave functions

1 u2($7 k): k > Oa
k) = ———r 4.4.21
V(@ k) Vira(k) { wa(z,—k), k<0, ( )
are orthogonal such that
j[v('a k)vv('v k,)} = 5(k - kl), (4.4.22)

where §(k) is Dirac’s delta function in the distribution sense.

Proof For any solutions u(z, k) of system (4.4.8) with Q = ¢ + k%, the Wronskian
identity (4.4.19) implies that

W[u('» k)v ﬁ('7 k/)] e

j[“(’v k)v ll(‘, kl)} = k2 — (k/)2

(4.4.23)

T—r—00
Using the standard identity for the Dirac delta function,

ikx

A =W, RER,

we can see that the main contribution of the right-hand side in (4.4.23) occurs at
k' = k and ¥’ = —k. Both contributions are to be considered separately because of
the piecewise definition (4.4.21).

Without loss of generality, we take k > 0 and u(z, k) = ua(x, k). For &/ =k > 0,
we take u(z, k') = ug(z, k') and for k' = —k < 0, we take u(z, k') = wa(x, —k').
Performing tedious but straightforward computations with the use of boundary
values (4.4.10) and (4.4.15), we obtain

T, k), u(-, k)] = 2m [L+|a(k)]> + |b(k)|*] 6(k — k') + 27 [b(k) + b(k)] 6(k + k')
= 4rla(k)[?6(k — k),

where the last equality is obtained from identities (4.4.16) and (4.4.20). The orthog-
onality condition (4.4.22) follows from the normalization of v(z, k) in the definition
(4.4.21). O

The branch (—oo, —¢] of the continuous spectrum can be obtained from the sym-
metry of system (4.4.8). If u = (U, W) solves (4.4.8) for > 0, then ozu = (U, -W)
solves (4.4.8) for —Q < 0.

With the help of Lemma 4.24, one can uniquely decompose any element in the
invariant subspace of L? associated to the continuous spectrum of the linear problem
(4.4.8) by the generalized Fourier integrals over the wave functions v(z,k) and
o3v(z, k). This decomposition is given by

u(z) = / i (Kyua(z, k)dk + / o_ (K)osus(z, k)dk, (4.4.24)
R R
where the symplectic orthogonality gives the coefficients of the decomposition,

ay (k) =T, v(- k)], a_(k) =T osv(-, k)], keR. (4.4.25)
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This representation formula implies the completeness relation for the wave func-
tions v(z, k) and o3v(zx, k),

1

E [V(.Z7 k) ® ‘_,(y7 k) + U3V($7 k) ® 03\_’2(y7 k)} dk = I(s(x - y)7 T,y € R>
R

(4.4.26)
where [ is the 2 x 2 identity matrix and

{ U1 } { w1 } { Urwz  ULW1 }

u= , W= DouR®w: = .

U2 W2 UgW2  U2W1

The completeness relation (4.4.26) follows from analysis of the resolvent of the
linearized operator, which has a jump across the continuous spectrum at (—oo, —c]U
[¢,00).

Let us illustrate the orthogonal decomposition (4.4.24) for the explicit example
of the cubic focusing NLS equation,

il/)t + 1/)9590 + 2‘1/421/] =0.

Therefore, we take V(z) = 0 and f(|¢|?) = 2[%|?, and we recall that ¢(z) =
V/|w[sech(y/w|z). Eigenfunctions of the linear system (4.4.8) were explicitly writ-
ten by Kaup [109], who proved the completeness relation (4.4.26) by explicit com-
putations.

Since the linear system (4.4.12) admits V (z) in the explicit form

V() = 2fulsec®(y/Tol) [ 2! ] |

we can set w = —1 by a scaling transformation. The eigenfunctions uy (z, k) and
us(z, k) of the continuous spectrum [1,00) of the linear system (4.4.8) with ¢ =1
are available in the closed form [109]:

wioity = [(1- 220 Y (1) s ()]

and

Looking at the limits © — 400, we obtain

A(k)_(ijri)2, a(k)—<z+i>2, b(k) =0, keR.

Recall that p = vV1+Q, k= +v/Q —1, and Q € [1, 00). Therefore, A(k) # 0 for all
k € R and no embedded eigenvalues exist. On the other hand, £ = 0 (2 = 1) is the
resonance according to Definition 4.9.

Exercise 4.33 Confirm the orthogonality and completeness relations (4.4.26) for
the eigenfunctions v(z, k) and o3v(z, k) by explicit integration.
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Combining the contributions from the discrete and continuous spectrum of the
spectral problem (4.4.5), a general solution of the linearized Gross—Pitaevskii equa-
tion (4.4.4) can be written in the form z(z,t) = u(z,t) + iw(z, t) with

1 ms
+Za € ( (1) )+tu(2)( )+"'+71'tmj_lll§ J)(x)>,

(m; —1)!

where the summation »_; includes each isolated and embedded eigenvalue A; of the
spectral problem (4.4.5) with the account of their algebraic multiplicity m; and the
2 (MJ)}

y .

. . 1
set of generalized eigenvectors {ug ), u;”, ..

Exercise 4.34 Write explicitly the decomposition in terms of eigenvectors (4.4.6)
for the zero eigenvalue of the spectral problem (4.4.5) and show that the linear
growth is absent if (u, w) satisfies the symplectic orthogonality conditions (4.4.7).

Thanks to the completeness of the eigenvectors of the spectral problem (4.4.5),
the Cauchy problem for the linearized Gross—Pitaevskii equation (4.4.4) is well-
posed and there exists a global unique solution

2(t) € C(R, H*(R)) N C*(R, L(R)).

This implies that the series of eigenfunctions converges absolutely for any ¢ € R,
that is, the eigenvectors provide a Schauder basis in L2(R). The following theorem
summarizes the linearized stability of the localized mode ¢ in the sense of Definition
4.2.

Theorem 4.14 Consider the linearized Gross—Pitaevskii equation (4.4.4) with
V(z) and ¢(z) decaying exponentially to zero as |x| — oo. Then, the following
hold:

(i) If there exists at least one eigenvalue with Re(X) > 0 in the spectral problem
(4.4.5), the localized mode ¢ is linearly unstable and the perturbation z(t) grows
exponentially as t — +o00.

(i) If there exists a pair of multiple purely imaginary eigenvalues or the zero eigen-
value of algebraic multiplicity higher than two in the spectral problem (4.4.5),
the localized mode ¢ is linearly unstable and the perturbation z(t) grows alge-
braically as t — +o0.

(iii) If the spectrum of the spectral problem (4.4.5) has only semi-simple purely
imaginary eigenvalues (isolated or embedded), the zero eigenvalue of algebraic
multiplicity two and no other eigenvalues, the localized mode ¢ is linearly stable
and the perturbation z(t) remains bounded as t — +o00.

Exercise 4.35 Assume that the zero eigenvalue of the spectral problem (4.4.5)
has algebraic multiplicity four and geometric multiplicity one (under the condition
that L ¢[|2, = 0). Prove that the localized mode ¢ is linearly unstable and the
perturbatlon z(t) = u(t)+iw(t) grows algebraically as t — +oo even if (u, w) satisfy
the constraints (4.4.7).
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Exercise 4.36 Assume that the spectral problem (4.4.5) has a pair of purely
imaginary eigenvalues of algebraic multiplicity two and geometric multiplicity one.
Prove that the localized mode ¢ is linearly unstable and the perturbation z(t) grows
algebraically as t — 4o00.

The key to the linearized analysis is the completeness property of the bounded
eigenfunctions of the linearized Gross—Pitaevskii equation. We note that for a gen-
eral non-self-adjoint operator, the eigenfunctions may only form a dense set in space
L? but not a basis in L? [36].

The completeness property of the eigenfunctions can also be studied by other
techniques. In the space of three dimensions, the wave operator formalism shows
isomorphism of the linearized problem with exponentially decaying potentials and
the free linearized problem without potentials [43]. Unfortunately, the wave operator
methods do not work in the space of two spatial dimensions.

For problems with a purely discrete spectrum, e.g. arising in the linearization of
periodic wave solutions, the completeness property of eigenfunctions can be estab-
lished with the spectral theory of non-self-adjoint operators [85].

4.4.2 Orbital stability of localized modes

Let us assume again the existence of the localized mode (4.4.2) in the stationary
Gross—Pitaevskii equation (4.4.3). The localized mode ¢ is a critical point of the
energy functional E,(u) = H(u) — wQ(u) in function space H'(R) (Section 3.1),
where H(u) and Q(u) are conserved energy and power of the Gross-Pitaevskii
equation (4.4.1),

ul?
/ <|8,;u|2 +V0|ul? - f(s)ds> dz, Q(u)= / [u|?dz.
R 0 R

Let D(w) = E,(¢) and assume that the map R > w ~ D is C2. Since ¢ is
real-valued, we have

D' (w) = 2(VaE(¢) — wVaQ(0),0u0) 12 — Q(¢) = —|0[|7- (4.4.27)

H(u)

and
DN(W) = —7H¢||2 (4 4 28)
) L2 A

Assume that, for this localized mode ¢, the linearized operator L has only one
negative eigenvalue and no zero eigenvalues (that is, n(Ly) = 1 and z(Ly) = 0)
and that the linearized operator L_ has no negative eigenvalues and a simple zero
eigenvalue (that is, n(L_) = 0 and z(L_) = 1). Theorem 4.8 holds under these
assumptions and states that the localized mode ¢ is spectrally stable if D”(w) > 0
and is spectrally unstable if D" (w) < 0.

We will now show that the variational structure of the Gross—Pitaevskii equa-
tion (4.4.1) can be used to prove orbital stability from spectral stability avoiding
the complexity of the linearized stability analysis. This theory is the oldest in the
stability analysis of localized modes and dates back to the first papers by Shatah
& Strauss [189] and Weinstein [211], summarized in the two papers of Grillakis
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et al. [74, 75]. We will only review the stability part of the orbital stability/instability
theorems. The proof of the stability theorem is similar to the proof of the first
Lyapunov Theorem on stability of a center point in a dynamical system with a
sign-definite energy.

Theorem 4.15 Assume that the stationary Gross—Pitaevskii equation (4.4.3) ad-
mits an exponentially decaying solution ¢ € H'(R) for a fived wo < 0. Assume
that the map R > w +— ¢ € H2(R) is O near wg. Furthermore, assume for this wy
that

n(Ly)=1, z(Ly)=0, n(L_)=0, z(L_)=1

The solution ¢g is orbitally stable in energy space H'(R) in the sense of Definition
4.8 if D" (wp) > 0.

Proof Let us expand the energy functional E, (1)) using the decomposition
P =¢o +u+iw,
where (u,w) € H'(R) x H'(R) are real. Then, we obtain
B, (1) = D(wo) + (L, u) 2 + (L_w,w) 2 + Ey (u,w), (4.4.29)

where the remainder term F,,(u,w) contains cubic and higher-order terms in ||ul| g
and ||w|| g1 -
Let us consider the constrained energy space,

H!={uec H'R): (u,do)r> =0} (4.4.30)

and use the orthogonal projection operator P, : L? — L? C L. Because

(L3 60, 60} 22 = (D, o)z = 5D (o),

operator P.L. P. has no negative or zero eigenvalues if D" (wg) > 0 (Theorem 4.1).
Therefore, the quadratic form associated with P.L P, is coercive and

3C>0: YueH!: (Liu,u)re > Cllul?n. (4.4.31)

On the other hand, ¢ is an eigenvector of L_ for the simple zero eigenvalue, hence,
operator P.L_ P, also has no negative or zero eigenvalues. We infer again that the
quadratic form associated with P.L_ P, is also coercive and

3C>0: YweH!: (L_w,w)p:>Cllw|i. (4.4.32)

Let T(0)¢o := e"%¢ be the orbit of the localized mode ¢y in H(R) for a fixed
€> 0. Let ®. C H'(R) be an open e-neighborhood of the orbit defined by

. ={y e H(R): inf |l ~ e ool < e} (4.4.33)
Let us consider the decomposition

Y Eed : = (p(w)+utiw)e (4.4.34)
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where ¢(w) is the map R 3 w — ¢ € H?(R) near w = wy and the parameters
(w,0) € R? are defined by the constraints (u,w) € H! x H}. The constraints can
be rewritten as a scalar complex-valued equation,

F(0,w) := (%, ¢o) 1> — (d(w), do) 2 = 0. (4.4.35)

For any small € > 0 and any ¢ € @, let 6y be the argument of infycg || —
e 0ol 1. Therefore, if ¢ = e7% ¢y 4 4, then ||1)|| g1 < € and

F(eo,wo) = <6ig01;,¢0>[,2 = dC>0: |F(090,UJO)| < Ce.
On the other hand, derivatives of F'(6,w) at (6p,wp) can be computed in the form

99 F (0, wo) = il|pol|7> + (e, po) 2,

0 F (0o, wo) = —(0uo, do) 12 = %D"(Wo)-

Since both derivatives are nonzero for small € > 0, the Implicit Function Theorem
states that there is a unique solution of equation (4.4.35) for (8,w) near (A, wp) for
small € > 0 such that

AC>0: Yped.: |w—wy<C¢ [0—06y <Ce (4.4.36)

Expanding the energy function E,, (1) using the decomposition (4.4.34), we ob-
tain

E,(¢) =D(w) + (Lyu,u)r2 + (L_w,w) 2 + Ew(u7 w),

where operators Ly are now computed at ¢ and w. Thanks to computation (4.4.27),
we know that

Eu(¢(w)) — Ew(¢o) = D(w) — D(wo) + (w — wo)Q(¢o)
= %D”(wo)(w —w)? 4+ O(w — wp)®.
On the other hand, the quadratic forms involving L, and L_ can be computed
at ¢ = ¢g and w = wy with the truncation error of the order
O(lw = wol (lullFpr + llwlF))-

As a result, we obtain the expansion

1
Eu(¥) = Eu(¢o) = EDH(WO)(UJ —w0)® + (Lyu,u) 2 + (Low, w) 2
+0 ((w—wo)® + (w —wo) (full s + wlFr) + (ullmr + llwllg)?) -
We note that for all @ € R and all u € H},

(L (adudo + 1), (adudo + 1)) 12 — —%aQD”(wo) Ly ge. (4437)

Thanks to bounds (4.4.31) and (4.4.32), equality (4.4.37), and the positivity of
D" (wyp), we obtain the lower bound
<L+u, u>L2 + (L,w,w)Lz >C (H(w — w0)8w¢0 + U”%p + Hw||ip)
= C (l¢(w) = o + ullfp + [lwllF) + O((w — wo)?, (w — wo)?[lull 1)
= Clle’p = ¢ollF + O((w = wo)?, (w — wo)?||ull ).
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As a result, for sufficiently small € > 0, there is C > 0 such that for all ¢ € &, we
have

Bu($) ~ Buldo) > 50" (wo) (@ —wo)? + C uk |16 — e goll3.  (4.4.38)

If ¢ is a time-dependent solution of the Gross—Pitaevskii equation (4.4.1), then
E(v) and Q(v) are constant in time. The left-hand side of the bound (4.4.38) can
be related to the conserved quantities by

Eu(¢) — Eu(¢o) = E(¥) — E(¢o) + wo(Q(¥) — Q(¢o)) + (w — wo)(Q(¥) — Q(o))-

The linear term in (w — wp) can be combined with the positive quadratic term on
the right-hand side of the bound (4.4.38) to obtain

[Q(¥) — Q(do)]?

C inf 1 — e ol 3 < E(¥) — E(¢o) +wo(Q(¥) — Q(¢o)) + D)

and

1 " Q(W - Q(¢0) :
0" (a0 - X 5)
Q) — Qo))

< B() ~ Bldo) + QW) ~ Q(o0)) + =g S

Let ¢|i=0 = 1o be the initial data for the Gross—Pitaevskil equation (4.4.1).
Then, E(¢) = E(¢p) and Q(¢) = Q(¢ho) for all ¢t > 0. For any € > 0, there is § > 0
such that for any ¥y € @5, we have ¥ € ®, for all ¢ > 0 under the condition

[Q(1h0) — Q(¢o))?

4C > 0: 062 < E(’(/)O) - E(¢0) +WO(Q("/)O) - Q(¢O)) + ZDN(W()) ’

where the right-hand side goes to zero as § — 0. This is precisely the orbital stability
of the localized mode ¢g in the sense of Definition 4.3. O

Under the same assumptions, the instability theorem from [74, 75] states that
the localized solution ¢q for a fixed wy < 0 is unstable if D" (wy) < 0. Since the
spectral stability problem has a real positive eigenvalue under the same condition
D" (wg) < 0, the instability theorem is not surprising. It simply confirms that
the spectral and linearized instabilities imply orbital instability. The proof of the
instability theorem is similar to the proof of the second Lyapunov Theorem on
instability of a saddle point in a dynamical system with a sign-indefinite energy
function.

Exercise 4.37 Prove orbital stability of the fundamental localized mode of the
discrete nonlinear Schrédinger equation,

iwn + f(d)n+1 - 2¢n + wnfl) + |wn‘2wn = 07 nc Z>

which converges as € — 0 to the solution v, (t) = €!'6, o supported at the node
n = 0.
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4.4.3 Asymptotic stability of localized modes

Let us assume again the existence of the localized mode (4.4.2) in the station-
ary Gross—Pitaevskii equation (4.4.3). Assume further that the spectral stability
problem (4.4.5) has no nonzero eigenvalues and no resonances at the end points of
the continuous spectrum in the sense of Definition 4.9. We also assume that the
condition

d
D"(w) = =6l > 0

is satisfied so that the localized mode ¢ is stable spectrally, linearly, and orbitally.
To simplify computations, we substitute f(|6|?) = |1|?? into the Gross—Pitaevskii
equation (4.4.1),

Wy = —tae + V(@) — [¢]*P9, (4.4.39)

where p > 0. Under the above restrictions, we shall prove the asymptotic stability
of the localized mode ¢ in the sense of Definition 4.4.

Asymptotic stability of solitary waves in nonlinear Schriodinger equations has
been considered in many papers. The latest development includes analysis of the
one-dimensional NLS equation by Buslaev & Sulem [27] for p > 4 and by Mizumachi
[141] and Cuccagna [41] for p > 2.

Using a fixed bounded potential V'(x), Mizumachi [141] proved asymptotic stabil-
ity of small bound states bifurcating from the lowest eigenvalue of the Schrédinger
operator L = —02 + V(z) (Section 3.2.1). He needed only the spectral theory of
the self-adjoint operator since spectral projections and small nonlinear terms were
controlled in the corresponding norm. Pioneering works along the same lines are
attributed to Soffer & Weinstein [193, 194, 195], Pillet & Wayne [169], and Yau &
Tsai [218, 219, 220].

Compared to this approach, Cuccagna [41] proved the asymptotic stability of
nonlinear symmetric bound states in the energy space of the nonlinear Schrédinger
equation with V' (z) = 0. He invoked the spectral theory of non-self-adjoint operators
arising in the linearization of the nonlinear Schrédinger equation, following earlier
works of Buslaev & Perelman [25, 26], Buslaev & Sulem [27], and Gang & Sigal [62,
63]. If additional isolated eigenvalues are present in the spectral stability problem,
these eigenvalues can be studied with the Fermi Golden Rule by the normal form
transformations [27, 41, 62, 63].

Let us decompose the solution ¢ to the Gross—Pitaevskii equation (4.4.39) into a
sum of the localized mode ¢ with time-varying parameters (w, #) and the dispersive
remainder z using the substitution

Y(x,t) = e 00 (p(z;w(t)) + 2(x, 1)), (4.4.40)

where parameters (w,8)(t) : Ry — R? represent a two-dimensional orbit of the
stationary solutions e '“!+®¢ (their time evolution will be specified later) and
z(z,t) : R x Ry — C is a solution of the time evolution equation

i2p = —2pp + Vz —wz — ¢z — pd?P (2 + 2)
(W= 0)(¢+ 2) —iwdy¢ — N(2), (4.4.41)
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where
N(z) = ¢+ 2P (¢ + 2) — §*PT! — %P2 — pg™P (2 + 2).

The linearized evolution is characterized by the linearized Gross—Pitaevskii equa-
tion (4.4.4), which transforms to the non-self-adjoint eigenvalue problem (4.4.5) in
variables u = Re(z) and w = Im(z).

To determine the time evolution of varying parameters (w,#) in the evolution
equation (4.4.41), we shall add conditions (4.4.7) that tell us that z is symplectically
orthogonal to the two-dimensional null space of the linearized problem (4.4.5), or
equivalently,

(Re(2), ¢) 2 = (Im(z), 0u@) 2 = 0. (4.4.42)

Note that the symplectic orthogonality (4.4.42) is different from the constraints
on Im(z) = w € L? used in the proof of the orbital stability theorem (Theorem
4.15). We shall prove that the symplectic orthogonality conditions (4.4.42) define a
unique decomposition (4.4.40) if ¢ belongs to a neighborhood of the localized mode
¢o for a fixed wy < 0. (This neighborhood was denoted by ®. in Section 4.4.2.)

Lemma 4.25 Fiz wy < 0 and denote ¢p(x;wy) by ¢o. There exists 6 > 0 such that
any ¥ € H*(R) satisfying
¥ = dollaz <6 (4.4.43)

can be uniquely decomposed by (4.4.40) and (4.4.42). Moreover, there exists C > 0
such that

lw—wo| <Co, 10| <C6, |z|lgz <C6 (4.4.44)
and the map H*(R) 3 ¢+ (w,0,2) € R x R x H3(R) is a C' diffeomorphism.
Proof Let us rewrite the decomposition (4.4.40) in the form

z=e? (Y —¢o)+ (00— ). (4.4.45)

First, we show that the constraints (4.4.42) give unique values of (w, #) satisfying
bounds (4.4.44) provided that bound (4.4.43) holds. To do so, we rewrite (4.4.42)
and (4.4.45) as a fixed-point equation F(w,0) = 0, where F(w,0) : RZ — R? is
given by

F(w,0) = F(w,0) + Fa(w,0),

with
B ) — bl )
P (w, 0) = (%o CO'S'9 & D)L  Fa(w,0) = (Re(y) ¢0); )L .
(¢osinb, 0y, ¢) 12 (Im(v) — ¢o)e'’, 0,¢) L2
We note that the map R? 3 (w, ) — F; € R? is C! such that F;(wp,0) = 0 and
| {=0udo, Po) L2 0 }
DF1(wo,0) = { 0 (¢0,0u0)r> |

On the other hand, there is C' > 0 such that for all (w, ) € R?, we have
[F2(w,0)] < C6,
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thanks to the bound (4.4.43). Since (9,00, do)r2 < 0, DF1(wp,0) is invertible. By
the Implicit Function Theorem, there exists a unique root of F(w, §) = 0 near (wy, 0)
for any ¢ satisfying (4.4.43) such that the first two bounds (4.4.44) are satisfied
and the map H%(R) 3 ¢ — (w,0) € R? is a C! diffeomorphism thanks to the fact
that F is linear in ¢. Finally, a unique z and the third bound (4.4.44) follow from
the representation (4.4.45) and the triangle inequality. O

Recall that there exists a 7' > 0 and a local solution
»(t) € O([0, T], H*(R)) N C*([0, T], L*(R))
to the Gross—Pitaevskii equation (4.4.39) (Section 1.3.1). Assuming that
(w,0) € C'([0,T],R?),

we define the time evolution of (w, #) from the symplectic projections (4.4.42) of the
evolution equation (4.4.41). The resulting system is written in the matrix—vector

form,
Alw, ) { a.fw } — g(w, 2), (4.4.46)
where
Al ) = [ (0u6,9) — (Re(2), 0u)re  (Im(2),9) 12 }
’ (Im(2), 92¢) 2 (¢ +Re(2)), @) 12
and

g(w,2) = — (Re(N(2)), 0 0) 12

Using an elementary property for power functions, for all a,b € C there is C' > 0
such that

(Im(N (=), 0} } |

|la +b* (a +b) — |al*’a — (1 + p)|al*’b — pla|**~*a®b| < C(Jal*P~b]* + []*+1).

As a result, there is C' > 0 such that the vector fields of the evolution equations
(4.4.41) and (4.4.46) are bounded by

IN(2)] < C (16%P712% + 2P, (4.4.47)
lg(w, 2)I < C (922l Lr + |9z 11) - (4.4.48)

Similar to the proof of Lemma 4.25, it follows that if z is small in L?, then A (w, 2)
is invertible and there is C' > 0 such that solutions of system (4.4.46) enjoy the
estimate

o] + 10 = w| < C (1672°|s + 162"+ 1) - (4.4.49)

The bound (4.4.49) shows that if § > 0 is small and sup,¢jo 7y [|2]|gz < C0 for
some C' > 0, then

lw(t) = w(0)| < C(T)8?, ’9@) —/Otw(t')dt’ <C(T)8*, telo,T],
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for some C(T) = O(T') as T — oo. These bounds are smaller than bounds (4.4.44)
of Lemma 4.25 if T is finite. They become comparable with bounds (4.4.44) if
T = O(67!) as § — 0. Our main task is to extend these bounds globally with
C(T)=0(1) as T = o0.

By Theorem 4.15, the localized mode ¢g € H'(R) is orbitally stable, hence a
trajectory of the Gross—Pitaevskii equation (4.4.39) originating from a point in a
local neighborhood of the localized mode ¢y remains in a local neighborhood of the
orbit e ¥¢q for all t € R,. To prove the main result on asymptotic stability, we
need to show that the trajectory approaches the orbit e ¢, as t — oo, where ¢,
corresponds to ¢ for the value w = w in a local neighborhood of the value w = wy.
The following theorem gives asymptotic stability of the localized mode ¢y.

Theorem 4.16 Assume that V(z) decays exponentially to zero as x — +oo and
supports no end-point resonances at the continuous spectrum. Fix p > 2, wg < 0,
and small 6 > 0 such that 0(0) = 0, w(0) = wp, and

l[uo — ¢oll > < 6.
There ezist wo, < 0 near wy < 0, (w,0) € C*(R4,R?), and
2(t) = ?DP(t) = ¢(5w(t) € ORy, HA(R)) N O (Ry, L (R)) N L*(R+, L7(R))
such that ¥ (t) solves the Gross—Pitaevskii equation (4.4.39) and

lim w(t) = wee, i [[6(-1) — e O(;0(0) [~ = 0.

t—o0

In order to prove Theorem 4.16, we need dispersive decay estimates for the lin-
earized Gross—Pitaevskii equation (4.4.4). Pointwise decay estimates were obtained
by Buslaev & Perelman [25, 26] and the Strichartz estimates were considered by
Mizumachi [141] and Cuccagna [41].

Let P, : L? — L? be the symplectically orthogonal projection to the invariant
subspace associated to the continuous spectrum of the linear problem (4.4.8) on
[¢,00). From Section 4.4.1, we have

Vue L2(R,C2): (e HP u)(z) = / G (B)v(, k)dk,
R
where a (k) = Ju,v(-, k)] and

0 L_
H_{L+ 0 }

We need the following definition to set up the dispersive decay estimates.

Definition 4.10 We say that (r,s) is a Strichartz pair for the Gross—Pitaevskii
equation if 2 < r,s < 0o and

4 2
-+-<1
r s

In particular, (r,s) = (4,00) and (r,s) = (00, 2) are end-point Strichartz pairs.
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The linearized evolution e™'#*P, u satisfies the pointwise dispersive decay esti-
mates [26], which are translated to the time-averaged dispersive decay estimates.
Let us define the function space LY L for some p,q > 2 by

T l/p 1/!1
||f||L¢Lg—</O |f<~,t>|§3dt> Wz = ([ Mol

for any T' > 0. The time-averaged dispersive decay estimates (or simply, Strichartz

estimates) are given by the following lemma [141, 41].

Lemma 4.26 Assume that V(x) decays exponentially to zero as x — foo and
supports no end-point resonances at the continuous spectrum in the sense of Defi-
nition 4.9. There exists a constant C > 0 such that

To control the evolution of the varying parameters (w,6), additional time-

e~ P, < Clfl2, (4.4.50)

fHL;‘LgomLf@Lg

t
/ e =3P o(s)ds (4.4.51)

0

< Cllgl o

L1+L1L2'
LALeNLF L2 el

averaged estimates are needed in one dimension, because the time decay provided
by the end-point Strichartz estimates is not sufficient to guarantee the integrability
of &(t) and (t) — w(t). Unless & € L} and § — w € L}, the arguments on the de-
cay of various norms of z satisfying the time evolution problem (4.4.41) cannot be
closed. The additional time-averaged estimates were obtained by Mizumachi [141]
and Cuccagna [41].

Lemma 4.27 Under the same assumptions on V, there exists a constant C' > 0
such that

a5/ P fl ey < Oz, (1.452)
t
(@) 2 [P g(s)ds| < Cllgluye (4.453)
0 L L?
100 Pty < ClE o (4.454)
t
@7 [ M OPgsas| < Clwglu, (1459
o LgOLf x Mt
t .
‘ax/ e =P o(s)ds < Cllgllpre, (4.4.56)
t .
| [ emepgeas <Cl@lglis.  @4457)
0 LiLeNL§e L2

where (z) = (1 4+ 22)/2.

Remark 4.10 Bound (4.4.53) is added to the list of useful bounds thanks to the
recent work [112] in the context of the discrete nonlinear Schrodinger equations.
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Using dispersive decay estimates of Lemmas 4.26 and 4.27, we can now prove
Theorem 4.16.

Proof of Theorem 4.16 Let z = (z,%2) and write the evolution problem for z as

i3z = Hoz — (0 —w)z + g1 + g2 + 3, (4.4.58)
where the new operator H,, = —92 —w+ V() contains the potential V,,(z) defined
by (4.4.13) (Section 4.4.1) and

: 1 . 1 N(z)
gl_i(eiw)¢|:1:|7 g2_7lwaw¢|:71:|7 g3_7|:N(Z):|
Since w is time-dependent, the operator H, is time-dependent too. However, by
Theorem 4.15, we know that w(t) remains locally close to the initial value w(0) = wy
for all ¢ > 0. Therefore, we represent

f{w = f{O - (W - wO) + Vw(x) - an(x)7

where Hy is obtained from H after w is replaced by wp and, for any w near wy and
any r > 0, there is C,. > 0 such that

()" (Vi = Ve )l poernnt < Crlw — wol. (4.4.59)

Unlike the term 6§ — w, the other term (w —wp) is not in L' and it has no spatial
decay in x. It introduces rotations of the phase of z(t). Let us consider the linear
evolution problem

1.03z(t) = Hoz — (w — wy)3z, (4.4.60)
z(0) = zo,

for zg = (20, o) and zg € H?(R). If we denote
H(t) = i Ji[w)—wodt’ f ioa [ [w()—wo]dt’
then the solution of the linear evolution problem (4.4.60) is given by

2(t) = ¢l Jo [w () —wo]dt’ ,—ios f§ A, — efiUSmZO’
where the last notation is introduced to simplify the representation. Thanks to the
proximity of w(t) to wq for all ¢ > 0, we can still use the dispersive decay estimates
of Lemmas 4.26 and 4.27 for the operator 03[:I acting on the invariant subspace
of L2(R) associated to the continuous spectrum of o3H,, for any ¢ > 0. Note that
the modulation equations (4.4.46) guarantee that the right-hand side of the time
evolution equation (4.4.58) belongs to the continuous spectrum of operator osH,
for any t > 0.

Let P.(w) be the orthogonal projection operator to the continuous spectrum of
o3H,, for any t > 0. By Duhamel’s principle, equation (4.4.58) can be written in
the integral form

_ t
a(t) = e 70y — i / e P ()3 (Fi(5) + Bo(s)) ds
0

B / 9B P, () (g1 () + g2(5) + ga(s) ds,  (4.4.61)
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where f, = (V, — V,,,)z and f; = — (@ — w)z. We introduce the norms
My =|l2llppes Mo = lzlliem, Mz =)~ 2] pe p2,

t
M4 = Hw —wOHL?o, M5 = H9 —/ w(t’)dt'
0

Lge

where the integration is performed on an interval [0,7] for any T € (0,00). Our
goal is to show that &, —w € L} and there exists T-independent constant C' > 0
such that

M1 + M2 S C (HZOHH; + M12 + M32) s (4.4.62)
Ms < C (||zollm: + M2Ms) (4.4.63)
My + M5 < CM3, (4.4.64)

where only quadratic terms are shown on the right-hand sides.
The estimates (4.4.62)—(4.4.64) allow us to conclude, by elementary continuation
arguments, that

My + Ma + M3 < Cllzol| g < CO
and

< 04,

t
o~z < 8%, o= [y
0 Lge

for any T € (0,00). In particular, we have z(t) € L*([0,T], L>=°(R)).

Let us consider now the continuity of the parameterization t — [w(t), 8(¢), z(-, t)].
By Theorem 1.2 (Section 1.3.1), there exist 7' > 0 and a solution of the Gross—
Pitaevskii equation (4.4.39) such that

(t) € C([0, T], H*(R)) N C1([0, T], L*(R)).

Hence, by the decomposition (4.4.40) we infer that z(t) € L°°([0,T], H*(R)). Once
that is established, we have by (4.4.46) that & and § — w are locally bounded
functions, hence w(t) and 6(t) are continuous on [0,7]. A reexamination of the
decomposition (4.4.40) yields that z(t) is continuous on [0, 7] as well, which results
in w(t),8(t) € CY([0,7]) from system (4.4.46). Then, the decomposition (4.4.40)
implies that

2(t) € C((0,T], H*(R)) N C*((0, T], L*(R)).
Theorem 4.16 holds for T = oco. In particular, since @ € L{ and [Jw — wo|[ze <

C62, there exists weo = lim_y00 w(t) in a local neighborhood of point wg < 0. In
addition, since z(t) € L*(Ry, L®(R)) and z(t) € C(R,, L°(R)), then

lim [[9(8) — e O (s w(t)[ze = lim [|l2(t)]| > = 0.

t—o0



288 Stability of localized modes

It remains to prove the bounds (4.4.62)—(4.4.64). By the bound (4.4.49) and
Sobolev’s embedding of H!(R) to L>°(R), for any p > %, we have

T
| et < € (a6 i a2l
e a2 Lo @) 220 )
<C(M3+Mrag)

where we have used the fact that ¢(z) decays exponentially to zero as |z| — oo for
any w < 0. We shall only keep the quadratic terms in Mj 234 5 on the right-hand
sides of the bounds. As a result, we obtain

T
M, g/ |w|dt < CMZ,
0
and, similarly,
T .
M < / |6 — w|dt < CM2,
0

which give the bound (4.4.64). Note that using a similar computation, we also
obtain

lflzz + 116 = wllze < C (\|¢QP*IIIL;>OL;I\z\IZLgoLgc + H¢>IIL§<>L;||Z|I2L’§-TL130)
< OMj.

To estimate Mj, we use the bound (4.4.52) for the first term of the integral
equation (4.4.61),

() =274 M g | oo 12 < Cll20]| 22

Since w, 0 —w € L} N L{°, we treat the terms of the integral equation (4.4.61) with
g1 and g» similarly. Using the bound (4.4.55), we obtain

t .
(o) 2 [ im0 P ) gals) s
0

. nl/2 - 01/2
< Ollooll 2 42) Dl 1 npe < Cllol 2NNl < CMa M.

rerz < Cl{@)g2llLr L

For g3, we use the bounds (4.4.47), (4.4.53), and (4.4.55) to obtain

t N
) ~9/2 /O B P () s (5)ds | e 1

< C(Ia)™ = 2%l pz + 127 1 22)

<c (||<x>*3/22|

_ 2p+1
LgoLf||ZHL§>°L;°H<$>5/2¢2p IHLg’QL; + HZHLZ%-:+1L?E(2P+L))

2p+1
<C (MQM3 + ||z||L1;j+lL2(2p+l)> :
P54
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To deal with the last term, we note that, if p > 2, then (r,s) = ((2p+1),2(2p+1))
is the Strichartz pair in the sense of Definition 4.10. In particular, they satisfy
4 + 2 <1
2p+1  2(2p+1) —

As a result, we obtain
2l 2ot s < C (Iellgng + lellagerz ) = C(My + M),

For the linear terms, we use the bound (4.4.59) and the previous estimates to obtain
t .
||<96>_3/2/ e M) P(w)os (fi(s) + Fa(s)) dsl| oo 12
0 T t

< C (18 - wlolzleers + 1@V = Voolls o @)/l 12)

< C(My + M3)M3.
Combining all these bounds together, we obtain the bound (4.4.63), where only
quadratic terms are written on the right-hand side.

To estimate M; and Ms, we use the bound (4.4.50) for the first term of the
integral equation (4.4.61),

le™ 7 2ol papenree 2 < Clizoll Lz

For the nonlinear terms involving g; 2, we use the bound (4.4.51) and obtain
For the nonlinear term involving g3, we use bounds (4.4.51) and (4.4.57) to obtain

The last two terms are estimated by

t ~
/ e =) P ()o@ (s)ds
0

L{LPNLL2

< Cllgallpizz < Cléllz0wdllLers < CM3.

t ~
/ e 1= P (1)) oags(s)ds
) LELg@NLE L3

< Cll@)°¢* 2212 + Ol lpage

[(2)? ™"~ 22| 22 < ”ZHingoH<x>5¢2p71“L§’°L§ < CM7
and
H22p+1||L}L§ S CHZH?;Z_L 1,22+ S C(Ml + M2)2p+17
; o
where p > 2 is used again. For the linear terms, we use the bound (4.4.59) and the
previous estimates to obtain

/t e_iU3I:I(t—S)PC(w)o-3 (f1(s) + f2(s)) ds
0

LiLeNL§e L2
< € (16— leg Il 2 + 1) 2T, = Vo sz o)™ 22l )
< C(May + M3)M;.
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We also need estimates on the time evolution of ||9;z|| e 2, which are obtained
with the use of the bounds (4.4.54) and (4.4.56) [41, 141]. Combining all elements
together, this construction completes the proof of the bound (4.4.62) and hence the
proof of Theorem 4.16. d

Recent works by Cuccagna & Tarulli [44] and Kevrekidis et al. [112] extended the
proof of the asymptotic stability to the localized modes of the discrete nonlinear
Schrodinger equation with power nonlinearity. The asymptotic stability of the stable
localized modes in the DNLS equation holds for the powers p > 3 because of the
slower dispersive decay estimates.



5

Traveling localized modes in lattices

Once we accept our limits, we go beyond them.
— Albert Einstein.

There is a point where in the mystery of existence contradictions meet; where movement is
not all movement and stillness is not all stillness; where the idea and the form, the within
and the without, are united; where infinite becomes finite, yet not.

— Rabindranath Tagore.

If we try titles like “mobility of breathers” or “moving solitons in lattices” on
the Internet, the outcome will include a good hundred physics publications in the
last twenty years. It is then surprising to hear from the author of this book that
no traveling localized modes in lattices generally exist, except for some non-generic
configurations of the discrete nonlinear Schréodinger equation in the space of one
dimension. This chapter is written to elaborate this provocative point in relevant
mathematical details.

It is true that traveling localized modes in nonlinear evolution equations with
constant coefficients such as the nonlinear Schrédinger and nonlinear Dirac equa-
tions can often be found from stationary localized modes by means of the Lorentz
transformation (Section 1.2.1). The periodic potentials break, however, the contin-
uous translational invariance of the nonlinear evolution equations and destroy the
existence of the Lorentz transformation.

To illustrate this point, we consider the cubic nonlinear Schrédinger equation,

i + Upe + [ufPu=0, zeR, teR,

which has the family of traveling solitons,

u(z,t) = \/2|w| sech [\/ |w|(x — 2t — s)} eic(g”*“)*i“’“rw7
with arbitrary parameters w < 0 and (c, s,0) € R3. However, the Gross—Pitaevskii
equation,
iy = —uge + V(z)u— |uPu, z€R, teR,

with a nonzero bounded periodic potential V(z), only has stationary localized
modes (Section 3.1),

u(z,t) = p(a)e Y,

with arbitrary parameters w < wy and 6 € R, where wy := info(L) and L =
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—02 + V(z). Moreover, these localized modes are centered at a countable discrete
set of positions {s,}nez on R. No traveling localized modes with a nonzero wave
speed generally exist in the Gross—Pitaevskii equation since the time and space
variables are not separable for traveling solutions.

If this result is so negative and there is no hope of finding traveling localized
modes in periodic potentials, what “moving breathers” are physicists talking about?
At arough interpretation, they are talking about nonlinear evolution equations with
specially fabricated periodic potentials where localized modes propagate “easier”
than in other potentials. For instance, some authors are happy with observations of
moving localized modes with weakly decreasing amplitudes on a length of finitely
many periods.

The language above is not acceptable for a book in applied mathematics. The
author (and hopefully, the readers) will not be satisfied to rely upon visual observa-
tions of numerical or laboratory experiments. Therefore, we shall look for methods
of dynamical system theory to analyze the existence of traveling localized modes in
periodic potentials or lattices. Only if we can prove the existence of traveling and
localized solutions in the original nonlinear evolution equations, can we conclude
that the traveling localized modes exist.

From a qualitative point of view, it is intuitively clear why steady propagation
of localized modes is impossible in periodic potentials. Stationary localized modes
do not exist for all positions s € R and, therefore, when we look for a traveling
solution in the form u(x,t) = ¢(z — ct)e™'“!, the localized mode ¢(z) is assumed to
be translated along non-existing stationary solutions. Each “translation” induces
the dispersive radiation that detaches from a localized mode and results in its
(slow or fast) decay. Even if we cook up an integrable model with the periodic
potential where stationary modes may exist for all positions s € R (Section 3.3.1),
propagation of the localized mode still induces the dispersive radiation.

The qualitative picture above can be formalized, and the simplest formalism
arises in the framework of the discrete nonlinear Schrodinger (DNLS) equation
(justified in Section 2.4). Although some details of the dynamics of the radiation-
induced decay of localized modes in periodic potentials are not present in the DNLS
equation, the existence of stationary localized modes and non-existence of traveling
localized modes are captured well by the reduced model. Therefore, in the main part
of this chapter, we shall deal with the discrete counterpart of the Gross—Pitaevskii
equation,

Un+1 — 2un + Un—1
h2

where h is the parameter for lattice spacing, and f(un_1,Un,Uns1) : C2 = Cis a

non-analytic nonlinear function. This equation is termed as the generalized DNLS

1y, + + fup—1,Un,Uun+1) =0, neZ, teR,

equation.

On the one hand, the generalized DNLS equation is a spatial discretization of
the nonlinear Schrédinger equation, where the second-order partial derivative is
replaced with the second-order central difference on the grid {z,, = nh},ecz and the
nonlinearity f(un—1,Un, un+1) incorporates the effects of on-site and neighbor-site
couplings. On the other hand, this model is important on its own for modeling
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of various physical problems although the justification of this model in the semi-
classical limit is shown to be impossible in the Gross—Pitaevskii equation with
periodic linear and nonlinear coefficients [18].

The nonlinear function f(un—_1,un,u,+1) may take various forms that include
the Salerno model [177],

F =201 =) un|” un + a|un]* (ung1 +un1), «€R,

which interpolates between the cubic DNLS equation at o = 0 and the integrable
Ablowitz-Ladik (AL) lattice at a = 1. Generally, we can look for a class of nonlinear
functions f(un—1,un, un+1) satisfying the following properties:

(P1) (gauge covariance) f(el%v,e%u, elw) = €l f(v,u,w), a € R,
(P2) (symmetry) fo,u,w) = f(w,u,v),
(P3) (reversibility) flv,u,w) = f(v,u, ).

These properties originate from applications of the generalized DNLS equation
to the modeling of the envelope of modulated nonlinear dispersive waves in a non-
dissipative isotropic system. If, in addition, f(un—1,Un,un+1) is a homogeneous cu-
bic polynomial in variables (un—1, Un, Un+1), then the nonlinear function is uniquely
represented by the polynomial

f= al‘un|2un + a2‘un|2(“’n+1 + “n—l) + QSUi(an-H + Up—1)

g (Jtpg1 | 4 [tn—1|H)tn + a5 (lns1tn—1 + Uns1Tn_1)Un

+ag(ul g + U1y + QrUn 1 Un—1Uy + as([ntt [P Ungr + (a1 [Pun—1)

+ g (Ul 1l —1 + Uy ng1) + a10([tnga |Ptn -1+ [tn—1[Puns1),
where (v, ..., a1p) € R0 are arbitrary parameters. Stationary solutions of the gen-
eralized DNLS equation are defined by

Un(t) = G,
with two parameters (w, ) € R2, whereas traveling solutions are defined by
Un(t) = p(hn — 2ct — s)e™wtHi0,

with four parameters (w,c,8,s) € R*. Since n € Z is a discrete variable, the ex-
istence of traveling solutions imposes a constraint on the dynamics of amplitudes
{tn(t) }nez, in particular,

Upy1(t) = up(t —7)e ', neZ, teR,

where 7 = h/(2¢) and @ = wh/(2¢). In both cases of stationary and traveling
solutions, we will only be interested in the existence of a fundamental (single-pulse)
localized mode {¢, }nez and ¢(z) on R, which corresponds to the sech solitons of
the continuous NLS equation.

Although the separation of variables seems to be straightforward both for sta-
tionary and traveling solutions, we will see that there are serious obstacles that
prevent the existence of traveling localized modes in the generalized DNLS equa-
tion. These obstacles are related to the previous discussion that traveling localized
modes in periodic potentials induce radiation and decay.
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Besides the homogeneous cubic polynomials for f(w,—1,un,unt1), other non-
linear functions were also considered recently, including the DNLS equation with
a saturable nonlinearity [139] and the cubic—quintic DNLS equation [29]. These
DNLS equations share the same properties with the generalized DNLS equation
in the sense that the traveling localized modes may only occur as a result of the
codimension-one bifurcation.

Before drilling into details, we should add a disclaimer that traveling localized
modes in lattices are known in many other models, where no obstacles on the ex-
istence of these solutions arise. For instance, traveling localized modes exist gener-
ically in the Fermi—Pasta—Ulam lattices, which can be regarded as the spatial dis-
cretization of the Korteweg—de Vries and Boussinesq equations [60]. Similarly, trav-
eling periodic waves can be found with both variational [147] and topological [56]
methods in a large number of lattice models including the DNLS equations. Still the
same problem of non-existence of traveling kinks or traveling time-periodic space-
localized breathers are common for the Klein—-Gordon lattices [95, 96, 97, 146].

5.1 Differential advance—delay operators

We shall first analyze the linear differential advance-delay operators. Properties
of an associated linear operator are again the keys to understanding the nonlinear
analysis of localized modes in the nonlinear differential advance—delay
equations.

5.1.1 Asymptotically hyperbolic operators

Consider an abstract differential advance-delay operator,
dUu

(LU)(Z) = —ZCﬁ +W(2)U(Z)
+A+VL(2)U(Z+1)+ 1+ V_(2)U(Z -1),

and assume that V5(Z), VL (Z) : R — R are bounded functions that decay exponen-
tially to zero as |Z| — co. Operator L maps continuously H*(R) to L?(R) for any
¢ # 0. Related to the inner product in L?(R), the adjoint operator L* is written in
the form

(L*U)(Z) = 20% +Vo(2)U(2)
F (L4 Vi (Z - ))U(Z 1)+ 1+ V(Z+1)U(Z +1).

Let Ly denote the constant-coefficient part of L,

(LoU)(Z) = 720% +U(Z+1)+U(Z —1).

Using the Fourier transform, we obtain for any ¢ € R that the spectrum of L is
purely continuous and located at

o(Lo) ={AeC: A= Xxo(k):=—2ick+2cos(k), keR}. (5.1.1)
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Figure 5.1 Top: the spectrum of Lo for ¢ = 1. The dot shows the position of

A = 0. Bottom: roots x of D(k;c) =0 for ¢ = 1.
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Figure 5.1 (top) shows the spectrum of Lg. If ¢ # 0, the location of o(Lyg) is
bounded away from A = 0. Solutions of the homogeneous equation LoU = 0 are
given by a linear superposition of U(Z) = e"Z, where » solves the characteristic

equation in the form

D(k;¢) := —2c¢k + 2 cosh(k) = 0.

(5.1.2)

Because D(k;c) is analytic in &, roots  of D(k;c) = 0 are all isolated and of fi-
nite multiplicities. Figure 5.1 (bottom) shows the location of roots x of D(k;c) =
0. There are infinitely many roots which diverge to infinity in the complex

plane.
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Because the location of o(Lg) is bounded away from A = 0 for ¢ # 0, roots k
of D(k;c) = 0 are bounded away from the imaginary axis Re(x) = 0. We say that
Lo is a hyperbolic operator and L is an asymptotically hyperbolic operator if the
roots k of D(k;c¢) = 0 are bounded away from Re(x) = 0. Under this condition, the
Fredholm Alternative Theorem for differential advance-delay operators is proved
by Mallet-Paret [138] (Theorems A, B, and C).

Theorem 5.1 Assume that ¢ # 0 and L is an asymptotically hyperbolic operator
with the exponential decay of Vo(Z) and Vi (Z) to zero as |Z| — oo. Operator
L: HYR) — L*(R) is a Fredholm operator with property

dim (Ker(L*)) = codim (Ran(L)), dim (Ker(L)) = codim (Ran(L")).
The Fredholm index is
ind(L) := dim (Ker(L)) — dim (Ker(L")) = —ind(L").
If L — Ly as Z — +o0, then ind(L) = 0.

The spectrum of the Fredholm operator L with ¢ # 0 can be divided into the
two disjoint sets: isolated eigenvalues and the continuous spectrum with embedded
eigenvalues. Thanks to the exponential decay of V(Z) and Vi (Z) to zero as Z —
+oo, the Weyl Theorem (Appendix B.15) implies that the continuous spectrum
of L coincides with o(Lg) shown in the top panel of Figure 5.1. Regarding the
isolated and embedded eigenvalues, the following lemma shows that if there is one
eigenvalue, then there are infinitely many eigenvalues of L.

Lemma 5.1 Assume that there exists an eigenvalue—eigenvector pair
(/\(),U()) eCx LZ(R)

of Lu = Au. For any c # 0, there is an infinite set of eigenvalue—eigenvector pairs
of Lu = \u,

A = Ao +dmmci,  um(Z) = ug(Z)e ™2, m € Z.

Proof The proof follows by direct substitution with the use of €™ = 1 for all
n € Z. O

Lemma 5.1 shows that the differential advance—delay operators with exponen-
tially decaying potentials are more complicated than differential operators (Section
4.1). In particular, the limit ¢ — 0 is singular because every (isolated or embedded)
eigenvalue of the advance—delay operator has an infinite multiplicity. The advance—
delay operator L with ¢ = 0 is no longer a Fredholm operator.

5.1.2 Non-hyperbolic operators

Consider an abstract differential advance—delay operator

(LU)(Z) = —20% +W(2)U(Z)

+A+Ve(2)U(Z+1)-A+V_(Z2)U(Z -1),
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and assume again that Vp(Z),Ve(Z) : R — R are bounded functions that decay
exponentially to zero as |Z| — oo. The adjoint operator L* is now

. U
LU = 2c + Vo(2)U(2)

+A+Vi(Z-1)UZ-1)-(1+V_(Z+1)U(Z+1).
Let Lo denote the constant-coefficient part of L,

Lol = ~2¢50 4 U(Z+1) - U(Z - 1)

Using the Fourier transform again, we obtain for any ¢ € R that the spectrum of
Ly is purely continuous and located at

o(Lg) ={Ae€C: X=X(k):=2i[sin(k) —ck], keR}. (5.1.3)

If ¢ # 0, the spectrum of Ly covers iR. If |¢| > 1, then Ag(k) : R — iR is one-to-one
and onto.

Thanks to the exponential decay of V(Z) and Vi(Z) to zero as Z — =o0,
the Weyl Theorem (Appendix B.15) implies that the continuous spectrum of L
coincides with o(Lg). There exist typically embedded eigenvalues of L, because the
translational symmetry of the differential advance—delay equation implies that L
has zero eigenvalue. By Lemma 5.1, if A = 0 is an eigenvalue with an eigenvector
ug(Z), then A\ = 4memi is another eigenvalue with an eigenvector ug(Z)e™27miZ
for any m € Z. Therefore, there are infinitely many embedded eigenvalues of L if
0e€o(L).

Exercise 5.1 Show that if A = 0 is a double eigenvalue with an eigenfunction
ug(Z) and a generalized eigenfunction ui(Z) in the sense of

L’LLQ = 07 Lu1 = U,
then A = 4mwemi is also a double eigenvalue for any m € Z.

To separate embedded eigenvalues of L and the continuous spectrum L, we use
the technique of exponential weighted spaces,

L)(R) ={U € L},.(R) : "?U(Z) € L*(R)}, p>0. (5.1.4)

loc

The adjoint space is L2 (R). Similarly, we introduce the weighted H ! spaces, H ﬁ (R)
and H! ,(R).

Under the transformation (5.1.4), operator L in L?(R) is equivalent to operator
L, = e*?Le~ % in L*(R), whereas L* in L ,(R) is equivalent to L* , = e"#Z L*et?
in L2(R).

Lemma 5.2 Fiz c > 1. There exists pg > 0 such that the continuous spectrum of
Ly and LZ, for 0 < p < g is located along a curve contained within the strip

D={AeC: M <Re()\) <A},

for some 0 < A_ < Aj.



298 Traveling localized modes in lattices

Proof Thanks to the exponential decay of Vo(Z) and Vi(Z), there exists y; > 0
such that the potential terms in operator L, for |u| < p1 decay exponentially to
zero as |Z| — oco. As a result, the continuous spectrum o.(L,) coincides with that
of e"? Loe="Z . Therefore, it is located at

oc(Ly) ={AeC: X=x,(k), keR}, (5.1.5)
where
Au(k) = Xo(k +ip) = 2 [pe — sinh(p) cos(k)] + 2i [cosh(p) sin(k) — kc] .

In particular, if ¢ > 1, then Re A, (k) > 0 for 0 < g < po and “=Im A, (k) < 0 if

|| < ps, where p is the root of sinh(u)/p = ¢ and ps = cosh™*(c). Therefore, if

0 < g < po == minf{q, 12, p3}, the continuous spectrum of L, is a one-to-one map

from k£ € R to A € C, where X oscillates in the strip D, where

Sinh(u)}
I

/\i:Q,u[c:I: > 0.

The continuous spectrum of L , is located along the curve determined by
A= —Xo(k —ip) = Au(—k) = A\u(k), keR.
This curve on the A plane is the same as A = A\, (k) but it is traversed in the reverse

direction as k increases. O

Using Lemma 5.2, we introduce eigenfunctions of the continuous spectrum of L
and add an assumption that, besides the sequence of double eigenvalues {47mci}mez,
no other eigenvalues exist near the imaginary axis of A.

Definition 5.1 Fix ¢ > 1 and p € (0, uo). Let U, (Z; k) and W,(Z; k) be eigen-
functions of the continuous spectrum of L, and L

*

L
LUL(Z:k) = M(RUW(Z: k), L'W(Z3k) = X ()W, (Zik),  (5.1.6)
subject to the boundary conditions
Zlﬂoe_ik2+“ZUu(Z; k=1, lim e HETHIVW (Zik) = 1. (5.1.7)

Let {a,(k),b,(k)} be the scattering coefficients defined by the boundary conditions
lim e *Tr20 (Z:k) = a,(k), i e RETrIW (Z: k) = bu(k), (5.1.8)

Z——00

assuming that the limits exist.

Assumption 5.1 There exist constants A_ < 0 < Ay such that no eigenvalues
of L with eigenfunctions in Hi(R) for any |p| < po exist for any A € (A_,A4),
except for the set of double eigenvalues {4mmcitycz. Furthermore, assume that
there exists ug, uy € H)(R) for any |u| < po such that

LUQ = 07 Lu1 = Up,

and there exists no us € H;(R) such that Lus = uy.

The following lemma describes properties of the eigenfunctions of the continuous
spectrum of L under Assumption 5.1.
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Lemma 5.3 Under Assumption 5.1, the set of eigenfunctions U,(Z;k) and
W, (Z; k) in Definition 5.1 satisfies the orthogonality relation

4dme

/Uu(z;k)m(z;k')dz = Sk —k), kK eR (519
R

¢ — cosh(u) cos(k)

In addition, b, (k) = 1/a,(k) for all k € R.

Proof Let us consider the homogeneous equations (5.1.6) for k € R. Integrating
W, (Z; KLU, (Z; k) — U, (Z; k) L*W,,(Z; k) (5.1.10)

for all Z € [-L, L] and extending the limit L — oo, we obtain that
/ U (Z, k)W, (Z;K)dZ
R

= 72(,( lim W (L; K)U,L(L; ) ~ im W#(L;k’)U#(L;k))
"\ Lo /\H(k) — )\#(k’) L—— )\#(k) _ )‘u(k/)

Using the asymptotic representations (5.1.7) and (5.1.8) for the eigenfunctions

Uu(Z; k) and W,(Z; k') as |Z] — oo and the property of the Dirac delta function,
T 111
ey~ EOk -k, (5.L.11)

we obtain the orthogonality relation

2me [1+ a, (k)b (k)]
¢ — cosh(p) cos(k)

/U,L(Z;k)W/L(Z;k’)dZ = , kK cR. (5.1.12)
R

Let us now consider equation (5.1.10) with £ = k¥’ € R. Using the same integration
on Z € [—-L, L] and extending the limit L — oo, we obtain that

2¢ [a, (k)b (k) —1] =0, k€eR.

Therefore, b, (k) = 1/a,(k) and the orthogonality relation (5.1.9) follows from
(5.1.12). O

Lemma 5.4 Under Assumption 5.1, there exist wy, wy € HEH(R) for € (0, o)
such that

L*wo = 0, L*w1 = wWyp.

Proof Since the differential operator L, = et? Le #Z is a Fredholm operator of
zero index for p € (0, o), Theorem 5.1 states that the adjoint operator Lr, =
e "2 L*et? has a one-dimensional geometric kernel and a two-dimensional gener-
alized kernel for the same value of p € (0, p). O

Assumption 5.2 Eigenfunctions {U,(Z; k), W, (Z; k)} and scattering coefficients
{au(k),bu(k)} in Definition 5.1 are bounded for all k € R in the limit p1 ] 0.

The following theorem gives the main result for analysis of bifurcations of trav-
eling localized modes.
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Theorem 5.2 Let F € L2(R) with |u| < po for some po > 0. Under Assumptions
5.1 and 5.2, there exists a solution U € H,(R) with u € (0,p0) of the linear
inhomogeneous equation LU = F if and only if

/wO(Z)F(Z)dZ 0. (5.1.13)
R
Moreover, U € HY(R) if and only if F satisfies both (5.1.13) and

/WO (Z;0)F(Z)dZ = 0. (5.1.14)

Proof The first constraint (5.1.13) follows by the Fredholm Alternative Theorem
(Appendix B.4), since the zero eigenvalue of L, is isolated from the continuous spec-
trum of L, if 4 € (0, f0). Under Assumption 5.1, the spectrum of L,, for € (0, po)
consists of the continuous spectrum, the set of double eigenvalues {47mci}. ez, and
the other isolated eigenvalues outside the strip A_ < A < AL.

Assume that the condition (5.1.13) is satisfied. Thanks to Lemma 5.3, we repre-
sent the solution U € H }L(R) of LU = F for p € (0, po) by the generalized Fourier
transform

U(2) = / Bu(B)UL(Z: )k + Aguo(Z) + Avn(Z) + S Aguy(2),
R Aj€oa(L)\0}
(5.1.15)

where Ay € R is arbitrary,
¢ — cosh(p) cos(k)
dme), (k)

<w1,F>L2

BL k = ’
/( ) <’LU1,UQ>L2

<W/L(.;k‘)’F>L27 Al -

and A; for \; € o04(L,)\{0} are projections to the eigenfunctions for nonzero
eigenvalues of L,,. We note that the location of these eigenvalues A; is not affected
by the weight parameter p for small 0 < p < po thanks to the fast decay of
eigenfunctions.

Under Assumption 5.2, the functions B,,(k)A,(k) and U,(Z; k) in the represen-
tation (5.1.15) are bounded in k € R as u | 0. The integrand of (5.1.15) for p =0
has only one singularity at k = 0 from the simple zero of A\g(k) at k = 0 and this
singularity is a simple pole. The integral can be split into two parts:

lim B (B)U,(Z; k)dk = miRes [Bo(k)Uo(Z; k), k = 0]

w0
+ hm (/7€ / ) Bo Uo Z k)dk
= = 5o W30, F)20a(Z:0) + pv. [ Bo(b)UalZi )k,

where p.v. denotes the principal value of singular integrals with a simple pole.
Thanks to the linear growth of A\g(k) in k as |k| — oo, the second term is in
H(R)if F € L?(R). Since the first term is bounded but non-decaying and all other
eigenfunctions uo(Z), u1(Z), and u;(Z) are in H*(R), it is clear that U € H*(R) if
and only if (Wy(+;0), F)r2 = 0, which yields the condition (5.1.14). O
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5.2 Integrable discretizations for stationary localized modes
Direct substitution of

Un(t) = ppe @0 neZ teR, (5.2.1)

into the generalized DNLS equation,

Un+1 — Qun + Up—1
h2

results in the second-order difference equation,

¢n+1 - 2¢n + anfl
h2

iy, + + f(Up—1,Un, Upt1) =0, neZ, teR, (52.2)

+ w¢n + f(ﬁbnfh ¢n, d)n,+1) = 0, n €. (523)

When f = ¢! two fundamental solutions of the second-order difference equa-
tion (5.2.3) exist for p > 0 (Section 3.3.3): one localized mode is symmetric about a
selected lattice node and the other one is symmetric about a midpoint between two
adjacent nodes. The first solution is referred to as the on-site or site-symmetric
soliton and the other one is referred to as the inter-site or bond-symmetric soliton.

We shall find the conditions on f(u,—1,Un, un+1) under which the two localized
modes of the second-order difference equation (5.2.3) can be interpolated into a
continuous family of localized modes,

On=0¢(hn—3s), nezZ, (5.2.4)

where s € R is an arbitrary parameter and ¢(z) : R — R is a continuous single-
humped function with the exponential decay to zero at infinity as |z| — co. If ¢(2)
is an even function, the on-site and inter-site localized modes correspond to the
values s = 0 and s = % of the continuous family (5.2.4). This solution is often re-
ferred to as the translationally invariant family of localized modes. The existence of
the continuous family (5.2.4) is non-generic for nonlinear lattices because the latter
have no continuous translational invariance. In the situations when the DNLS equa-
tion (5.2.2) admits a conserved Hamilton function, the existence of translationally
invariant localized modes implies vanishing of the Peierls—Nabarro barrier, which

is defined as a difference between the energies of the on-site and inter-site solitons.
Exercise 5.2 Show that the stationary localized modes of the cubic DNLS equa-
tion,

¢n+1 - 2¢n + ¢n71
h2

can be obtained by the first variation of the energy,

[uner —unl® 1
By(u)=>_ (T” = Slunl* = wlun|* ).

neL

+w¢n+‘¢n|2¢n:07 neZv

Prove that if the translationally invariant family (5.2.4) of localized modes exists,
then E,(¢) is independent of s € R, so that

AE = Eu(¢(hn)) — Eu(g(hn — h/2)) = 0.
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Remark 5.1 The converse statement to Exercise 5.2 is not true. That is, the zero
Peierls-Nabarro barrier AE = 0 does not imply the existence of the translationally
invariant family (5.2.4) of localized modes.

To find the nonlinear function f(un—1,un,u,+1) supporting the existence of
translationally invariant localized modes, we shall look for conditions which give
integrability of the second-order difference equation (5.2.3) and the conservation in
n € Z of the first-order invariant

1 1 _ -
E= ﬁ|¢n+1 - ¢n|2 + Ew (¢n¢n+1 + ¢n¢n+l) + g(¢n7 ¢n+1)7 ne Z7 (525)

where E is constant and g(én, ¢n+1) : C? — R is a non-analytic function with the
properties

(S1) (gauge invariance) g(e'®u, e'®w) = g(u,w), o € R,

(S52) (symmetry) 9(u, w) = g(w, u),
(S3) (reversibility) g(u,w) = g(ﬂ,ﬂ)).

The most general homogeneous quartic polynomial g(¢y,, ¢n41) that satisfies prop-
erties (S1)—(S3) is

= 5‘1(‘¢n|2 + |¢n+1|2)(¢3n+1¢n + (z)nJrl(En) + 5‘2|¢n|2‘¢n+1‘2
+a5(Gndnt1 + Ondingr) + dallénl” + [Pnsa ),

where (&, ...,a4) € R* are arbitrary parameters.

The idea behind the search for the conserved quantity E in the form (5.2.5)
comes from the continuous limit A — 0 when the second-order difference equation
(5.2.3) with a cubic polynomial f(¢n_1,¢n,$n+1) can be reduced to the second-
order differential equation

¢"(z) + wo(z) + 2|p(2)|?p(x) =0, = €R, (5.2.6)
that admits the first integral

E=1¢'(2)* + wldp(@) + |¢(x)*, = eR. (5:2.7)
If ¢(x) is a localized mode, then E = 0 and

= +/|w| sech(y/|w](z — s)), w<0, seR. (5.2.8)

Reductions of the second-order difference equations to the first-order invariants
are old in the classical field theory and have been exploited for the discrete Klein—
Gordon equation by Speight [196]. This idea was later developed by Kevrekidis
[111], Dmitriev et al. [48, 49], Barashenkov et al. [14, 15], and Pelinovsky [154].

For simplification of this presentation, we shall consider only real-valued solutions
{¢n}nez of the difference equations (5.2.3) and (5.2.5). Therefore, we write the
homogeneous polynomials for f(dn—1, dn, Pnt+1) and g(dn, Pni1) as

f=B18) + Bodr(bnir + n1) + Badn Dy + Op_1) + Badni1Gn-10n
+ﬂ5(¢n+1 + ¢n 1) + 66@71 1¢n+1(¢n+1 + ¢n 1) (529)
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and

g= Bl¢i¢i+1 + Ba(¢f + D 1)Pnbni1 + Bs(h + Dni1); (5.2.10)

where (84, ..., Bs) € RS and (B1, B2, B3) € R? are arbitrary parameters.

Subtracting (5.2.5) from the same equation with n+1 replaced by n and assuming
that {¢n}nez € R? is real-valued, we obtain the second-order difference equation
(5.2.3) under the constraint

g(¢n7 ¢n+l) - g((vbnflu an) = (¢n+1 - anfl)f((ﬁnfh d)’m ¢n+l)~ (5211)

If f(dn—1,Pn,Pn+1) and g(¢n, dny1) are polynomials in the form (5.2.9) and
(5.2.10), the constraint (5.2.11) gives the following constraints on parameters of
the nonlinear function:

B1=P3=PBs Bs="5 (5.2.12)

Therefore, three parameters 3o = /5’1, B4 = 52, and (B = Bg are still arbitrary.

We shall now prove that the existence of the first-order invariant (5.2.5) is suf-
ficient for the existence of the translationally invariant family (5.2.4) of localized
modes for small values of h > 0.

Note that if the sequence {¢,}nez decays to zero as |n| — oo, then E = 0.
Expressing (¢n+1 — ¢n)? from the first-order invariant (5.2.5), we obtain the initial-
value problem for the sequence {¢,, },cz in the implicit form

{ (¢n+1 - ¢n)2 = h2Q(¢m ¢n+1)7 ne Z, (5.2.13)
(b() = ¢

where ¢ € R is the initial data, iterations in both positive and negative directions
of n € Z can be considered, and

Q(¢n:¢n+1) = 7w¢n¢n+1 - g(¢n:¢n+1)-

Let g(én, dn+1) be given by the polynomial (5.2.10). We shall assume the follow-
ing constraint on parameters of g(¢n, Pnt1),

Bi+2B2 4263 =1,

which ensures that the discrete first-order invariant (5.2.5) recovers the continuous
first integral (5.2.7) in the continuous limit A — 0 with g(¢,¢) = ¢*. Localized
modes (5.2.8) exist in the continuous limit only for w < 0, which is also assumed in
what follows.

To prove the existence of the translationally invariant localized modes, we prove
the existence of two families of solutions of the initial-value problem (5.2.13), one
monotonically decreasing for n > 0 and the other monotonically increasing for
n < 0. Both families depend continuously on the initial data ¢.

Lemma 5.5 Fizw < 0. There exists ho > 0 and L > +/|w| such that for any
h € (0, ho), the algebraic (quartic) equation

(y —)* = h*Q(z,y) (5.2.14)
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defines a convezx, simply connected, closed curve inside the domain [0, L] x [0, L].
The curve is symmetric about the dz’agonal y = x and has two intersections with

the diagonal at (x,y) = (0,0) and (z,y) = (v/|w], /|w]).

Proof Symmetry of the curve about the diagonal y = x follows from the fact that
Q(z,y) = Q(y, z). Intersections with the diagonal y = x follows from the continuity
condition that gives Q(z,z) = 2?(|w| — 22). To prove convexity, we consider the
behavior of the curve for small & in two regions of the (z,y) plane: in the quadrant
[0, 20] % [0, wo] for zg = \/|w[—70h? and in the disk centered at (z,y) = (/|w], v/|w])

with radius roh?, where
3
. (M)
ro > | ——

2

is an arbitrary h-independent number.
Let y = x4 z and consider two branches of the algebraic equation (5.2.14) in the
implicit form

Fy(xz,z,h) = zF h\/Q(z,x 4+ z) = 0. (5.2.15)

For any z > 0, we have

h(jw| — 22%)

2y/Jw| — 22’

It is clear that Fly(x,0,0) = 0 and 9,F4(z,0,0) = 1, while F(z,0,h) is contin-
uously differentiable in 2 and h and 9, F4(x,0,h) is uniformly bounded in z and
h on [0,x9] x [0, ko], for g = +/|w| — roh?, where hg > 0 is small and 79 > 0 is
h-independent. By the Implicit Function Theorem, the implicit equations (5.2.15)

define unique roots z = £hS1(z, h) in the domain [0, zg] X [0, ho], where hSy (z, h)
are positive, continuously differentiable functions in = and h. Therefore, the al-

Fy(2,0,h) = Fhay/|w| — 22, 0, Fy(x,0,h) =17F

gebraic equation (5.2.14) defines two strictly increasing curves located above and
below the diagonal y = x in the square [0, zo] X [0, Zo]. In the limit hg — 0, the two
branches converge to the diagonal y = « for z € [0, \/|w]].

Derivatives of the algebraic equation (5.2.14) in z are defined for any branch of
the curve by

Y [2(y — x) = RP(lwle = dyg9(x,y))] = 2(y — ) + h*(Jwly — Dzg(, y)),

Y [2(y — @) = h¥(lwlz = Byg(@,y)] = —2(y' = 1)* + h*2lwly’ - g),
where § = 92,9(z,y) — 2y'92,9(x,y) — (¥')?02,9(x,y). Therefore, y' = —1 at
(z,y) = \/|w ,V/|w|) for any A > 0 and there exists a small neighborhood of

the point (z,y) = (y/|w],+/|w|) where the upper branch of the curve is strictly
decreasing.

Let B+ be the upper semi-disk centered at (z,y) \/\U \/|U with a ra-
dius r0h2, where rg > ( \/\U |/2)? is h-independent. There exists an h-independent
constant C' > 0 such that

20y —x) — K3 (lwlz — dyg(a,y)) > Ch?,  (z,y) € B}
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From the second derivative, there is C; > 0 such that y” < —Cy/h? for any (z,y) €
B,‘f. Using the rescaled variables in B;f,

r=/|w| - Xh?, y=+|wl +Yh?

we find that the curvature of the curve in new variables is bounded by Y (X) < -
and therefore the first derivatives Y/(X) and y'(z) may only change by a finite
number in (z,y) € By. Therefore, there exists 0 < Cy < oo such that y'(z) = Cy
for some x < zg = \/|<7| — roh?. By the first part of the proof, the upper branch of
the curve is monotonically increasing in the square [0, zg] X [0, zo]. By the second
part of the proof, the curve y(x) has a single maximum for zy < = < \/m . Thus,
the curve defined by the quartic equation (5.2.14) is convex for y > 2 > 0 (and for
0 <y < x by symmetry). O

Let 1o be the maximal value of y on the curve defined by equation (5.2.14) and
o be the corresponding value of . By Lemma 5.5, we have

®o < \/|w| < 1o.

Lemma 5.6 Fiz w < 0 and small h > 0. The initial-value problem (5.2.13)
admits a unique monotonically decreasing sequence {¢ntn>0 for any ¢ € (0,10)
that converges to zero from above as n — oo. The sequence {¢n tn>0 is continuous
with respect to ¢ and h.

Proof By Lemma 5.5, there exists a unique lower branch of the curve defined by the
implicit equation (5.2.14) below the diagonal y = x in the form y—z = —hS_(x, h),
where hS_(z,h) > 0 is continuously differentiable with respect to = and h in the
domain [0, \/]w|] x [0, ho]. Let {¢y }n>o satisfy the initial-value problem

{ (anrl - d)n —hS_ (¢na h), n e N,

AL (5.2.16)

for any ¢ € (0,%). It is clear that {¢,}n>0 is monotonically decreasing as long
as ¢, remains positive. We shall prove that {¢,},>0 converges to zero from
above, where 0 is the root of S_(p,h) = 0. Since g(z,y) is a quartic polynomial,
there exists a constant C' > 0 that depends on w and is independent of h, such
that

v|¢n| < \/m: |Prt1 — ¢n| < Chép.

If h is sufficiently small, then Ch < 1 and 0 < ¢n4+1 < ¢,. Therefore, the
sequence {¢y, }rn>0 is bounded from below by 0. By the Weierstrass Theorem, the
monotonically decreasing and bounded-from-below sequence {¢,, },>0 converges as
n — oo to the fixed point ¢ = 0. Continuity of the sequence {¢,}n>0 in h and ¢
follows from the continuity of hS_(¢,h) in ¢ and h. O

Lemma 5.7 Fiz w < 0 and small h > 0. The initial-value problem (5.2.13)
admits a unique monotonically increasing sequence {¢n n<o for any ¢ € (0,1yp)
that converges to zero from above as n — —oo. The sequence {¢y, }n<o s continuous
with respect to ¢ and h.
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Proof By Lemma 5.5, there exists a unique upper branch of the curve defined by
(5.2.14) above the diagonal y = z in the form y—a = hS, (z, h), where Sy (x, h) >
0 is continuously differentiable with respect to = and h in the domain [0, y/]w]] x
[0, ho]. Let {¢n }n<o satisfy the initial-value problem

{ Gn+1 = dn + WS4 (P, h), (*”) eEN,

AN (5.2.17)

for any ¢ € (0, y/|w]). The proof that the monotonically increasing sequence {¢n }n<o
converges to zero from above as n — —oo repeats the proof of Lemma 5.6. O

By Lemmas 5.6 and 5.7, for fixed w < 0 and small h > 0, the initial-value problem
(5.2.13) admits the following solutions:

(i) For any given ¢ € (0,1y], there exists a symmetric single-humped sequence
{®n}nez with maximum at n = 0, such that ¢, = ¢_,,. Let S, denote the
countable set of values of {¢,, }nez corresponding to ¢ = 1.

(ii) For ¢ = y/w, there exists a symmetric two-site single-humped sequence. Let
Sinter denote the countable set of values of {¢,, } nez corresponding to ¢ = \/m .

(iii) For any ¢ € (0,%0)\{Son, Sinter }, there exists a unique non-symmetric single-
humped sequence {¢n, }nez with ¢ # ¢, for all k # m.

Figures 5.2 and 5.3 show the construction of the symmetric sequences (i) and (ii)
from solutions of the quartic equation (5.2.14) for

QU,y) = lwlzy — J (a* + )

Let us consider the single-humped solution (iii) for ¢g € (0, 10)\{Son, Sinter } and
complete it by solutions (i) for S, and (ii) for Siyter- By Lemmas 5.6 and 5.7, the
single-humped sequence is continuous in ¢ € (0, ¥y).

We claim that the sequence {¢,}nez converges pointwise to the sequence
{ps(hn — 5)) }nez for some s € R, where

() = \/msech( ] )

Recall that ¢4(x) solves the second-order differential equation (5.2.6), which is
related to the second-order difference equation (5.2.3) in the continuous limit A — 0.

By the translational invariance of the solution {¢, }nez, we can place the max-
imum at n = 0 if ¢ = 1)y, which is equivalent to the choice s = 0 (Soy). Using
the power series expansions in h? for solutions of the difference equation (5.2.3),
we obtain the following theorem that justifies the existence of the translationally
invariant family (5.2.4) of localized modes.

Theorem 5.3 Fiz w < 0 and small h > 0. There exists a continuous family of
single-humped localized modes {¢n, }necz of the initial-value problem (5.2.13) for any
© € (0,%9]. Moreover, there exists C > 0 and s € R such that

max ¢y, — Vw|sech(y/Jw|(nh — s))| < Ch2. (5.2.18)
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Figure 5.2 Top: the symmetric single-humped sequence (i). Bottom: the corre-
sponding solution {¢n }nez for ¢ = 1.

Remark 5.2 The initial-value problem (5.2.13) admits other families of single-
humped localized modes in addition to the translational invariant family
(5.2.4).

Exercise 5.3 Show for the AL lattice with f = |¢,|?(¢nsi1 + dn_1) that the
second-order difference equation (5.2.3) admits the exact solution,

1 . 4 . o5 (kh
On = 1o sech[k(hn — s)], o = 7 sinh(kh), w= 2 sinh <7> ,

where (k, s) € R? are arbitrary parameters.
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Figure 5.3 The symmetric two-site single-humped sequence (ii) for ¢ = \/w.

Substituting constraints (5.2.12) into the nonlinear function (5.2.9), we obtain

f=B20%(bns1 + bn-1) + Badn (92 + doi1 + do_q + Gns10n—1)
+ Be(Pnt1 + ¢n71)(¢721+1 + 5 41), (5.2.19)

where (82, 81, 8s) € R? are arbitrary parameters. The second-order difference equa-
tion (5.2.3) with nonlinearity (5.2.19) admits a translationally invariant family
(5.2.4) of localized modes. Although our analysis was developed for real-valued
solutions of the second-order difference equation (5.2.3), computations can also be
developed for complex-valued solutions.

Exercise 5.4 Using the first-order invariant (5.2.5) for complex-valued solutions
of the second-order difference equation (5.2.3), obtain a more general nonlinear
function for the generalized DNLS equation (5.2.2),
f= a2|un\2(un+1 + un_l) + agui(ﬂnH + ﬂn—l)
+oy [('un‘2 + |un+l|2 + |un71|2)un + unJrlunflan} )
+ ag [(|un\2 + Unp1Un—1 + Uns1Un—1)Uy + (Ul +us_q — Up41Un—1)Tn |
+ag(unt1|* + Jun—1]*) (unt1 + un—1)

+ ag (U4 1 Up—1 + Us Ut — [Uns1[PUn—1 — [tn—1[*Uns1) | (5.2.20)

where (az, a3, oy, a, ag, ag) € R® are arbitrary parameters.



5.2 Integrable discretizations for stationary localized modes 309

It can be checked by direct differentiation with respect to the time variable ¢ that
the generalized DNLS equation (5.2.2) with the nonlinear function f(u,—_1, tn, Un+t1)
in (5.2.20) has the conserved quantity,

P=i g (ﬂn+1un - un+1ﬂn) .
neEL

This conserved quantity can be thought to be a discretization of the momentum,
P= / (tugy — utiy) dx
R

of the continuous NLS equation iu; + g, + 2|ul>u = 0 (Section 1.2.1).

Although discrete equations have no continuous translational invariance, the gen-
eralized DNLS equation (5.2.2) with the special nonlinear function f(u,—1,up, Un+1)
in (5.2.20) inherits the momentum conservation of the continuous NLS equation.
This was the original idea of Kevrekidis [111] (without a proof) to identify all excep-
tional nonlinear functions f(uy—1, Un, Unt1). It was proved by Pelinovsky [154] that
all such DNLS equations with homogeneous cubic polynomials f(un,—1,tn, Un+1)
admit the first-order invariant (5.2.5) for solutions of the second-order difference
equation (5.2.3).

Exercise 5.5 Consider the generalized DNLS equation (5.2.2) with a general
nonlinear function f(un—1,Un, un+1) and find the constraints on f(un—1, Un, Upt+1)
from the two independent conditions: (1) P is constant in ¢ and (2) the second-order
difference equation (5.2.3) possesses the first-order invariant (5.2.5). Can you show
that the two conditions are equivalent?

Exercise 5.6 Find all possible homogeneous cubic polynomials f(u,—1, U, Up+1)
in the generalized DNLS equation (5.2.2) that conserve the modified momentum

P=i § (an+2un - un+2an) )
neL

in time ¢ € R. Can you find the first-order invariant for the second-order difference
equation (5.2.3) with this special nonlinear function?

As the opposite to the result on the conservation of P, it can also be checked
by direct substitution that the generalized DNLS equation (5.2.2) with the nonlin-
ear function f(up—1,Un,unt1) in (5.2.20) does not admit the standard symplectic
Hamiltonian structure,

du, OH [Unt1 — unl?
_o8 g_ Wnt1 Z 9l gy una)| 5.2.21
T 7% { i (U, Uns1) ( )

where F(up,unt1) : C?2 — R satisfies properties (S1)—(S3). This negative result
can be a disappointment for physicists working with the Peierls—Nabarro potential.
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Nevertheless, this result does not exclude the possibility of a more complicated
symplectic Hamiltonian structure for the DNLS equation (5.2.2). For instance, the
integrable AL lattice with f = |un|?(Uny1 + Un_1) is known to possess a non-
standard symplectic Hamiltonian structure,

on
Oy,

du

s 1 hQ n 2
= (14 )
with the Hamiltonian function

H= % > (Uintin g1 + untingr) — % > log(1+ h?|up[?).
ne”L nez
The following exercises are based on the technical computations of Barashenkov
et al. [14]. They can be used to generate additional classes of special nonlinear
functions f(un—1,Un,un+1) in the generalized DNLS equation (5.2.2) with trans-
lationally invariant solutions. Because the first-order invariant in these examples is
linear with respect to (¢n+1 — ¢n), the relevant translationally invariant solutions
are not localized modes but monotonically increasing (or decreasing) kinks that
approach the nonzero boundary conditions at infinity.

Exercise 5.7 Consider the second-order difference equation (5.2.3) for real-valued
solutions {¢y, }nez and find the constraints on the nonlinear function (5.2.9) from
the existence of another conserved quantity,

1

E(¢"+l — ¢n) = §(én, Pny1), nELZ, (5.2.22)

where
G(Pns dn1) = Y0 + (D5 + Dai1) + V2bnbnt,

and (y0,71,72) € R? are arbitrary parameters. Show that if {@, }nez is a solution
of the first-order difference equation (5.2.22), then

I:= (d)n - ¢n71)§(¢n+1, ¢7n) - (¢n+1 - (lsn)g(ﬁbm ¢n71) =0, neZ

Therefore, Z multiplied by an arbitrary parameter can be added to the correspond-
ing nonlinear function f(dn—1, ¢n, dnt1)-

Exercise 5.8 Show that if {¢,}nez is a solution of the first-order difference
equation

%(an-&-l —¢n) = —14¢ndn+1, neL, (5.2.23)

then

~ h2 h2

1 := (1 + Z) ¢n(¢n+1 + ¢n—1) - 2¢n+1¢n—l - ? = 0, n e Z.
Again, T multiplied by an arbitrary parameter can be added to the correspond-
ing nonlinear function f(¢p—1,dn,Pn+1). Find the explicit solution of the first-
order difference equation (5.2.23) in the form ¢, = tanh(bhn), n € Z, for some
b>0.
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5.3 Melnikov integral for traveling localized modes

Although the generalized DNLS equation (5.2.2) may have translationally invari-
ant family (5.2.4) of localized modes, this fact alone does not imply the existence
of traveling localized modes with nonzero wave speed because traveling solutions
satisfy a more complicated equation compared with the second-order difference
equation (5.2.3). Direct substitution of

un(t) = ¢p(hn — 2ct — s)e @0 neZ teR, (5.3.1)

into the generalized DNLS equation (5.2.2) with the nonlinear function f satisfying
properties (P1)—(P3) at the start of this chapter results in the differential advance—
delay equation,
3 46 _ 0z +h) ~ 29(2) + (=~ )
dz h?
+wé(z) + f(d(z —h),6(2),0(2+ h)), zeR.  (53.2)

We are looking for a single-humped solution ¢ € H'(R) of the differential

advance—delay equation (5.3.2). To simplify the formalism, we shall assume that
f(up—1,un,unt1) is a homogeneous cubic polynomial.

Besides parameters of the nonlinear function f(u,—1,un,unt1) and the lattice
spacing h, the differential advance—delay equation (5.3.2) has two “internal” param-
eters w and c. It is convenient to replace (w, ¢) by new parameters (k, ) according
to the parameterization

w= f%ﬁc - % (cos(B) cosh(k) — 1), c= % sin(f) sinh(x), (5.3.3)
and to transform the variables (z, ¢(z)) to new variables (Z, ®(Z)), where
1 ; z
= 82 =Z
o) = 102y, z=2.

The new function ®(Z) satisfies the differential advance—-delay equation

%isin(8) @@’(2)
=®(Z+ 1) +®(Z — 1)e ¥ — 2cos(B) cosh(k) ®(Z)
+f(@(Z -1)e P, 0(2),(Z +1)eP), ZeR, (5.3.4)

where the lattice spacing h has been scaled out.

For some special nonlinear functions f(u,—1, %n, Un+1), there exist exact solutions
of the differential advance—delay equation (5.3.4). By direct differentiation, one can
check that there exists a two-parameter family of traveling localized modes,

®(Z) = sinh(k)sech(kZ), k>0, pBe€]0,2n], (5.3.5)

for the integrable AL lattice with f = |up|?(tnt1 + Un—1). Similarly, there exists a
one-parameter family of traveling localized modes,

sinh(k)

M N T

sech (kZ), k>0, B= g (5.3.6)
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in the non-integrable generalized DNLS equation with
= a2|un|2(un+1 + Up—1) + agui(ﬂnﬂ + Up—1), a2>asz#0. (5.3.7)

We shall consider two statements about solutions of the differential advance—
delay equation (5.3.4), which seem to contradict each other at first glance. On the
one hand, we show that no localized single-pulse localized modes exist in the gen-
eral case. On the other hand, we prove that, if a solution exists along a curve in the
parameter plane (k, 3), then these solutions generally persist in a neighborhood of
the curve with respect to perturbations in the nonlinear function f(up—_1, Un, Unt1)-
Using the language of dynamical system theory, we say that the existence of travel-
ing solutions in the differential advance—delay equation (5.3.4) is a codimension-one
bifurcation. Hence one-parameter existence curves in the two-parameter plane (k, 3)
are not generic but, if they exist for one model, they are structurally stable with
respect to the parameter continuation in this model.

Since the exact solution (5.3.6) is constructed for 8 = 7, we are particularly
interested in the localized modes of the differential advance—delay equation (5.3.4)
near £ > 0 and 3 = 7, although the analysis is expected to hold also for 8 # 3.
In what follows, k is a fixed positive number. This analysis is based on the work of
Pelinovsky et al. [157].

Let us rewrite the differential advance—delay equation (5.3.4) in a convenient
form, which is suitable for separation of the real and imaginary parts in the function
®(Z). To this end, we obtain

cos(B) (@ + ®_ — 2cosh(k) ®) + isin(B) <<1>+ — P — 2““};(”) %)

+fr +1ifi =0, (5.3.8)
where @4 = ®(Z £ 1) and f,. +if; = f(®_e #, &, &, ). In particular, if

f= a2|un|2(un+1 + up—1) + aSUi(ﬂnJrl + Up—1)

+ ag(|tuns1]® + [un—1*) (Uni1 + un_1),

then the differential advance-delay equation (5.3.4) with 8 = 7 and ®(Z) : R — R

reduces to the scalar equation

sinh(k) d®
K dZ
We note that the function (5.3.6) is an exact solution of equation (5.3.9) for

as = 0 and ay > as. Therefore, we ask if the exact solution (5.3.6) is struc-

turally stable in the scalar equation (5.3.9) with respect to ag # 0 and in the

2

[1+ (a2 — a3)® + as(®2 + @2)] (24 — @), ZeR. (5.3.9)

complex-valued equation (5.3.8) for a general homogeneous cubic nonlinear func-

tion f(unfl y Uny Un+1 )

Exercise 5.9 Consider the generalized DNLS equation with the nonlinear func-
tion,

f=ai|unPup + aa(ftng1|® + [un—1*)un + ag(ul y +ud_))a,

+ ag (2|un|2(un+1 + Unfl) + Ui(ﬂnﬂ + ﬂnfl) + ‘U7z+1‘2u7z+1 + |un71‘2u7171) 5
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which is known to admit the standard symplectic Hamiltonian structure (5.2.21).
Find the constraints on (aq, ay, ag, ag) € R%, under which the differential advance
delay equation (5.3.4) with 8 = 7 can be reduced to the scalar equation (5.3.9) for
®(Z):R—R.

To explain why 8 = 7 is so special in the existence of localized modes of the
differential advance—delay equation (5.3.4), we shall consider the following linear
equation,

inh(x) d®
cos(B) (P4 + ®_ — 2cosh(k) @) +isin(p) (®+ —p_ 2% () )= 0.
K
(5.3.10)

Applying the Laplace transform to the linear equation (5.3.10), we infer that all
linear eigenmodes are given by e*?, where X is a root of the characteristic equation

sinh(k)
K

Al =0.

(5.3.11)
Roots of D(A;k,8) = 0 with Re(A) > 0 and Re(\) < 0 correspond to the ex-
ponentially growing and decaying eigenmodes that provide the spatial decay of
the solution ®(Z), while the roots with Re(\) = 0 correspond to bounded eigen-
modes that result in the oscillatory behavior of the solution ®(Z). For any 8 €

D(X\; &, B) := cos(B) [cosh(\) — cosh(k)] + isin(B) {sinh(/\)

[0,27], there always exists a pair of real roots A = =4k, which are responsible
for localization of the single-humped solution ®(Z). However, for any § # {0, 7},
there exist also roots with Re(A) = 0 which may destroy the localization
of ®(2).

If 8 = %, the only root of D(X;k, ) = 0 with Re(A) = 0 is at A = 0. Near the
line B = % and xk € Ry, there exists a single root A = ik with & € R. When f
is reduced to zero or increased to 7, the number of roots of D(\;k,3) = 0 with
Re(A) = 0 increases to infinity. The limits 5 — 0 and 8 — 7 are singular: no
roots exist for § = 0 and 8 = 7, but many roots with large values of Im(\) exist
for small values of 8 # 0 and 8 # w. This behavior is illustrated in Figure 5.4,
which shows the behavior of D(ik;k,3) versus k for x = 1 and different values
of S.

Note that the values of § = 0 and 8 = 7 correspond to the stationary solutions of

T

2
s
2

the advance—delay equation (5.3.2) with ¢ = 0. Existence of the continuous family
of single-pulse localized modes was considered in Section 5.2 using the second-order
difference equation (5.2.3). However, persistence of the stationary solutions for ¢ # 0
is a singular perturbation problem.

Exercise 5.10 Consider the differential advance—delay equation for traveling lo-
calized modes of the discrete Klein—Gordon equation,

¢(z+h) —26(2) + (2 — h)

E(2) = - = 6(2) + F(6( = 1), 6(z), 6(z + b)),
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Figure 5.4 The behavior of D(ik;k, ) versus k for k = 1 and different values
of B.

where ¢ is the wave speed and f is a homogeneous cubic nonlinear function in its
variables. Find the dispersion relation in the linearization around the zero solution
and show that for small A > 0 and ¢ € (0,1), there exist finitely many purely
imaginary roots but the number of such roots becomes infinite as ¢ approaches

Z€ro.
To consider persistence of the exact solution (5.3.6) in the scalar equation (5.3.9)

with ag > a3 and ag € R, we replace ®(Z) by ®(Z) + U(Z), where ®(Z) is the

exact solution (5.3.6) and U(Z) satisfies the differential advance-delay equation

L U=NU)+F@®+U), (5.3.12)

with

LU= fzsm};(’f”) Z—g +(1+ (a2 — 03)®2)(Uy — U_) + 2(0z — a3) (. — &),
N(U) = —(az — a3) (U*(®4 — @)+ 20U (UL —U_) + U*(Uy — U-)),

F(®) = —ag(®? + &2 )(4 — D).
Operator L can also be written in the explicit form

sinh(r) fl—g + (1 + sinh®(x) sech®(k2)) (U(Z + 1) - U(Z — 1))

— 4 sinh®(k) tanh(kZ) sech(kZ + k) sech(kZ — k)U(Z),

L+U = 72

which shows that it is independent of parameters (aw, az) € R2.
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The linearized operator L, belongs to the class of non-hyperbolic differential
advance—delay operators (Section 5.1.2) with
sinh(k)

c=—-=>1.
K

Thanks to the continuous translational invariance of the differential advance—delay
equation (5.3.9), L, has a two-dimensional generalized kernel spanned by eigenvec-
tors {ug,u1},
0P K2 0P
=, = . —_—, 5.3.13
W5z M 2(k cosh(k) — sinh(k)) Ok ( )

so that Liup =0 and Liu; = uo.

Exercise 5.11 Show that the eigenfunction Uy(Z; k) of the continuous spectrum
of L, in Definition 5.1 is given by

cos(k) cosh(k) + isin(k) sinh(k) tanh(kZ) 4 sinh?(x)sech?(k.Z)
1 — cos(k) cosh(k) + isin(k) sinh(k) ’

0,1 —
Uo(Z; k) = '*?

(5.3.14)
which correspond to the spectral parameter,
A= Xo(k) := 2i [sin(k) — kw , keR
From this explicit expression, show that
ao(k) = 1 — cos(k) cosh(x) —isin(k) sinh(x) 1 — cosh(k + ik) (5:3.15)

1 ——cos(k) cosh(k) +isin(k) sinh(x) 1 — cosh(x — ik)’
where the scattering coefficient ag(k) is also defined in Definition 5.1.

According to the explicit expression (5.3.14), the eigenfunction Uy(Z;k) is an-
alytically extended in the strip —x < Im(k) < & and the eigenfunctions in the
weighted space H ,(R) are given by U,(Z; k) = Uo(Z; k + i) for any p € (—k, ).
Similarly, a, (k) = ao(k+ip). No eigenvalues of L exist in this strip except for the
double zero eigenvalue and the associated sequence of eigenvalues at {4rcmi}pez.
Since the two eigenvectors in the generalized kernel of L, decay exponentially to
zero with the decay rate x > 0, we have ug,u; € H\(R) for y € (=&, k). Further-
more, the eigenfunction U, (Z; k) and the scattering coefficient a,,(k) are bounded
and nonzero for any k € R and u € (—k, k). Therefore, Assumptions 5.1 and 5.2
(Section 5.1.2) are satisfied for the given operator L, and the result of Theorem
5.2 applies.

To solve uniquely equation (5.3.12) for small values of ag, we apply the Implicit
Function Theorem (Appendix B.7), for which we need the following two technical
results.

Lemma 5.8 The maps
N(U), F(® +U) : Ho(R) = Hyqa(R)
are C' with respect to U and there exist constants Cy,Cy,Cs > 0 such that
INO) e < CLllUNG + CellUNzn, 1F(@ 4+ U)llan < Csl1@+ Ul
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Proof The assertions follow by the Banach algebra of H'(R) with respect to point-
wise multiplication (Appendix B.1) and the symmetry, since ® € HZ (R) and
O, —d_c H'\y(R). O

Lemma 5.9 The operator
Lyt Hy(R) = Liga(R)
is continuously invertible and
3C>0: VFeL2gR): |L7'Flm < C||F| 2.

Proof Since ® € H*(R), operator L, maps continuously H'(R) to L?(R). The
change of parity follows from the symmetry of potentials in L .

To prove that there exists a unique solution U € HZ, (R) of the linear inhomo-
geneous equation L, U = F € Lgdd(]R)7 we apply Theorem 5.2, since operator L
satisfies Assumptions 5.1 and 5.2. By the explicit expressions (5.3.13), (5.3.14),
and (5.3.15), Up(Z;0) is even on R and uo(Z) is odd on R. Similarly, Wy(Z;0)
and wo(Z) are even on R. As a result, the conditions of Theorem 5.2 are satisfied,
because

(wo, F)rz = (Wo, F)p2 = 0.
Uniqueness follows from the fact that ug ¢ HL (R). O

As a result of Lemmas 5.8 and 5.9, the Jacobian operator Ly = DyN(U) is
invertible in a local neighborhood of the point U = 0 € H. (R) and the nonlin-
ear vector field N(U) + F(® + U) is Lipschitz continuous in H*(R). The Implicit
Function Theorem gives the following result.

Theorem 5.4 There exist ¢ > 0 and C > 0 such that for any |as| < €, there
exists a unique solution U € HL (R) of the scalar equation (5.3.12) satisfying

UNlar < Clas|.

In other words, Theorem 5.4 states that there exists a unique continuation of the
exact solution (5.3.6) in the scalar equation (5.3.9) for fixed ap > a3 and x > 0
with respect to small ag # 0.

We now consider the system of differential advance-delay equations (5.3.8)
for real and imaginary parts of ®(Z). We represent the nonlinear function
f(up—1,Un, tny1) in the form

f = aslun|*(tn1 + tn—1) + @302 (Gns1 + Gn-1) + €f (Un_1,Un, Unt1), (5.3.16)

where € is a small parameter. We replace ®(Z) by ®(Z)+U(Z)+iV(Z), where ®(Z)
is the exact solution (5.3.6) and U(Z) and V(Z) satisfy the system of differential
advance—delay equations

LU=N(UV)+puM(P+UYV)+ el (D+U,V;pu), (5.3.17)
LV=N_(UV)+uM_(2+UV)+eF_(2+U,V;pn). (5.3.18)
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Here L is the same as in the scalar equation (5.3.12) and L_ is given by

inh
SIHK(H) % + (1 + (ag + a3)<I)2) (Vi — Vo) —2a3®(04 — D)V,

the vector fields N4 (U, V') contain the quadratic and cubic terms in (U, V) from

LV =-2

the expansion of the nonlinear function (5.3.16) for e = 0, u = cot(f) is a small
parameter, My (®,V) is given by
{ M (®,V) =2cosh(k)V — Vy —V_ —Im M(®,V), (53.19)
M_(®,V) =&, +®_ —2cosh(k)® + Re M (®,V),
with
M(®,V) = as|® +iV|? (P, +&_ +i(Vy +V.))
+as(® +1V)*(d4 + - —i(V4 + V1)),
and eFy(®,V;u) contain the remainder terms from the expansion of the nonlin-

ear function (5.3.16) in e. If f(w,—1,uUp, unt1) is a homogeneous cubic nonlinear
function in its variables, then F(®,V; ) is a cubic polynomial in (®, V).

Exercise 5.12 Using the Banach algebra property of H'(R) and the symmetry
of ®(Z), show that if f(un—1,un,Un+1) is a homogeneous cubic nonlinear function
(5.2.20), then
N+(U7 V)v M—‘r(U? V)v F—‘r(Uv V) : Hclv(R) X Hgdd(R) - Hgdd(R)’
N_(U V), M_(U,V),F_(U,V) : Hj,(R) x H}3q(R) = H{,(R).
Moreover, show that
€FL (9,05 1) = —ag (2 + B2)(4 — D_) + O(u),
€F_(®,0; 1) = (aua + ag)P® + (a4 — ag) D(P2 + P2)
+ (Oé4 — 30&6)(I>¢'+q)_ + O(/J,)
By Lemma 5.9, there exists a C' map

Hldd(R) XxRxR> (V,E,,LL) —Ue Helv(R)?

o

such that U satisfies equation (5.3.17) for sufficiently small € and p and
3C>0: Ul < C(lel + ullVIm +1IVIE)

where the special form of M, (®,V) in (5.3.19) is used.

When U is substituted into equation (5.3.18), we obtain a closed equation on V/,
where operator L_ is not invertible on the space of even functions because solutions
of the homogeneous equation L* V' = 0 may not be odd on R.

Using the exact solution (5.3.6) for ®(Z), we can write L_ in the explicit form

sinh(x) dV/ n
Kk dZ
+ 4vsinh® (k) tanh(kZ) sech(kZ + k) sech(kZ — k)V (Z),

LV =-2 (1+ (14 2v) sinh®(k) sech®(k2)) (V(Z + 1) — V(Z — 1))

where v = a3/(a2 — a3). The integrable AL lattice corresponds to the case a3 =0
(v =0).
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For any v € R, operator L_ has a geometric kernel Ker(L_) = span{®} thanks
to the gauge invariance of the differential advance-delay equation (5.3.8). If v = 0,
operator L_ has a two-dimensional generalized kernel spanned by {ug, u; },

K

= 3lmcosh(r) —simh(m)) 2 22 (5.3.20)

so that L_ug = 0 and L_u; = wg. Similarly to Exercise 5.11, the eigenfunction
Uo(Z; k) of the continuous spectrum of L_ in the integrable case v = 0 can be
found in the explicit form

itz 1 —cos(k) cosh(k) +1isin(k) sinh(k) tanh(xZ)

Uo(Zik) =e 1 — cos(k) cosh(k) + isin(k) sinh(k) ’

and the scattering coefficient ag(k) has the same expression (5.3.15). By the same
arguments, operator L_ satisfies Assumptions 5.1 and 5.2 (Section 5.1.2) in the
integrable case v = 0. However v # 0 destroys the integrability of the AL lattice
and also destroys the two-dimensional generalized kernel of L_ in H'(R). The
following exercise is solved in Appendix B of Pelinovsky et al. [157].

Exercise 5.13 Use perturbation series expansions in powers of v and show that
the double zero eigenvalue of L_ splits generally into two simple eigenvalues, one
of which is zero.

Because of the splitting of the zero eigenvalue for small v # 0, different assump-
tions are needed for the non-hyperbolic differential advance-delay operator L_ with
v # 0 instead of Assumptions 5.1 and 5.2. As in Section 5.1, we use an abstract
notation L instead of the particular L_ with ¢ = sinh(k)/k > 1.

Assumption 5.3 There exist constants A_ < 0 < Ay such that no eigenvalues
of L with eigenvectors in H;IL(R) for any p € (—po, o) exist for any A € (A_, Ay),
except for the set of simple eigenvalues {4memi}mez. Furthermore, assume that
there exist ug € H)(R) for any |u| < po and wo € HL ,(R) for any p € (0, o) such
that

L’LL() = O, L*wo = 0,
and that there exists no uy € H)(R) such that Luy = ug.

Remark 5.3 Assumption 5.3 implies that (wg, ug) 2 # 0, which is only possible if
wp(Z) has a component of the same parity as ug(Z). The operator L can satisfy the
assertion that wo ¢ H'(R) only if the solution of Lwg = 0 has two bounded non-
decaying functions (even and odd), a linear combination of which would generate
a function wq € HEH(R) for 0 < p < po.

Figures 5.5 and 5.6 show numerical approximations of the spectrum of L_ for
k =1 and for v = 0 and v = 0.2 respectively. The numerical method is based on
the sixth-order finite-difference approximation of the derivative operator and the
truncation of the computational domain for Z on [—L, L] with L = 10 and step
size h = 0.1. The number of grid points is odd so that the number of eigenvalues
in the truncated matrix problem is also odd. For v = 0 (Figure 5.5), the smallest
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Figure 5.5 Eigenvalues of the operator L_ for v = 0 (top) and the normalized
eigenvectors for the three smallest eigenvalues (bottom). Reproduced from [157].

eigenvalue with |A| = 2.9201 x 107!% corresponds to the bounded eigenfunction,
while the next two eigenvalues with |\| = 8.5718 x 10~° correspond to the decaying
eigenfunctions. This picture corresponds to Assumption 5.1. For v = 0.2 (Figure
5.6), the smallest eigenvalue with |A| = 1.6511 x 107! corresponds to the decay-
ing eigenfunction, while the next two eigenvalues with |A| = 0.0390 correspond to
the bounded oscillatory complex-valued eigenfunctions. This picture corresponds
to Assumption 5.3.

Assumption 5.4 Eigenfunction W, (Z; k) and the scattering coefficient b, (k) in
Definition 5.1 are uniformly bounded for all k € R in the limit p | 0. The only
singularity of the eigenfunction U, (Z; k) and the scattering coefficient a, (k) in the
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Figure 5.6 Eigenvalues of the operator L_ for v = 0.2 (top) and the normalized
eigenvectors for the three smallest eigenvalues (bottom). Reproduced from [157].

limit p } 0 is a simple pole at k = 0. Moreover, there ezist C1,C5,C3 > 0 such
that

Jim Wo(Z;k) = Crwo(Z) € HL ,(R), p € (0, o), (5.3.21)
—
%in}) kUo(Z; k) = Couo(Z) € H;(R), i€ (—po, po), (5.3.22)
—
lim kag(k) = Cs. (5.3.23)
k—0

In spite of the difference in the construction of solutions of the homogeneous
equations LU = 0 and L*W = 0, the following theorem is analogous to Theorem
5.2.
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Theorem 5.5 Let F € L7(R) with |u| < po for some po > 0. Under Assumptions
5.3 and 5.4, there exists a solution U € H,(R) with u € (0,p0) of the linear
inhomogeneous equation LU = F if and only if

/ Wo(Z:0)F(Z)dZ = 0. (5.3.24)
R

Proof Thanks to the limit (5.3.21), (5.3.24) is equivalent to (wg, F) = = 0. Under
this condition, we represent the solution U € H,,(R) of LU = F for y € (0, uu9) by
the generalized Fourier transform

U(Z) = / Bu(W)UW(Zi )k + Aquo(Z) + S Ajuy(2),  (53.25)
¥ €ou(L\0}
where Ay € R is arbitrary,

¢ — cosh(u) cos(k)

Bu(k) = e, (k)

<Wu('§k)7F>L2»

and A; for A\; € o4(L,)\{0} are projections to the eigenvectors for nonzero eigen-
values of L.

Under Assumptions 5.3 and 5.4, the integral in the representation (5.3.25) has
a double pole at k = 0 as p | 0 if Fy(0) # 0. Condition (5.3.24) gives Fy(0) = 0,
after which the integral can be split into two parts as in the proof of Theorem 5.2.
The residue term produces now the function limg_,o kUy(Z; k), which is propor-
tional to up € H'(R) thanks to limit (5.3.22). The principal value integral pro-
duces a function in H'(R) if F' € L?(R). Therefore, U € H'(R) if and only if
Fy(0) = 0. O

Coming back to the operator L_ in both cases ¥ = 0 and v # 0, Theorems 5.2
and 5.5 imply the following lemma.

Lemma 5.10 For v =0 and v # 0, operator L_ is a continuous map
L_: Hyga(R) = L2, (R).

There exists a unique solution U € HLy (R) of the linear inhomogeneous equation
L U=FifFeL?®R) and Wy, F)r2 =0, where Wy(Z) := Wy(Z;0).

Proof 1In the integrable case v = 0, the zero eigenvalue is double, but the explicit
expressions for eigenvectors imply that wy(Z) is odd on R, whereas ug(Z) is even on
R. Therefore, (wg, F') 2 = 0 is satisfied trivially, whereas (5.1.14) gives (Wy, F)r2 =
0.

In the non-integrable case v # 0, the zero eigenvalue is simple and (W, F)2 =0
coincides with condition (5.3.24) for existence of U € H} 4 (R). O

By Lemma 5.10, operator L_ in the second equation (5.3.18) can be inverted un-
der the condition that (U, V) € HL (R) x H},,(R) satisfies the constraint A(e, ) =
0, where

Ale,p) := Wo, No(U,V)+ pM_(P+ U, V) + eF_(®+U,V;u))r2.  (5.3.26)
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The function A(e, ) is referred to as the Melnikov integral. It determines per-
sistence of localized modes of the system (5.3.17)-(5.3.18) for € # 0. Since the
Jacobian operator of the system (5.3.17)—(5.3.18) is continuously invertible in a
local neighborhood of the point (U, V) = (0,0) € HL (R) x Hl;;(R), ¢ = 0 € R,
and ¢ = 0 € R provided that A(e, ) = 0, the Implicit Function Theorem gives the
following result.

Theorem 5.6 Under Assumptions 5.1 and 5.2 for Ly and L_ with v = 0 and
Assumptions 5.3 and 5.4 for L_ with v # 0, there exists a unique solution (U,V) €
HL(R) x HL (R) of the system (5.3.17)-(5.3.18) for sufficiently small € and p
such that

301, C2 >0 Ul < Culel + %), IV < Colle] + |u),

provided that A(e, 1) = 0. Moreover, the map R? > (e,u) — A € R is C! near
e=pu=0.

Corollary 5.1  Under the assumptions of Theorem 5.6, the following hold:

(i) There exists a unique continuation of the exact solution (5.3.6) with respect to
parameter € if 9,A(0,0) # 0.

(ii) No continuation of the exact solution (5.3.6) with respect to parameter € exists
if A0, ) =0 and 9.A(0,0) # 0.

Proof The result of the corollary follows from the Implicit Function Theorem for
the root of A(e, u) = 0, where A(0,0) = 0 and A(e, 1) is C! near ¢ = pu = 0. O

Remark 5.4 Recall that
p=cot(B) = — (6 -2) +O(6—g)3,

which implies that the result of Corollary 5.1(i) implies persistence of the solution
curve on the plane (k, 3) near § = 7 for a fixed x > 0.

We now show that the one-parameter family (5.3.6) of traveling localized modes
of the non-integrable DNLS equation with the nonlinear function (5.3.7) persists
with respect to parameter continuation if az # 0. On the other hand, the two-
parameter family (5.3.5) of traveling localized modes of the integrable AL lattice
does not persist generally with respect to parameter continuation. Hence trav-
eling localized modes of the integrable AL lattice are, in this sense, less struc-
turally stable than traveling localized modes of the non-integrable generalized DNLS
equation.

We apply Corollary 5.1(i) to the exact solution (5.3.6) of the non-integrable
generalized DNLS equation with the nonlinear function (5.3.7) for fixed as > ag #
0. Using (5.3.26), we obtain

9,A(0,0) = (Wo, M_(®,0)) 12
= (Wo, (1 + (e + a3)®?)(®, + ®_) — 2cosh(k)P) >
=203(Wp, ®*(®y +®_))z2 #0,



5.8 Melnikov integral for traveling localized modes 323

where the special form of M_(®,V) in (5.3.19) is used. By Corollary 5.1(i), there
exists a unique continuation of the solution (5.3.6) with respect to perturbations in
the nonlinear function f(un_1,un,uns1) near g = 3.

We note that 0,A(0,0) = 0 if ag = 0, because the exact solution (5.3.6) is a
member of the two-parameter family of the exact solutions (5.3.5) in the integrable
AL lattice. Moreover, in this case, we actually have A(0, u) = 0 for any u € R. If,
in addition, .A(0,0) # 0, then the exact solution (5.3.6) cannot be continued with
respect to (e, 1) by Corollary 5.1(ii). To illustrate this situation, let us consider the

Salerno model with the nonlinear function,
=201 = a) [un)|* tn + o tn|® (i1 +tn_1), a€R. (5.3.27)

The differential advance-delay equation (5.3.4) with the nonlinear function (5.3.27)
can be rewritten in the compact form

(1t 2@, - o) - 22 gr(z)
=i [(14 |®*)(P4 + ®_) — 2cosh(k)P] + ie|D|* D,
where
=2 = conlo)

and the amplitude of ®(Z) is rescaled by the factor /a for o # 0. Since ®(Z) =
sinh(k) sech(kZ) is a solution of the advance-delay equation,

(1+]®*)(®; +®_) —2cosh(k)® = 0,
it is clear that A(0, u) = 0. On the other hand, we have for any k > 0
DA(0,0) = (Wo, @%) 12 # 0.

Therefore, the two-parameter family of exact solutions (5.3.5) terminates near 8 =
% in the Salerno model with the nonlinear function (5.3.27) for a # 1.

To illustrate the persistence of traveling localized modes, we consider the differ-
ential advance—delay equation (5.3.4) with the nonlinear function (5.2.20) under

the constraints
ag=ag, ag=0, as+az+4dag+2as=1,

where (a3, aq,ag) € R? are arbitrary parameters and the last condition is the
normalization of f(u,u,u) = 2|u|?u.

Figure 5.7 illustrates persistence of the solution curve in the (x,3) plane near
B = % for fixed values (a3, ag) = (—1,1) and different values of

ag € {0.5,0,—0.5,—1,—1.5, —2}.

All the solution curves can be seen to intersect the point (x,8) = (0,%).

Figure 5.8 shows that the family of traveling localized modes undergo a fold
bifurcation for positive values of ag as k is increased. At the fold bifurcation, two
solution branches merge, one corresponding to a single-humped solution and the
other one becoming a double-humped solution as the parameter moves away from
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01.5 1.6 1.7 1.8 1.9 2 2.1

Figure 5.7 Persistence of traveling localized modes for (as, as)= (—1, 1). Differ-
ent curves correspond to different values of ag = 0.5,0.25,0,—0.5,—1, —1.5, -2
from left to right. Reproduced from [157].

(b)
24 (a)

(©)

o)

Figure 5.8 (a) Fold bifurcation at which single-humped and double-humped solu-
tions coalesce for (a3, as, as) = (—1,0.5,1). Solution profiles are shown in panels
(b)—(d). Panel (e) shows the fold bifurcation for fixed k = 1 as as varies. The
fold bifurcation only occurs when «g is positive. Reproduced from [157].

the fold point. The insets to the figure show the solution profiles along the solution
curves for ag = 0.5. The amplitudes of both single-humped and double-humped
solutions grow with increasing values of k up to the maximum amplitude at x = 4.

The other outcome of the previous analysis is that the family of traveling localized
s

modes (5.3.5) of the integrable AL lattice does not persist near 8 = 7 in the Salerno
model with the nonlinear function (5.3.27) near o = 1. Figure 5.9(a) shows the tail
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Figure 5.9 (a) Tail amplitude of the Salerno model as a function of & for 8 = 123—07'

(solid curve) and B = IZ (dashed curve). The curves with A > 0 correspond to

o = 1.1 and the curves with A < 0 correspond to a = 0.9. (b) Existence of zeros

of the tail amplitude for a = 0.7 and § = %’r.

amplitude A of the numerical solution versus x for different values of o and §.
In agreement with the above conclusion, the tail amplitude remains nonzero in a
neighborhood of the point (a, 8) = (1, §). However, Figure 5.9(b) shows that zeros
of the tail amplitude A can appear far from this point: two solutions with zero
tail amplitudes are found for two values of K when o = 0.7 and § = %’. This
result indicates that in addition to the known solutions of the AL lattice at o = 1,
other traveling localized modes of the Salerno model can exist away from the values
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B = % and a = 1. This numerical observation is elaborated further in Section 5.5

using the Stokes constant computations.

5.4 Normal forms for traveling localized modes

If no explicit analytical solution is available for a given differential advance—delay
equation, no persistence problem can be formulated and we are left wondering if the
given equation admits any traveling localized modes. The only analytical method
that can be employed to attack the existence problem in the general case is the local
bifurcation theory from a linear limit, where the traveling localized mode has a small
amplitude and it is slowly varying over the lattice sites. Formal asymptotic multi-
scale expansion methods (Section 1.1) are helpful for predictions of the nontrivial
bifurcations and we will explain how to make the arguments rigorous using the
formulation of the differential advance-delay equation as the spatial dynamical
system. This formalism originates from the work of Iooss & Kirchgassner [94] and
Tooss [92] in the context of Fermi-Pasta—Ulam lattices.
Let us consider again the differential advance—delay equation (5.3.4),

2isin(3) Si“};(“) ¥'(2)
=®(Z+1)e” + ®(Z —1)e ¥ — 2cos(B) cosh(k) ®(Z)
+f((Z - 1)e P, 8(2),0(Z + 1)), Z R, (5.4.1)

where k > 0 and f € [0, 27]. The characteristic equation (5.3.11) for the linearized
equation is rewritten as

D(X\; k, B) := cos(B) [cosh(N) — cosh(k)] + isin(B) [sinh(A) — Al =0.

(5.4.2)
Roots of this equation determine solutions ®(Z) ~ e*? of the linearized equation

sinh(k)
K

and the set of roots always includes the pair of real roots A = +x. Moreover, these
are the only real-valued roots of the characteristic equation D(\; k, ) = 0. Other
complex-valued roots exist (Section 5.3). The following lemma shows that all but
finitely many roots of D(A;k,3) = 0 are bounded away from the imaginary axis
Re(A) =0.

Lemma 5.11 Fiz € (0,7) and k > 0. All but finitely many roots of the charac-
teristic equation (5.4.2) are bounded away from the line Re(\) = 0. Moreover, for
small k > 0, there exists po = po(B) > 0 such that |[Re(N)| > po for all roots with
Re(A) # 0.

Proof Since D(\;k, () is analytic in A € C, roots cannot accumulate to a finite
point in C. Therefore, it suffices to consider a sequence of roots {\, }nen such that
lim;, s o0 |An| = 00 and to prove that the sequence of roots is bounded away from
the line Re(\) = 0. Let A\, = p,, + ik, with p,,k, € R and rewrite D(\;k,58) = 0
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in the vector form

cos(3) [cosh(py,) cos(ky,) — cosh(k)] + sin(f) wk" — cosh(py) sin(kn)} =0,
cos(B) sinh(py,) sin(ky,) + sin(B) {sinh(pn) cos(ky) — Sin};(n)pn] =0.

It follows from the system that, for a fixed 5 € (0,7) and all k > 0,

[kn| < $ [cosh(py,) + cot(B)(cosh(py,) + cosh(k))]. (5.4.3)

By contradiction, if the sequence accumulates to the imaginary axis, then
lim p, =0
n— oo

and, thanks to the bound (5.4.3), for small x > 0, there exists ko = ko() < oo such

that lim, o |kn| < ko. This fact contradicts the analyticity of D(X; «,8) in A € C.

Therefore, the sequence {\, }nen remains bounded away from the line Re(\) = 0.
On the other hand, we have

cos(B) cosh(k) — sin(3) Sinh(m)kn/x.

h(p,) = 4.4

cosh(pn) cos(B + ky) (5.4.4)

For small x > 0, there exists po = po() > 0 such that |Re(A\)| > po for all roots
with Re(\) # 0. O

Thanks to Lemma 5.11, only finitely many purely imaginary roots exist and they
are determined by the roots of the real function

sinh(k)
K

D(ik; k, 5) = cos(B) [cos(k) — cosh(k)] + sin(5) k —sin(k)| =0. (5.4.5)
The behavior of D(ik;k, ) is shown on Figure 5.2 (Section 5.3).

It follows from Lemma 5.11 that, among the roots with Re(\) # 0, the roots
A = %&£ are closest to the line Re(A) = 0 for sufficiently small x > 0. If a lo-
calized mode exists in the differential advance—delay equation (5.4.1), then ®(2)
decays exponentially to zero exactly as e "%l for small k > 0. Therefore, the bi-
furcation curve corresponding to the localized mode that is slowly varying over Z
on R is determined by the line x = 0. The characteristic equation in this limit
becomes

D(X;0,8) = cos(B)(cosh(N) — 1) 4+ isin(B) (sinh(A) — A) = 0. (5.4.6)

Exercise 5.14 Show that the set of roots of D(); 0, 8) = 0 with Re(A) = 0 consists

of a zero root, of multiplicity three for 3 = § and of a zero root of multiplicity two

and a simple nonzero root for small |3 — 7|. Show that the number of roots of
D(X;0,8) = 0 with Re(\) = 0 is always odd and it increases without any bounds

as f — 0or 8 — .

We shall study the local bifurcation of traveling localized modes separately for

two different cases 3 = § and 8 # 5. The first case results in the third-order

differential equation, which is a normal form for the local bifurcation of traveling
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localized modes. Existence of localized modes in the normal form gives a neces-
sary condition for the existence of localized modes in the differential advance-delay
equation (5.4.1). The second case results in the beyond-all-orders asymptotic anal-
ysis with another necessary condition for the existence of localized modes (Section
5.5).
Let us derive the normal form for the local bifurcation of localized modes at
s

f = % using formal asymptotic multi-scale expansions (Section 1.1). Let & be a

small positive parameter and use the scaling transformation
®(Z2) =r"0(C), (=rZ,

for solutions of the differential advance-delay equation (5.4.1), where v > 0 is a
parameter to be determined. To expand the linear terms, we assume that ®(Z) €
C*°(R) and use the Taylor series

P(C+r) = (¢ — w) = 2sinh(k)¢'(() = 5x%[¢"(¢) — ¢/ (O] + O(K?),
P(C+ k) +o(¢ = w) = 2cosh(r)p(¢) = k2 [¢"(C) — ¢(Q)] + O(x?).

The balance between two linear terms occurs near x = 0 and 8 = 7 if the two small

parameters p = cot(f) and k are related by u = Qk, where Q is k-independent.

Under this scaling, the differential advance—delay equation (5.4.1) can be rewritten
at the leading order of x as

i

3 [P0 = (Al + 2["(Q) = 2(C)]
+RITf(=ip(C = 1), 9(0),i9(C + K)) + Ok, 7%) =0, (5.4.7)

where we have assumed again that f(up—_1,Un, Ust1) is @& homogeneous cubic non-
linear function in its variables.
In the case of the cubic DNLS equation with f = |u,|?u,, the leading-order
equation (5.4.7) can be truncated after the choice v = 3 at the normal form
i

3 [ = (Ol + Q") = ¢(O) + lo(O)Pe(¢) =0, (¢E€R. (5.4.8)

Equation (5.4.8) for the cubic DNLS equation will be justified in this section.

Exercise 5.15 Consider the nonlinearity function f(u,_1,Un,Uny1) in the ex-
plicit form (5.2.20) and compute the Taylor series expansion for the nonlinear
terms

F(=ip(C = k), 0(C),ip(C + k) = 4(as — ag)|ol*e
+2ik (a + 20 — 209) |0()*¢' (¢) — 2ik (a3 — 2a0) > (()@'(C) + O(K?).

Choose ay = ag and v = 1, and show that the leading-order equation (5.4.7) can
be truncated at a different normal form

i .
2 [P"(O) = @' (O] + Q" (C) = (O] + 2i (a2 + 2a5 — 2a9) [p(O) ¢’ ()

3
—2i (a3 —2a9) p*(O)P' () =0, (R (5.4.9)
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The difference between the normal form equations (5.4.8) and (5.4.9) implies
different outcomes in the local bifurcation of traveling localized modes near the
point (x,3) = (0,%). The normal form equation (5.4.8) admits no single-humped
localized modes for any Q € R [78, 214]. On the other hand, the normal form
equation (5.4.9) admits a reduction to a real-valued equation for = 0,

¢"(0) = ¢'(Q) +600*(Q)¢'(¢) =0, CE€ER,

where o = ay — ag + 2ag. There exists a single-humped localized mode of this
equation for any a > 0,

(¢) = a™ /2 sech(().

This localized mode persists as the exact solution of the differential advance—delay
equation (5.4.1) for any x > 0 and = § if oz > az and oy = ag = ag = ag =
0. Moreover, it is structurally stable with respect to continuation in parameters
ay,ag6,08,a9 € R in the (k, ) plane near 3 = § if a3 # 0 (Section 5.3). Thus,
the normal form equation (5.4.9) gives the necessary condition for the existence
of localized modes in the differential advance—delay equation (5.4.1). In particular,
the existence curve of localized modes in the (k, 3) plane intersects the point (0, g)
if the normal form equation (5.4.9) has the corresponding localized mode ¢(().

We shall now focus on the justification of the normal form equation (5.4.8). Our
presentation follows the works of Pelinovsky & Rothos [158] and Iooss & Peli-
novsky [95]. To proceed with the center manifold reductions of the spatial dy-
namical system, we rewrite the differential advance-delay equation (5.4.1) as an
infinite-dimensional evolution equation.

Let P € [—1,1] be a new independent variable and U = U(Z, P) = (Uy, Us,
Us,Uy) be defined by

Ui=8(Z), Up=dZ+P), Us=d(Z), Uy=d(Z+P), (5.4.10)

so that U (Z,0) = U1(Z) and Uy(Z,0) = Us(Z). Let D* be the difference operators
defined by D*U(Z, P) = U(Z,+1). Let D and H be the Banach spaces for the
vector U(Z, P):

D:{UG(C4: Uy =Us € CLR), Uy =0, € CLR,[~1,1]), Ul(Z):UQ(Z,o)}
H={UeC!, U, =TseC)R), U;=TcCYR,[-1,1])},

with the usual supremum norms. The differential advance-delay equation (5.4.1) is
written as the infinite-dimensional evolution equation,
sinh(k)

. dU .
216Jd7 =L, U+ M(U), c=sin(p) p— (5.4.11)

where 7 is the diagonal matrix of {1,1,—1, -1}, £, g is the linear operator,

—2cos(B) cosh(k) ePDt + e Bp~ 0 0
o 0 2icd/OP 0 0
wob = 0 0 —2cos(8) cosh(k) e BDt +efD™ |7

0 0 0 —2icd/oP
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and M(U) is the nonlinear operator,

U2U;
0
U2U,
0

M(U) =

The linear operator £, 3 maps D into H continuously and it has a compact
resolvent in H. The nonlinear term M (U) is analytic in an open neighborhood of
U =0 € D, maps D into D continuously and

3C>0: [M(U)|p <C|U|5.

The spectrum of L, g consists of an infinite set of isolated eigenvalues of fi-
nite multiplicities. Using the Laplace transform, linear eigenmodes of the evolution
equation,

QiCj% =L, U
are found from the vector solution
Uz, P) = (ul,ule)‘P,U3,U3e>‘P) M,
where A is defined by the roots of the characteristic equations
D\k,8) =0 if u; #0, and D(X\;k,8) =0 if wuz#D0.

Here D()\; k, ) = 0 is, of course, the same characteristic equation (5.4.2). If A is the
root of D(\; k,3) = 0, then A is the root of D(); k, 8) = 0. By Lemma 5.11, all but
a finite number of roots are isolated away from the line Re(\) = 0. Finitely many
eigenvalues A on Re(\) = 0 determine the center manifold of the spatial dynamical
system, which is useful for a reduction of the infinite-dimensional evolution equation
(5.4.11) to the finite-dimensional normal form equation (5.4.8). Many examples of
center manifold reductions in spatial dynamical systems are discussed in the text
of Tooss & Adelmeyer [93].

We are particularly interested in the bifurcation point (,3) = (0

us

, %), When

Do(\) := D ()\; 0, g) = i(sinh(\) — A) = éx”’ (1 + ;—; + O(X‘)) .

The only root of Dy(\) near the line Re(\) = 0 is the triple zero, so that the zero
eigenvalue has the algebraic multiplicity siz and the geometric multiplicity two. The
two eigenvectors of the geometric kernel of Lo := Lo /2 are

Uy = (1,1,0,0), W, =(0,0,1,1),
whereas the four generalized eigenvectors satisfy
LoUy =2iJUg_1, LWy =21TWi_1, k=1,2,
or in the explicit form

U1:(07P70a0)7 W1:(07070aP)’ U2: (07P27070)7 WQZ%(Oa()?O?PQ)'

DN | =
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Fix a small £ > 0 and a finite © € R in cot(8) = Qx. We rewrite the evolution
equation (5.4.11) in the equivalent form,

21Jd—IZJ = LoU + QKLU + 12L,U + %()\/1 FORRZM(U),  (5.4.12)
sin(K

d
where
0 i(Df—=D7) 0 0
s |0 290P 0 0
1o 0 0 —i(D*-D7) |’
0 0 0 —2i90/0P
—2cosh(xk) (DT + D7) 0 0
ok 0 0 0 0
~ sinh(k) 0 0 —2cosh(k) (DT +D7) |’
0 0 0 0
and
0 i(D*-D7) 0 0
L_L(_n |0 0 0 0
>~ k2 \ sinh(k) 0 0 0 —i(D*—D")
0 0 0 0

The initial-value problem for the time evolution problem (5.4.12) is ill-posed
because the eigenvalues of £, diverge both to the left and right halves of the com-
plex X plane. Instead of dealing with an initial-value problem, we are interested in
bounded solutions on the entire Z-axis. These bounded solutions can be constructed
with the decomposition of the solution to the finite-dimensional subspace related
to the zero eigenvalue and to the infinite-dimensional subspace related to all other
nonzero complex eigenvalues of L. After the decomposition, we project the time
evolution problem (5.4.12) to the corresponding subspaces and then truncate the
resulting system of equations to obtain the third-order differential equation (5.4.8).
This technique relies on the solution of the resolvent equation

(2INT - Ly)U=F, UeD, FeH, reC (5.4.13)

If X is not a root of Dy(A) = 0 or Dg(A) = 0, the explicit solution of the resolvent
equation (5.4.13) is obtained in the form

1 1 /! 1 /0
= — F— = F(P)er—Plgp — ,/ (P 21+P)gp
U 2Do(N) [ ! 2/0 2(P)e =5/, 2(P)e ap|,

1 (7 .
[]2 — U16>\P . 5/ FQ(P/)S)\(P7P )dp/7
0

1 1t 10
Us= = |Fs— = | Fy(P *<1*P>dpff/ Fy(P)e2+P)gp
ST NGY { 3 2/0 4(P)e 5/, 1(P)e :

1 [F ,
Uy = Use? + 5/ Fy(PHeMP=Pap’.
0
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The solution U has a triple pole at A = 0. Let us decompose the solution of the
time evolution problem (5.4.12) into two parts,

U(2) = Uc(2) + Un(2),
where U, is the projection to the six-dimensional subspace of the zero eigenvalue,
U.(2) = A(Z)Ug + B(2)Uy + C(2)Us + A(Z)Wq + B(Z)W1 + C(Z)Wo,

and Uy, is the projection to the complementary invariant subspace of operator Lg.
We notice in particular that

1
Uy=A, Uo=A+PB+ 5P?C.

When the decomposition is substituted into the time evolution equation (5.4.12),
we obtain

Qijdd% — LoU, =F,(A,B,C,Uy), (5.4.14)
where
. ,dU. 2
F, = -2i7 a7 + £0Uc + Qﬁﬁl(Uc + Uh) + K £2(UC + Uh)

"1+ Q2R2M(U, + Uy).

* sinh(x)

By the Fredholm Alternative Theorem (Appendix B.4), there exists a solution for
Uy, if and only if F, is orthogonal to the subspace of the adjoint linear operator as-
sociated to the zero eigenvalue. Equivalently, one can consider the solution of the re-
solvent equation (5.4.13) in the Laplace transform form Up,(\) = (2i\T — Lo) ' Fy
and remove the pole singularities from the function th(/\) near A = 0.

To make this procedure algorithmic, we expand the explicit solution of the resol-
vent equation (5.4.13) into the Laurent series at A = 0:

a_3Ug +b_3Wj n a_Ug+a_3U; +b_oWo+b_3W;

U= A3 A2
n (a,1 — 2*106173)U0 +a_oU; +a_3Uy
A
by — b 3)Wo+b Wi +b 3W
+( 1 350-3) oir 2W1+0_3 2+RU,

where Ry is analytic in the neighborhood of A = 0 and the projection operators
are given explicitly by

a_3=3i <F1 - % /_11 F2(P)dp> ,

@p=—7 (/01(1 — P)F,5(P)dP — /_01(1 + P)Fz(P)dP) ,

P —— 1(1 — P)?Fy(P)dP + ’ (1+ P)?Fy(P)dP ),
(U / )

-1

with similar expressions for b_3, b_o, b_7 in terms of F3 and Fj.
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Since a_3, a_2, a_1 do not depend on A, we can use F}, instead of its Laplace
transform F'j,. Substituting Fj, into the integral expressions for a_3, a_o, a_1, we
obtain

a_3=—C"(2)+30%kC + 3i|APA+ R_3(A,B,C,Uy) =0,  (5.4.15)
a_s=—B'(Z)+C + R_5(A,B,C,Uy) =0, (5.4.16)

1
a1 =—A(2)+ B~ 550'(Z) + R1(4,B,C.U;) =0, (5.4.17)

where R_3, R_5, R_; are remainder terms.
Using the scaling transformation

A=r91(0), B=r"202(C), C=r"2¢3(), Up=r"?Vy, (=rZ,

we reduce the system of differential equations (5.4.15)—(5.4.17) and obtain

d ¢1 01 0 ¢1 0
@ é | =10 0 1 b2 | +3i| 0| (b3 + |61]°01) + kR (0, Vi),
b3 000 b3 1

(5.4.18)

where ¢ = (¢1, ¢z, ¢3) depends on ( = kZ and Ry is a remainder term. This
equation is complemented with the residual equation (5.4.13), which now becomes

A%
QIJTZh — LoV, = kRy (9, V), (5.4.19)
where Ry is a remainder term.
The formal truncation of system (5.4.18) and (5.4.19) at £ = 0 recovers the scalar
third-order equation (5.4.8) for ¢(¢) = ¢1(¢), rewritten again as

% [0"(0) = " (O] +Q["(C) = (O] + [2(Q)*() =0, ¢eR.  (5.4.20)

The justification of the center manifold reduction is described by the following
theorem.

Theorem 5.7 Fiz M > 0 and let kK > 0 be small enough. For any given ¢ €
CY(R,C3) such that ||@||L~ < M, there exists a unique solution V; € CP(R,D) of
system (5.4.19) such that

IK>0: [Vilp < Kr.

The proof of existence of center manifolds for the class of differential advance—
delay equations is developed by Iooss & Kirchgassner [94] using the Green function
technique and by Iooss & Pelinovsky [95] using the Implicit Function Theorem.

By Theorem 5.7, bounded solutions of the system (5.4.18) generate bounded
solutions in the full system (5.4.12). System (5.4.18) can be interpreted as a pertur-
bation of the normal form equation (5.4.20). Therefore, one needs first to construct
bounded solutions of the normal form equation (5.4.20) and then to develop the
persistence analysis of these bounded solutions in the system (5.4.18). In particular,
we are interested in localized modes of the normal form equation (5.4.20).
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It is clear that the linear part of equation (5.4.20) has three fundamental solutions
©(¢) ~ e*¢ and p(¢) ~ €3 where the first two solutions correspond to the one-
dimensional stable and unstable manifolds whereas the last solution corresponds to
the one-dimensional center manifold. Existence of localized solutions in the systems
with a one-dimensional center manifold is a bifurcation of codimension one and
hence it is non-generic. Using the beyond-all-orders asymptotic method (Section
5.5), Grimshaw [78] showed that no single-humped localized modes exist in the
normal form equation (5.4.20) for any value of 2 € R. This negative result “kills”
the problem of persistence of the single-humped localized modes in the system
(5.4.18).

On the other hand, Calvo & Akylas [28] proved analytically that double-humped
and multi-humped localized modes of the normal form equation (5.4.20) exist for
special values of parameter (2. Double-humped localized modes were approximated
numerically by Yang & Akylas [214]. Different double-humped localized modes
are characterized by the different distances between the two individual humps.
Although it is expected that double-humped localized modes persist in a neighbor-
hood of these curves within system (5.4.18) and thus in the full dynamical system
(5.4.12), persistence analysis of these solutions is a delicate open problem of anal-
ysis.

Exercise 5.16 Consider traveling localized modes in the discrete Klein-Gordon
equation,

¢(z+h) = 2¢(2) + ¢(z — h)
h2

A (z) = —6(2) + ¢°(2)

and show with the formal Taylor expansions that the scaling
z
JE?

with two parameters (v, 7), results in the normal form equation

A=1+ey, h2=ér, (=

T

139" =79"() =6 +6°(() =0, CeR.

Exercise 5.17 Consider the discrete Klein—Gordon equation,

. 1= Up—1Un+1 Un41 — 2un + Up—1 1
Un 1_ u% = h2 + iun(l - un+lun—1)7

and prove that it admits an exact traveling kink solution for any ¢ € (—1,1),

un(t) = $(n — ct) = tanh (%) .

Derive the normal form equation similarly to Exercise 5.16 and show that the
normal form inherits the same exact solution for arbitrary values of (v, 7).
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5.5 Stokes constants for traveling localized modes

In Section 5.4, local bifurcation of traveling localized modes was considered in the
differential advance-delay equation (5.4.1) near a special point (x,5) = (0, %).
Near this point, non-existence of single-humped localized modes can be checked
at the algebraic order of the perturbation series using truncation of the normal
form equation. Here we shall look at other values of 3 # 7 along the bifurcation
curve Kk = 0. Although the center manifold reduction looks relatively simple at
algebraic orders of the perturbation theory for 8 # 7, non-existence of single-
humped localized modes can only be established if beyond-all-orders terms are
captured in the asymptotic expansion.

Asymptotic analysis of the beyond-all-orders perturbation theory originated from
the work of Kruskal & Segur [123] and has been employed by many authors in the
context of differential equations. It was extended by Pomeau et al. [172] to allow the
computation of the splitting constants from the Borel summation of series rather
than from the numerical solution of differential equations. Rigorous justification of
this method for differential and difference equations was developed by Tovbis and
his coworkers [203, 204, 205, 206].

We shall describe the beyond-all-orders method on a formal (already complicated)
level of arguments. Our presentation follows Melvin et al. [140], who considered the
Salerno model with the nonlinearity function,

F a1, tn, tng1) = 2(1 — @) [un)® un + a [un|® (tns1 + un—1), a€R. (5.5.1)

Oxtoby & Barashenkov [145] developed a similar application of the beyond-all-
orders method for the saturable DNLS equation.

The integrable AL lattice, which arises from the Salerno model with the non-
linear function (5.5.1) for @ = 1, has a two-parameter family of exact traveling
localized modes. However, these solutions do not persist for a # 1 away from the
integrable limit (Section 5.3). Numerical results suggest, however, that the Salerno
model can still support traveling localized modes for some o # 1 (Figure 5.9).
The beyond-all-orders method is the tool to capture non-trivial bifurcations of
the solution curves in the parameter plane (x, ) that intersects the bifurcation
curve k = 0.

We start with the differential advance—delay equation (5.4.1) for the Salerno
model (5.5.1) rewritten in variables ®(Z) = kp(¢) and ¢ = kZ:

cos(B) [p(¢ + k) + ¢(¢ — &) — 2 cosh(k)p(¢)]
+isin(B) [p(C + k) — (¢ — K) — 2sinh(x)¢' ()]
p(C = r)e™, (), p(¢ + r)e) =0, (5.5.2)
where the nonlinear function is
f=2(1=a)p(Q)|e(Q) + acos(8)(@(¢ + k) + ¢(¢ — K)lp(O)
+isin(B8)(p(¢ + &) — (¢ = m) (O

The beyond-all-orders method consists of three steps.

(
+r2f(
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e A regular asymptotic solution is derived in the continuous limit x — 0, when the
differential advance—delay operator is formally replaced by the series of differen-
tial operators of increasing orders. Although this solution is correct to all orders
of the asymptotic expansion, it does not capture the bounded oscillatory tails as
these terms are exponentially small in .

e To capture the oscillatory tails, we continue analytically the solution into the
complex plane where the asymptotic expansion blows up. The Stokes constants
measure the residue coefficients of the singular part of the beyond-all-orders terms
corresponding to the splitting between stable and unstable manifolds.

e We compute the Stokes constant in the region of the parameter space where there
is only one eigenvalue of the linearized equation on the imaginary axis besides
the zero eigenvalue. Zeros of the Stokes constant indicate bifurcations of traveling
localized modes in the differential advance-delay equation (5.5.2).

This analytic scheme is complemented by numerical approximations of the Stokes
constant. Location of bifurcation curves captured by the beyond-all-orders method
give good hints for numerical searches of the localized solutions of the differential
advance—delay equation (5.5.2).

We seek a regular asymptotic expansion of equation (5.5.2) in powers of &,

oo

e(¢) = (k) en(0), (5.5.3)

n=0

where ¢,,(¢) are real-valued functions. The advance and delay terms are expanded
in power series by

PlC+ ) = p(C = 1) = 28inh(m)¢'(C) = 34° [¢"'(0) = ()] + O(7),
P(C+ )+ (¢ ) — 2cosh(R)plC) = [6"(C) — 9(C)] + O,

while the nonlinear function f is expanded as

f=2(1+a(cos(8) — 1)) [p(OI (¢) + 2irasin(B) [(O)I* ' (C)
+r%acos(B) [(OI " (¢) + O(x?).

Substituting all expansions into (5.5.2) gives to leading order, O(x?),
cos(8) (5 (¢) — wo(¢)) + 2 (1 + alcos(B) — 1)) p5(¢) = 0,

which admits the localized mode

cos(B)
— Ssech (¢), S = . 5.5.4
Po(€) = Ssech (¢) e (5:5.4)
The region of parameter space for which S € R is defined by
(I-cos(P)a<l, pe [0, g] U [37”,2ﬂ ,
(I—cos(B))a>1, pe [g, 37”] .

At the next order, O(x?), we obtain the linear inhomogeneous equation

_ 2sin(8)S3(1 —a)
Lot = " o2 (5)

sech®(¢) tanh(¢),
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where L_ = —8? +1—2sech?(¢). Since L_y = 0 and ¢o(¢) is even on R, a unique
odd solution exists for ¢;(¢), in fact, in the explicit form
sin(8)S3(1 — )

2 cos?(8)

To compute the solution to higher orders, O(k™) for n > 4, we have to solve a

01(C) = sech(C) tanh(¢). (5.5.5)

system of inhomogeneous linear equations separately in odd and even orders of n:

Lywor = g2r(00, P15 - P2r-1);  L_pars1 = gorr1(p0, 01, -y 21),  (5.5.6)
where L, = —8? +1—6sech?(¢), k € N, and g,, contains linear and cubic powers
of (¢g,¢1, .-, Pn—1) and their derivatives up to the (n + 2)th order.

Thanks to the parity of the first two terms, we check inductively that gox({) is
even on R and gox4+1(¢) is odd on R. Since Li¢)(¢) = 0 and L_po(¢) = 0, where
©5(¢) is odd on R and ¢(¢) is even on R, respectively, there exist unique solutions
of the linear inhomogeneous equations (5.5.6) in the space of even functions for
21 (¢) and odd functions for ¢o11(¢). Therefore, the asymptotic expansion (5.5.3)
can be computed up to any order of k.

To go beyond all orders of the asymptotic expansion in powers of k, we rescale
dependent and independent variables near the singularity of the regular asymp-
totic expansion in a complex plane. The leading-order term (5.5.4) of the regular
expansion (5.5.3) has its first singularity at ¢ = % Therefore, we take

U(Z) = kp(C), O(Z)=rp(C), C=rZ+ %T (5.5.7)

Note that because ¢ € C, it is no longer true that ©(Z) = ¥(Z). The change of

coordinates leads to a new system of equations, which we only write at the leading
order, O(x?),

cos(B) [Wo(Z + 1) + ¥o(Z — 1) — 2¥o(2)]
+isin(B) [Wo(Z + 1) — Uo(Z — 1) — 2U((Z)] + F(¥,00) =0, (5.5.8)
cos(B) [00(Z + 1)+ ©¢(Z — 1) — 20¢(2)]
—isin(B) [0o(Z + 1) — O9(Z — 1) — 204(2)] + F(6g, ¥g) =0, (5.5.9)
where
F(¥,0) =21 - a)¥%(2)0(Z) + acos(8)W(2)0(Z2) (¥(Z +1) + ¥(Z — 1))
+iasin(B)¥(2)0(2) (¥(Z+1) - ¥ (Z-1)).
The zero index indicates the leading order of the rescaled asymptotic expansion in
powers of k,

U(Z)=Ty(Z) + i K, (Z), O(Z)=00(2)+ i K™0,(2).  (5.5.10)

By substituting ©¢(Z) = e~PZ into the second equation (5.5.9) linearized around
the zero solution, we recover the characteristic equation (5.4.6),

Dy (p; B) := cos(B) (cosh(p) — 1) +isin(B) (sinh(p) — p) = 0. (5.5.11)
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By substituting ¥o(Z) = ¢~PZ into the first equation (5.5.8) linearized around the
zero solution, we obtain the conjugate characteristic equation Dg(p; 3) = 0.

If 3 # %, Do(p;8) = 0 has a double root p = 0 and a varying number of
imaginary roots, p € iR, depending upon the value of 3. Let p = ikg be the smallest
root of Do(p; B) on the imaginary axis; moreover kg is the only nonzero root on the
imaginary axis for 8 near 8 = 5. A symmetric root p = —ikg exists for Do(p; B) = 0.

The system of differential advance-delay equations (5.5.8)—(5.5.9) can be refor-
mulated as a system of integral equations using the Laplace transforms,

Vo (Z) = / Vo(p)e P?dp, ©o(Z) = / Wo(p)e PZdp, (5.5.12)

which gives
Do(p; B)Vo + Vo * Wy * [((1 — @) 4+ acos(B) cosh(p) — iarsin(3) sinh(p)) Vo] =
Dy(p; B)YWo + Wo * Vo = [((1 — @) + accos(B) cosh(p) + iasin(B) sinh(p)) W] =

where the convolution operator is defined by

P
VW) = [ Vo p)Wondn,
0
and the integration is performed along a curve 7 in the complex p plane.
Exercise 5.18 Show that the symmetry of integral equations implies the reduc-
tion
Wo(p) = Vo(-p), peC.

Let us now consider various solutions of the system of differential advance—delay

equations (5.5.8)—(5.5.9).

First, we define two particular solutions {U§(Z), ©5(Z)} and {¥§(Z2),08(Z)} of
this system, which lie on the stable and unstable manifolds respectively,

li vo(Z) = li 05(Z2) =0
Re(Zl)IEH-oo 0( ) Re(Zl)g-Q—oo O( ) ’

li ve(Z) = li Oy(Z) =0.
Rc(Zl)IE—oo O( ) Rc(Zl)rLl—oo 0( )

If a localized mode exists, then the two particular solutions coincide. The Laplace
transform (5.5.12) generates the solution {U§(Z),0§(Z)} when the contour of in-
tegration 7 = ~, lies in the first quadrant of the complex p plane and produces
the solution {¥4(Z),08(Z)} if v = 7, lies in the second quadrant. If there are no
singularities between the two integration contours v, and =, and {Vo(p), Wo(p)}
are uniformly bounded as |p| — oo in the upper half of the complex p plane, then
the contours could be continuously deformed into each other, implying that the
solution generated by each contour is the same, i.e.

V5(2) = ¥5(2), ©5(2) =65(2),

therefore a localized mode would exist. However, as mentioned previously, there
is at least one resonance p = ilkg| on the positive imaginary axis. A deformation
of the integration contours ~s and =, leads to a residue contribution around the
singularity at p = i|ko|. Apart from the double root at p = 0, p = i|ko| is the
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only root on the positive imaginary axis for § near 8 = 5 and all other roots are

bounded away from Re(p) = 0 by Lemma 5.11. It is hence pos51ble to define 5 and
. to lie above these points.
Second, we are interested in the existence of the inverse power series solutions

bn
zn’

oo oo

Uo(Z) =Y = ©0(2) =

n=1 n=1

Substituting (5.5.13) into system (5.5.8)—(5.5.9) gives at leading order, O(Z~3),

(5.5.13)

a152+a1b1 70 b152+b1a1

which has a symmetric solution a; = b; = —iS. This solution corresponds to the
leading-order term in the expansion
©o(¢) = Ssech(¢) = 5 (1+0(k*Z%) as K—0
ikZ +0(k3Z3)  kZ '
The inverse power series in Z for ¥o(Z) and ©¢(Z) become the power series
expansions in p for Vy(p) and Wy(p),

Zvnp, Wol(p anp, (5.5.14)

where Vo = Wy = —iS. Since no singularities are present in the neighborhood of
p = 0, the power series (5.5.14) converge near the origin but diverge as p approaches
the singularity at p = i|ko|.

Exercise 5.19 Substituting (5.5.14) into the system of integral equations, find
the first two terms of the power series in the form

n=2: VOZW():*iS,
sin(8)S3(1 — )
2cos?(B)

Prove that if & = 1 (the integrable AL lattice), the power series (5.5.14) are trun-
cated at the first term with n = 0.

n=3: ‘/1:—W1:

To study the singular behavior of power series (5.5.14) near p = i|ko|, we now
consider a linearization of system (5.5.8)—(5.5.9) about the inverse power series
(5.5.13). To accommodate both cases kg > 0 and ko < 0, we write

- S i = n
Uo(Z) = —2 1 DY (Z)eiI0IZ Z Gn

Z zn’
On(Z) = 715 F@ —llko\Z

where the exponential term

e~ ilkolZ — o=mlkol/2r o=ilkol(/r

describes the beyond-all-orders effects due to the coefficient e~™%01/2% becoming

exponentially small in the limit x | 0. The coefficient I is referred to as the Stokes
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constant and it is a measure of the amplitude of the bounded oscillatory tail. A
localized mode exists only if I' = 0.

Substituting the expansion into system (5.5.8)—(5.5.9) and truncating the non-
linear terms to O(C~2) gives the linearized system for W and O,

cos(8) | #(Z + Ve el 02— 1)elhol — 21 (2)] (1 - %2)

+isin(B) {(@(z +1)e kol (7 — 1)6”’%\) (1 - O‘g) —20'(Z) + 21|k0|\i/(2)}

- ZC‘;@ [2@(2) + é(Z)] +O(Z73) =0,
cos(B) [@(Z +1)e kol 1 §(Z — 1)eilkol — 2@(2)] (1 - “Z;Z?)
—isin(f) {(é(z F1)eikol — §(z - 1)&"%‘) (1 - O‘Zi;) —20'(2) + 2i|l~c0|é(Z)}

2cos(B)
-~

26(2)+¥(2)] + 0(27%) =0,
Using Laurent expansions with some integer exponent r, yet to be determined,
\I/(Z) =1 2" + 02" 4 3272 0277,
O(Z) =mZ" +mZ" ' +msZ" 2+ 0(Z777),

the linearized system can be solved at each successive power of Z. We hence obtain
from the first equation

O(Z")+ p1Do(—ilkol; 8) =0,
O(Z™ 1) = peDo(—ilkol; B) + prrDy(—ilkol; 8) = 0,
OF=): psDo(=ilkols ) + palr — D (ilkol: ) + o1 "o DY ikl )
— cos(B) (2p1 +m) — sin(B)aS?|ko|p1 = 0,
and from the second equation
O(Z"): mDo(ilko[; 8) = 0,
O(Z" ")+ ma2Do(ilkol; B) + mrDy(ilko|; 5) = 0,
O(2"72) : m3Do(ilkol; B) + ma2(r — 1) Dy (ilko; B) +m
—cos(B) (2m + p1) + sin(B)aS? ko|m = 0,

"D Dy )

where derivatives of Dy(p; ) are taken with respect to p at p = Fi|ko|. If 8 < T,
then ko > 0 and p = ikg is a root of Dq(i|ko[; 8) = 0 but not a root of Do (—i|kol; 8) #
0. To avoid the trivial solution, we normalize 7; = 1. Since Dy (ilkol; 5) # 0, we find
r = 0 and obtain unique values for the coefficients of the power series, e.g.

cos(8)

=0, =0, =——">"7 _ ...
P1 P2 P3 DO(—1\k0|;5)
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and
—2cos(B) +sin(B)as?ko|
Dy (ilkol; 8) C

These computations give the first terms in the solution

_-is cos(f) 1 L] itkolz . N 90
o(2) —7”{Dovnkom)ﬁ*@(ﬁ)]e 2 7w

n=2

—iS —2cos i S?|ko| 1 1 < = by
00(Z) =—=2 +T {1 | —2cos(8) + sin(B)aslko| 1 O(ﬁ)]e—qmz £y =
n=2

m=1 m=

Dy (ilkol; B) Z

If 5> %, then kg < 0 and p = —i|ko| is the root of Dy(—ilke|; 5) = 0 but not
a root of Dy(ilko|;8) # 0. As a result, the role of components ¥(Z) and ©(Z) is
opposite to the one in the solution for 8 < 7.

Exercise 5.20 Compute the expansion for ¥(Z) and ©(Z) for the case 8 > g

After the expansions for ¥(Z) and ©(Z) are substituted into the Laplace trans-
forms (5.5.12), the functions Vy(p) and Wy(p) are found in the form

Vo(p) =0 ((p — ilko|) log(p — ilko])) — 1S + Y anp™ ",
- =2 (5.5.15)

o) =5rit—iThaD

+O(log(p — ilko])) 1S + Y bup™ 1,
n=2

where the pole term arises from the term e~ %012 the logarithmic terms arise from
the terms Z~™e~1#1Z with m > 1, and the power terms arise from the inverse
power terms Z~" with m > 1.

The pole singularity of the solution (5.5.15) is recovered from the power series
solution (5.5.14) if the coefficients of the power series satisfy the matching condition

c- n r 1 I o« (ip)"
> Wap > ol (5.5.16)
n=0 n=0

pilkel 27 |ko| +ip  27|ko|
The Stokes constant is hence given by
K(a,p) := 1l = 2mi|ko| li_)m (i|ko )" W, (5.5.17)

Formula (5.5.17) is used for numerical computations of the Stokes constant. We
shall only work with those values of 8 for which p = +ikg are the only nonzero
roots of the dispersion relations Dy (p; 8) = 0 and Dg(p; 3) = 0 on the imaginary
axis. For other values of § far from 8 = 7, finding a simple zero of K(«;f) is not
sufficient for the bifurcation of a localized mode of the differential advance—delay
equation (5.5.2) as we would also have to compute the Stokes constants for other
roots of the characteristic equations Dg(p; 3) = 0 and Dy(p; ) = 0 on the imaginary
axis.
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Figure 5.10 The Stokes constant K («a, 8) versus S for (a) o = 0 (the cubic DNLS
equation) and (b) a = 1 (the integrable AL lattice). There are no zeros of the
Stokes constant for the cubic DNLS equation while the Stokes constant for the
integrable AL lattice is always zero up to the numerical round off error. Reprinted
from [140].

Exercise 5.21 Show that if V(p) and W (p) are given by the power series (5.5.14),
then the convolution operator is given by

nl'ng
Vo W)( e Vi Wi p et
( * Z Z n1+n2+1) n1 WnoP

n1=0n2=0

Let us first consider the two limiting cases: the cubic DNLS equation with

a = 0, where we expect K(0,8) # 0 for all 5 € (0,7) [145], and the integrable

AL lattice with a = 1, where K(1,3) = 0 (Exercise 5.19). The results shown on
Figure 5.10 agree with our predictions.
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Figure 5.11 The Stokes constant K(«, 3) versus 3 for the Salerno model with
(a) @ =0.25 and (b) a = 0.75. Zeros of K(«, ) exist at 8 =~ 1.98,2.08,2.36 for
a = 0.75. Reprinted from [140].

Now we consider the intermediate values a € (0,1). If @« < 0.5 then S € R
in the domain 8 € (0, %) U (37”,27r). Figure 5.11 (top) shows that no zeros of
K (o, ) are found for o = 0.25. If @ > 0.5, computations are extended to the
domain 8 € (Z,3T), where S € R. Figure 5.11 (bottom) shows a number of zeros

2072
of K(c, B) in the interval with g > 7. The number of zeros of K(«, ) depends on
the value of o and each zero moves towards the point 8 = 5 as a — 1.

We would expect the solution curves for localized modes of the differential
advance—delay equation (5.5.2) to approach the curves for the zeros of K(«, 3) as k
is reduced towards zero. Numerically, it is easier to compute the solution curves for
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Figure 5.12 (a) Continuation of numerical solutions to the differential advance—
delay equation (5.5.2) for varying o and 8 with x = 0.3 (dash-dot line), k = 0.5
(solid line) and k =1 (dashed line). As S is reduced, a fold bifurcation occurs and
the single-humped localized mode splits into a double-humped one. Continuation
of the first zero of the Stokes constant K («, ) is shown as a solid black line. Dot-
ted vertical lines indicate the special points 3 = 7 and 3 = 1 (more resonances
occur for 8 > B1). (b) Profiles |®(Z)| along the continuation branch with x = 0.5
showing the splitting of single-humped localized modes into double-humped ones.

Reprinted from [140].

a fixed nonzero value of « in the («, 8) plane and reduce the value of x. Such contin-
uations for nonzero values of x are shown in Figure 5.12(a). Three existence curves
for k = 0.3,0.5,1 are computed numerically and these curves approach the line
K(a,B) =0for 8 > 7 as k becomes smaller. All existence curves have a fold point
at the maximum value of a for some value of § < 7, which approaches the point
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Figure 5.13 Top: continuation of zeros of the Stokes constant K (a, 8) (solid lines)
along with the corresponding branches of numerical solutions for £ = 0.5 (dashed
lines). For § < % the localized modes are multi-humped. The number of humps
corresponding to each branch (I-IV) is shown in the other panels for « = 0.5 and
B =1.327 (I), B = 1.206 (IT), B = 1.217 (III), and B = 1.175 (IV). Reprinted
from [140].

(o, B) = (1, g) as k — 0. For 8 less than this fold point the single-humped localized
mode splits into a double-humped localized mode as shown in Figure 5.12(b). The
existence of localized modes for 3 > 7 agrees with Figure 5.9 (Section 5.3), where
a localized mode was found numerically for a« = 0.7, 8 = %’T, and some values of k.

Figure 5.13 (top) illustrates the correspondence between subsequent zeros of
K(a, 8) shown by solid lines and the existence curves shown by dashed lines, for
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k = 0.5. As in the previous case, all the lines of K(«,3) = 0 originate from the
point («, B) = (1, g) and the numerical approximations to solutions of the differen-
tial advance—delay equation (5.5.2) match up well with the lines of K(a, 8) = 0 for
B > 5. In contrast, for 8 < 7 the branches experience a fold with respect to a and
the corresponding single-humped localized modes become multi-humped localized
modes as [ is decreased. The number of humps on each branch is shown on the
other panels of Figure 5.13. The number of humps increases as « is decreased for a
fixed value of .

Figures 5.12 and 5.13 illustrate the two analytical results in Sections 5.3 and 5.4.
First, the branches of single-humped localized modes for 8 > 7 terminate for values
of a > 0.5 away from the cubic DNLS equation with a@ = 0, while the branches of
multi-humped localized modes for 8 < 7 extend to the cubic DNLS equation with
a = 0. On the other hand, both figures suggest that all existence curves for a fixed
value of k have a fold point for a < 1 away from the integrable AL lattice with
«a = 1, indicating that the solutions of the integrable AL lattice do not persist for
a # 1 and a fixed value of x > 0.

5.6 Traveling localized modes in periodic potentials

All examples of the previous sections were devoted to traveling localized modes in
the generalized DNLS equation. The DNLS equation is a reduction of the Gross—
Pitaevskii equation in the limit of large-amplitude periodic potentials (Section 2.4).
In particular, the spectrum of the linearized DNLS equation is a zoom of a single
spectral band of the Schrodinger operator with a periodic potential. As a conse-
quence, a traveling localized mode may have only one resonance with linear eigen-
modes of the DNLS equation.

Let us now consider the existence of traveling localized modes in the Gross—
Pitaevskii equation,

iy = — Uy + V(x)u — |ul?u, (5.6.1)

where u(z,t) : Rx Ry — C and V(z) : R — R is a bounded and 2m-periodic
potential.

We will see that a traveling localized mode has infinitely many resonances with
linear eigenmodes of the Schrédinger operator L = —92 + V/(z) that has infinitely
many spectral bands. As a result, bifurcations of traveling localized modes in the
Gross—Pitaevskii equation (5.6.1) have codimension infinity. In view of the delicacy
in the search of traveling localized modes in the DNLS equation (Sections 5.3-5.5),
the presence of infinitely many resonances rules out any realistic hope that the trav-
eling localized modes would exist in the Gross—Pitaevskii equation (5.6.1). This may
explain why no exact traveling localized modes were found in the Gross—Pitaevskii
equation although such solutions were successfully constructed for the DNLS equa-
tion, e.g. by Flach & Kladko [57] and Khare et al. [114].

Although direct analysis of the Gross—Pitaevskii equation (5.6.1) is also possible,
we shall simplify the formalism in the limit of the small-amplitude periodic potential
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V(z). In this limit, the nonlinear Dirac equations describe narrow band gaps be-
tween two adjacent spectral bands (Section 2.2) and the nonlinear Schrédinger
equation describes a semi-infinite band gap below the lowest spectral band (Sec-
tion 2.3). Our analysis follows the work of Pelinovsky & Schneider [163] where the
nonlinear Dirac equations are considered; however, details are further simplified
using the nonlinear Schrodinger equation for the semi-infinite band gap.

Let us represent the small-amplitude periodic potential V' (z) by the Fourier series

V(z) =€) Vie™, (5.6.2)
meZ

where € > 0 is a small parameter, Vo = 0, and V,,, = V_,,, = V,, for all m € N.
These constraints imply that V(z) is a real-valued 27-periodic function with zero
mean and even symmetry on R.

Recall that an asymptotic solution of the Gross—Pitaevskii equation (5.6.1) for
small values of € > 0 can be represented in the form

w(z,t) = €'/2a(e%x, et) + O(¥/?), (5.6.3)
where a(X,T) satisfies the cubic NLS equation,
iar +axx + |a|2a =0, (5.6.4)

in slow variables X = ¢'/2z and T = et. There exists a traveling soliton of the NLS
equation (5.6.4),

a(X,T) = A(X — 2¢T) "X7D=0T - 4(X) = /2|9 sech(\/|Q]X), (5.6.5)
for any ©Q < 0 and vy € R. Note that
A(X) = A(-X) = A(X), (5.6.6)

because the trivial parameters of spatial translations and phase rotations are set to
Z€ero.

When v = 0 in (5.6.5), the stationary localized mode of the NLS equation
(5.6.4) persists as the stationary localized mode of the Gross—Pitaevskii equa-
tion (5.6.1) (Section 2.3.2). Here we shall study persistence of the traveling lo-
calized mode of the NLS equation (5.6.4) when v # 0 in (5.6.5). We show that
the corresponding traveling solution of the Gross-Pitaevskii equation (5.6.1) has a
bounded oscillatory tail in the far-field profile, which is not accounted for in the NLS
equation (5.6.4).

From a technical point of view, our analysis relies on the modification of spatial
dynamics methods developed for the persistence of small-amplitude localized mod-
ulated pulses in the nonlinear Klein—-Gordon and Maxwell equations by Groves &
Schneider [80, 81, 82]. Similar to these works, we will show that a local center
manifold of a spatial dynamical system for traveling localized modes of the Gross—
Pitaevskii equation (5.6.1) spanned by bounded oscillatory modes destroys an ex-
ponential localization of the solutions along the directions of the slow stable and
unstable manifolds. As a result, the spatial field of these solutions decays to small-
amplitude oscillatory modes in the far-field regions. This is yet another indication
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that resonances with linear oscillation modes become obstacles in the bifurcation
of traveling localized modes in lattices and periodic potentials.

Let us also mention that propagation of a moving solitary wave in the focusing
Gross—Pitaevskii equation (5.6.1) with a periodic potential V(z) of a large period
is an old physical problem (see review by Sénchez & Bishop [178]). An effective
particle equation is usually derived in this limit by a heuristic asymptotic expansion.
The particle equation describes a steady propagation of the moving solitary wave.
The radiation effects from the moving solitary wave in the far-field regions appear
beyond all orders of the asymptotic expansion. This picture gives a good intuition
on what to expect in the time evolution of a traveling localized mode in a periodic
potential but it lacks rigor. The spatial dynamics methods replace this qualitative
picture with rigorous analysis.

Since the space and time variables of the Gross—Pitaevskii equation (5.6.1) are
not separated for a traveling localized mode, we shall look for traveling solutions
in the form

u(w,t) =z, y)e TNy = — 2t
where (w,c) € R? are parameters. Coordinates (z,y) are linearly independent if

¢ # 0. For simplicity, we only consider the case ¢ > 0. The envelope function
¥ (z,y) satisfies the partial differential equation

(w+ 2icd, + 02 + 20,0, + 0;) Y(x,y) = V(2)P(z,y) — [¥(z, y) PP (z,y). (5.6.7)

To accommodate the traveling localized mode according to the leading-order
representations (5.6.3) and (5.6.5), we shall look for 27-periodic functions ¥ (x,y)
in variable z and bounded solutions ¥ (z,y) in variable y on R. Therefore, we write

U y) =€ Pmly)e™, (5.6.8)
meZ

where € > 0 is the same small parameter as in the potential V(z).
The series representation (5.6.8) transforms the partial differential equation (5.6.7)
to an infinite system of ordinary differential equations

w%(y) + 2177“/%(?/) + (W - m2 - QCm) wm(y) =€ Z meml "z)ml (y)

miEZL

—€ Z Z 1/)m1 (y)’lzfmz (y)d)mfmlfmz (y)7 m € Z. (569)

mi1EZmo€ZL

The left-hand side of system (5.6.9) represents the linearized system for € = 0,
U (y) + 2imy, (y) + (w —m® = 2em) Py (y) = 0. (5.6.10)

Solutions of this system are given by the eigenmodes ¥,,(y) ~ €Y where & is
determined by the roots of the quadratic equation,

K%+ 2imk +w —m? — 2cm = 0, m € Z. (5.6.11)

If w = 0 (bifurcation case), the two roots of the quadratic equations (5.6.11) are
given by
w=0: rk=~krE=—im+V2em, mecZ (5.6.12)
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If ¢ > 0 (for convenience) and m > 0, both roots are complex-valued with
Re(kf) = +vV2em #0 and Im(kE) = —m. (5.6.13)
If m < 0, both roots k are purely imaginary with

ki =1ikE and kEf = —m =+ \/2¢m]. (5.6.14)

m =

Let E,ﬂfL = span{e"‘iy} be the subspace in a phase space of the linearized system

(5.6.10). The following two lemmas give useful results about this system.

Lemma 5.12 Let w = 0 and ¢ > 0. The phase space of the linearized system
(5.6.10) decomposes into a direct sum of infinite-dimensional subspaces E* @ E* &
E° @ E°, where

E'=PE, E=@E, E =E ok

m>0 m>0

E¢ = ( E*) ® (@E,,)
m<0 m<0

The double zero oot k = 0 is associated to the subspace E°. The purely imaginary

and

roots k € iR are semi-simple. All other roots k € C are simple.

Proof Let k = ko be a double root of the quadratic equation (5.6.11). Then,

ko = —im and this implies that if w = 0, then m = 0. Therefore, all nonzero
roots for m # 0 are semi-simple. When m > 0, all roots are complex-valued and
simple. O

Remark 5.5 Subspaces E*, E*, and E° ® E¢ define stable, unstable, and center
manifolds of the linearized system (5.6.10).

Lemma 5.13 Consider a linear inhomogeneous equation
(—85 — 2imdy + m? + 2mc) Ym(y) = Fr(y), m >0,

where Fy, € CY(R). There exists a unique solution vy, € CZ(R), such that

1
[l < 5 Fonll oo

Proof Let ¥,(y) = e "™, (y). The function ¢,,(y) solves the inhomogeneous
Schrédinger equation

(82 = 32) om(y) = Fu(y)e™, where f=V2cm.

Since the solutions of the homogeneous equation are exponentially decaying and
growing as @, ~ e*PY, there exists a unique bounded solution of the inhomogeneous
equation in the integral form

1 [ , -,
Pm(y) = 7/ e VY IE, (y)e™ dy
B J oo

such that ||om ||z~ < (1/8%)]|Emllze- =
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Using Lemma 5.13 and the Implicit Function Theorem (Appendix B.7), one can
solve for small ¢ > 0 all equations of system (5.6.9) for m > 0 and parameterize
solutions ¢, (y) for m > 0 in terms of bounded components ., (y) for m < 0.
However, we do not perform this parameterization, since we intend to write system
(5.6.9) as a Hamiltonian system with a local symplectic structure and use the for-
malism of near-identity transformations and normal forms. The following theorem
formulates the main result of this section.

Theorem 5.8 Let ¢ > 0, w = € with an e-independent @ < 0. Fix N € N.
Assume that V € HS. (R) for a fived s > § and V(—x) =V (z) for all x € R. For
sufficiently small €, there are e-independent constants L > 0 and C > 0, such that
the Gross—Pitaevskii equation (5.6.1) admits an infinite-dimensional, continuous
family of traveling solutions in the form

ul, 1) = €/ 2p(a, y)eeE DTy = g ger,

where the function ¥(xz,y) is a periodic function of x satisfying the reversibility
constraint

1/1($7 y) = 11[_}(1.7 7y)7
and the bound

U@, y) — Ac(e?y)| <O, weR, ye [-L/NH, L/eNH).

Here A.(Y) = A(Y)+O(e) for Y = ¢'/?y € R is an exponentially decaying solution
as |Y| — oo satisfying the reversibility constraint

Ae(Y) = AE(_Y)v

with A(Y)) = /2|9 sech(1/]Q]Y).

Remark 5.6 The solution ¢ (z,y) is a bounded non-decaying function on a large
finite interval [~ L/eN*1, L/eN*1] C R but we do not claim that the solution ¢ (x, y)
can be extended globally on R. The localized solution A.(Y') is defined up to the
terms of O(eVV) and it satisfies an extended NLS equation. The bounded oscillatory
tails are expected to be exponentially small in € on an exponentially large scale of
y-axis according to the analysis of Groves & Schneider [82].

The proof of Theorem 5.8 relies on the Hamiltonian formulation subject to re-
versibility constraints, the near-identity transformations, and the construction of a
local center—stable manifold in the spatial dynamical system.

The system of second-order equations (5.6.9) can be written as the system of
first-order equations which admits a symplectic Hamiltonian structure. Let w = €€
and denote
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System (5.6.9) is equivalent to the first-order system

d
ﬂ = Om — IMYpy,

dy
ddm .
T 2emapy, — imy, — Qi (5.6.15)

Y
+e€ Z Vm—m] ¢m1 —€ Z z 1/}m1 w—mzd)m—m] —mag-
miEZL myEZL mo€EL

Let 1) denote a vector consisting of elements of the set {¢, }mez. The variables
{1, ¢,1, P} are canonical because system (5.6.15) is equivalent to the following
system:

dpyy,  OH  dom, OH
o 22 Ao 2 meZ, 5.6.16
dy Obm dy O ( )
where H = H(1), ¢, 1, @) is the Hamiltonian function given by

H= Z (‘¢m|2 - 20m\¢m|2 - im(wm‘ﬁm - &m(ﬁm) + €Q|wm‘2)

meEZ

—€ Z Z V:rnfmlwml'(zjm + % Z Z Z 1/)77’1/1/12)*7”2wﬂlfﬂllfﬁlg/lﬁm‘

meZmi1€EZ MmEZ m1ELmo€EZL

Since [2(Z) is a Banach algebra with respect to convolution sums for any s > %

(Appendix B.1), the convolution sums in the nonlinear system (5.6.15) map ¢ €
12(Z) to an element of 12(Z) if V € [%(Z) for a fixed s > 1. The linear terms of
system (5.6.15) map, however, an element of Dy C X to an element of X, where

Dy={(¢,$,%,¢) €2,,(Z,C"}, X={(,¢.,¢)cl2(Z.C"}, s>0.

Combining the two facts together, we note that X with s > % can be chosen as the
phase space of the dynamical system (5.6.15).

If V,,, = V_,,, for all m € Z (thanks to the symmetry of V(z) about = 0), the
Hamiltonian system (5.6.15) is reversible and its solutions are invariant under the

transformation

Y(y) = b(—y), ) = —d(-y), yeRr (5.6.17)
Reversible solutions satisfy the reduction

Y(y) =9(-y), o) =-d(-y), yeR (5.6.18)

If a local solution of system (5.6.15) is constructed on y € Ry and it intersects at
y = 0 with the reversibility hyperplane,

S ={(,$,%,¢) € D,: Im(yp) =0, Re(¢) =0}, (5.6.19)

then the solution is extended to a global reversible solution in Dj for all y € R
using the reversibility transformation (5.6.17).

Exercise 5.22 Introduce normal coordinates,

e (y) + ¢, (y)

V2 =2em

C::L (y) —Cm (y)

m = 1V —2cm
i V2

m<0: P,=
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and
() + e (y) Saemcm¥) — cn(y)

m m m = V2em—= mazz,

V2 2em ¢ V2
Show that the Hamiltonian function H (1), ¢,, @) at € = 0 transforms to the form
H= g0l + Y (khlenl® = kplenl) + Y (5memth = shehen)

m<0 m>0

are defined by (5.6.13) and (5.6.14).

m>0: Y, =

where k£ and k=

m m

The formal truncation of the Hamiltonian function H at the mode with m = 0
leads to the NLS equation. To make it rigorous, we need to use the near-identity
transformations of the Hamiltonian function and to derive an extended NLS equa-
tion, where we can prove persistence of a homoclinic orbit under the reversibility
constraint. To do so, let us consider the subspace of the phase space of the dynamical
system (5.6.15):

S = {om =1tm =0, meZ\{0}}. (5.6.20)

The formal truncation of H on the subspace S gives
€
Hls = |¢o|* + eQ[tho|* + §|¢0|4,

where we have set Vj = 0 for convenience. The Hamiltonian function H|g generates
the system of equations, which results in the stationary NLS equation,

0(Y) 4+ Qbo(Y) + [ (V) Pho(Y) =0, ¥V =€y, (5.6.21)

where ¢o(Y) = €'/2¢}(Y). Equation (5.6.21) is nothing but a reduction of the NLS
equation (5.6.4) for solutions a(X,T) = 1o(X)e T with X = Y and ¢o(X) =
/2|9 sech(4/|Q]Y) for Q& < 0.

Note that although the second-order equation (5.6.21) is formulated in the four-
dimensional phase space, it has translational and gauge symmetries. A reversible
homoclinic orbit satisfying the constraints

Po(Y) =1o(=Y) =9o(Y), Y €R,

is unique and is defined on the phase plane (g, ¢o) of a planar Hamiltonian system
generated by Hlg.

To use the reduction of the dynamical system (5.6.15) on the subspace S and
persistence of the reversible homoclinic orbit in a planar Hamiltonian system, we
extend the second-order equation (5.6.21) with near-identity transformations and
the normal form theory.

Lemma 5.14 Fixc >0 and s > % For each N € N and sufficiently small € > 0,
there is a near-identity, analytic, symplectic change of coordinates in a neighborhood
of the origin in X, such that the Hamiltonian function H transforms to the normal
form up to the order of O(eM+1),

H=1¢ol + > (knlchl> = knlenl®) + D (kmcmh — imchen)

m<0 m>0

+eHs (1o, o) + eHr (o, o, e, ™) + €T Hp (vo, o, ¢t c7),
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where Hg is a polynomial of degree 2N + 2 in (vo,%0), Hr is a polynomial of
degree 2N in ('Iﬂo,Tzo) and of degree 4 with no linear terms in all other variables
(ct,c™), and Hp is a polynomial of degree 8N +4 in (g, o) and of degree 4 in all
other variables (c*,c™). All components Hg, Hr and Hg depend on € as follows:
Hg and Hr are polynomials in € of degree N — 1, and Hg is a polynomial in € of
degree 3N — 1. The reversibility constraint (5.6.18) is preserved by the change of
the variables.

Remark 5.7 Vectors ¢t with components {Ci}meZ\{o} in Lemma 5.14 corre-
spond to the normal coordinates in Exercise 5.22.

Proof The existence of a near-identity symplectic transformation follows from the
fact that the non-resonance conditions

lg — K5 #£0, 1€Z, meZ

are satisfied since ko = 0 and all other eigenvalues are nonzero and semi-simple for
€ = 0. The transformation is analytic in a local neighborhood of the origin in X
as the vector field of the dynamical system (5.6.15) is analytic (given by a cubic
polynomial). The reversibility constraint (5.6.18) is preserved by the symplectic
change of variables. The count of the degree of polynomials Hg, Hy and Hp follows
from the fact that the vector field of the dynamical system (5.6.15) contains only
linear and cubic terms in normal coordinates and the near-identity transformation
of (c*,¢™) up to the order O(eV*+1) involves a polynomial of degree N in € and of
degree 2N + 1 in (v, ¢o). O

For each N € N, the subspace S defined by (5.6.20) is an invariant subspace
of the dynamical system (5.6.15) if the Hamiltonian function H is truncated at
Hpgr = 0. The dynamics on S is given by the Hamiltonian system

0H
YY)+ === =0, Y =¢%. (5.6.22)

o
If N = 1, the extended equation (5.6.22) transforms to the stationary NLS equation
(5.6.21), where a unique reversible homoclinic orbit exists for Q2 < 0. We shall

prove the persistence of the reversible homoclinic orbit in the extended equation
(5.6.22).

Lemma 5.15 For each N € N and a sufficiently small €, there exists a reversible
homoclinic orbit of system (5.6.22) for < 0 such that

VoY) = tho(=Y) = 4(Y) (5.6.23)

and

Jy>0, IC>0: |V <Ce VI vYeR. (5.6.24)

Proof Hamiltonian system (5.6.22) is integrable thanks to the first invariant

iy | _
E= '% +Hs(¢0,1/)0)7
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where E = 0 for localized modes. In addition, it has real coefficients and reduces
to the second-order equation if ¢ = 1. If € = 0, the equilibrium state 1y = 0 is a
saddle point and there exists a turning point with ¢{(0) = 0 for Q < 0. Therefore,
a unique reversible homoclinic orbit exists. By Lemma 5.14, H,(v, o) is given
by a polynomial of degree 2N + 2 in 9y and of degree N — 1 in €. Therefore, the
equilibrium state 19 = 0 persists as a saddle point and the turning point with
1 (0) = 0 persists in e. O

We study solutions of system (5.6.15) after the normal form transformations of
Lemma 5.14. We construct a local solution for all y € [0, L/eN*1] for some -
independent constant L > 0, which is close in the function space X for s > % to the
homoclinic orbit of Lemma 5.15 by the distance Ce?, where C' > 0 is e-independent.
This solution represents an infinite-dimensional local center—stable manifold and it
is spanned by small oscillatory and small exponentially decaying solutions near an
exponentially decaying solution of Lemma 5.15. Parameters of the local center—
stable manifold are chosen to ensure that the manifold intersects at y = 0 with the
reversibility hyperplane ¥ given by (5.6.19). This construction completes the proof
of Theorem 5.8.

Using Lemma 5.14 and the explicit representation of the Hamiltonian function
H in new variables (1, ¢o) and ¢ = (c*, ¢™), we rewrite the set of equations in the
separated form

Vo (y) = €Fs(vo) + €Fr (o, €) + €V ' Fr(to, ¢), (5.6.25)
d(y) = Acc+ eFr (o, ¢) + € T FR(vo, ), (5.6.26)

where A, denotes the matrix operator for the linear terms of the system and
(Fs, Fr, Fr,Fr,Fr) denote the nonlinear (polynomial) terms.

Lemma 5.16 Let ¢ > 0 and Q2 < 0. For sufficiently small € > 0, the linearization
of system (5.6.25)—(5.6.26) is topologically equivalent to the one for e = 0, except
that the double zero eigenvalue splits into a symmetric pair of real eigenvalues.

Proof Thanks to the explicit form, A, = Ag + €A1(€), where Ay is a diagonal
unbounded matrix operator which consists of {ik;}, —ik,,} for all m < 0 and of
{k}, K} for all m > 0. The matrix operator eA;(€) is a small perturbation to Ag
if V € 12(Z) for a fixed s > 1 and € > 0 is sufficiently small. By Lemma 5.12,
all eigenvalues of Ag are semi-simple. Therefore, they are structurally stable with
respect to perturbations for sufficiently small € # 0. The double zero eigenvalue

splits according to the linearization of the extended system (5.6.22). O

We have seen that the truncated system (5.6.25)—(5.6.26) with F'r = 0 and
Fr = 0 admits an invariant reduction on S. By Lemma 5.15, the extended second-
order equation (5.6.22) has a reversible homoclinic orbit, which satisfies the decay
bound (5.6.24). This construction enables us to rewrite ¥o(y) as vo(€/%y) + ¢(y),
where 1(Y) is the reversible homoclinic orbit of Lemma 5.15 with Y = ¢'/?y and
©(y) is a perturbation term. As a result, system (5.6.25)—(5.6.26) is rewritten in
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the equivalent form

¢"(y) = eLep + eGr(p,c) + " Gr(vo + ¢, ¢), (5.6.27)

c/(y) = Acc + Fr (Yo + o,¢) + N TR (o + @, ), (5.6.28)

where Le = Dy, Fs(1o) is the Jacobian operator and (Gr,GR) is the nonlinear
vector field obtained from system (5.6.25). We note that the function Gy combines
the nonlinear terms in ¢ from Fg and the nonlinear terms in ¥g + ¢ from Fr.

Exercise 5.23 Let N = 2 and compute the coefficients of L., A, Gr, and Fr
explicitly.

Lemma 5.17 Consider the linear inhomogeneous equation

A

TyZ —eLep = Fo(y), (5.6.29)
where Fy € CY(R) is real-valued. If Fo(y) = Fo(—y) for all y € R, then there exists
a one-parameter family of solutions ¢ € CZ(R) in the form ¢ = a{(Y) + ¢(y),
where o € R and @ satisfies

- C
1Pl < Il Foll e (5.6.30)
for an e-independent constant C' > 0.

Proof Thanks to the translational invariance of the extended second-order equa-
tion (5.6.22), | (Y") satisfies the homogeneous equation
2
27(5 —eL.p=0.

The zero eigenvalue of the self-adjoint operator 7813 + €L, is isolated from the rest
of the spectrum. By the Fredholm Alternative Theorem (Appendix B.4), a solution
of the linear inhomogeneous equation (5.6.29) is bounded for all y € R if and only
if (¢, Fo)r2 = 0. If Fy is even on R, then the constraint is trivially met. Since
the norm in L>(R) is invariant with respect to the transformation y — Y = €/2y,
there exists a solution ¢ € CZ(R) of the inhomogeneous equation (5.6.29) satisfying
bound (5.6.30). A general solution of this equation is a linear combination in the
form ap((Y) + ¢(y), where a € R. O

Lemma 5.18 Fiz s > 3. The nonlinear vector field of system (5.6.27)—(5.6.28)
satisfies the bounds

|Gr| < Nr ([0 + ¢l +lcllx), [[Frllx < Mg ([t + ¢l + llcfx),
|Gr| < Nr (lpl? + llel%) . [IFrlx < Mr ([vo + ¢l + llellx) llellx,
for some Nr, Mr, Ny, Mt > 0.

Proof System (5.6.27)—(5.6.28) is semi-linear and the vector field is a polynomial
acting on Dy C X, where X is the Banach algebra for s > % Characterization of
Gr and Frp is based on the fact that the Hamiltonian function Hp is quadratic
with respect to ¢ by Lemma 5.14. O
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A local neighborhood of the zero point in the phase space X can be decomposed
into the subspaces determined by the respective subspaces of the linearized system
(Lemma 5.12),

X=X0X. X, 0 X, = X0 X7, (5.6.31)

where X, and X, are associated with the subspaces F® and E*, while Xy and X,
are associated with the subspaces E° and E°, respectively. The following theorem
completes the construction of a local center—stable manifold.

Theorem 5.9 Letae X., be X, and o € R be small such that
lallx, < C,eV, IIbllx. < Cyel, la| < C.eN (5.6.32)

for some e-independent constants Cq, Cy,Co, > 0. Under the conditions of Lemma
5.16, there exists a family of local solutions o (y;a, b, a) and c(y;a, b, a) of system
(5.6.27)-(5.6.28) such that

cc(0)=a, c,=e"™b+&(y), ¢=aly(Y)+o(y), (5.6.33)

where €5(y) and @(y) are uniquely defined and the family of local solutions satisfies
the bound

sup lp| < Chel, sup lle(y)||x < CeV, (5.6.34)
y€[0,L/eN+1] y€[0,L/eN+1]

for some e-independent constants L > 0 and Cp,C > 0.

Proof We modify system (5.6.27)—(5.6.28) by the following trick. We multiply
the nonlinear vector field of system (5.6.28) by the cut-off function x[g 4, (y), such
that

' (y) = Acc = ex[0,450) @) F1 (Y0 + ¢, €) + €V X (0,50] W) Fr(t0 + 9. ¢),  (5.6.35)

where Xo,y,](¥) is the characteristic function on [0, yo]. Similarly, we multiply the
nonlinear vector field of system (5.6.27) by the cut-off function xo ,.j(y) and add
a symmetrically reflected vector field multiplied by the cut-off function x|y, 0 (¥),
such that

¢ (y) — €Lep = €X[0,50] W) G1 (0, €) + €V X(0,50) W) G R (Y0 + ¢, €)
+ X [—yo.0] (V)G (2,€) + € FIX [y 0} ()G R(Y0 + ¢,¢). (5.6.36)

We are looking for a global solution of system (5.6.35)—(5.6.36) in the space
of bounded continuous functions CJ(R). By uniqueness of solutions of semi-linear
differential equations, this global solution coincides with a local solution of system
(5.6.27)—(5.6.28) for all y € [0,y0] C R.

Let cs(y) = e¥ b + &,(y) and look for a solution &,(y) and c,(y) of sys-
tem (5.6.35) projected to X5 and X,. By Lemmas 5.13, 5.18, and the Implicit
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Function Theorem (Appendix B.7), there exists a unique map from CP (R, X), ® X,)
to CP(R, X, & X;) such that

sup  ([lea(y)]lx, + lles(¥)lx.)
Vy€[0,y0]

<|blx, +eMy sup  ((1+ [o(y)] + lec(y)]x.) llec(y)llx.)
Vy€[0,y0]

FNTM, sup (14 o)+ llecw)lx,). (5637
Vy€[0,y0]
for some My, My > 0. To use Lemma 5.13, we note that the linear part of the
system for cs and ¢, is not affected by the near-identity transformations of Lemma
5.14, so that it can be converted back to the scalar second-order equation.

Let p(y) = apy(Y) + ¢(y) and look for a solution ¢(y) of system (5.6.36). Since
the modified vector field is even for all y € R, by Lemmas 5.17, 5.18, bound (5.6.37),
and the Implicit Function Theorem again, there exists a unique map from CP (R, X.)
to CP (R, X;,) such that

sup |o(y)| < la|+Ms sup |lcc(y)ll%.
Yy€[0,y0] Vy€[0,yo]

+ eV My sup (1+ [lec(y)]x.), (5.6.38)
Vy€[0,y0]
for some M3, My > 0.

Since the spectrum of A. consists of pairs of semi-simple purely imaginary eigen-
values, the operator A, generates a strongly continuous group e?*c for all y € R on
X, such that

3K >0: sup ||e¥d|x.x, < K. (5.6.39)
VyeR
By variation of constant formula, the solution of system (5.6.35) projected to X,
can be rewritten in the integral form

y ’
ce(y) = e"ate / WA PR r(do(2Y) + oy, e(y))dy’
0

y !’
Nt / WA P FR(Wo(e2y) + o(y),e(y))dy’,  (5.6.40)
0
where a = ¢.(0) and P, is the projection operator to X,.
Using bound (5.6.24) for 1(¢'/?y) and bounds (5.6.37) and (5.6.38) on the com-
ponents cs, ¢y, and ¢y, the integral equation (5.6.40) results in the bound

sup [lec(y)l|x. < K| [lallx. + [[blx, + |a
Vy€(0,y0]

Yo
+6M5/ o (e y)lllcc(v) |l x.dy + eyoMs  sup  [lec(v)ll%.
0 Vy€[0,y0]

Yo
* 6N+1M7/ [o(e2y)|dy + N TlyoMs  sup  leq(y)| x.
0 Yy €[0,y0]
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for some M5, Mg, M7, Mg > 0. By the Gronwall inequality (Appendix B.6), we have
thus obtained that

F "y (1/2
sup lec(y)]|x, < e MeJo® ol )ldy a4 b x, + |a] + €V My
Vy€[0,y0]

+eyoMs sup leo(y)|5, + €V yoMs sup lec(y)lx. | (5.6.41)
Vy€[0,y0] Vy€[0,y0]

for some My > 0. It follows by the decay bound (5.6.24) that there is an e-
independent C' > 0 such that

Yo
¢ / o (e/2y)|dy < CV/2.
0

If we let 5o = L/e™, then the bound is consistent for M < N + 1, where the value
M = N +1 gives the balance of all terms in the upper bound (5.6.41). If arbitrary
vectors a, b and « satisfy bound (5.6.32), then we have constructed a local solution
c.(y) which satisfies the bound

3C > 0: sup lee(y)lx, < CeN. (5.6.42)

Vy€[0,L/eN+1]
Using bounds (5.6.32), (5.6.37), (5.6.38), and (5.6.42), we have proved the bound
(5.6.34) for some e-independent constants Cjp,, C' > 0. O

We can now complete the proof of Theorem 5.8.

Proof of Theorem 5.8 By Theorem 5.9, we have constructed an infinite-dimensional
continuous family of local bounded solutions of system (5.6.27)-(5.6.28) for all
y € [0, L/eN+1] for some e-independent constant L > 0. The solutions are close to
the reversible localized solution of the extended second-order equation (5.6.22). It
remains to extend the local solution to the symmetric interval [—L/eN+1 L/eN+1]
under the reversibility constraints (5.6.18). To do so, we shall consider the intersec-
tions of the local invariant manifold of system (5.6.27)—(5.6.28) with the reversibility
hyperplane ¥ defined by (5.6.19).

Since the initial data c.(0) = a in the local center—stable manifold of Theorem
5.9 are arbitrary, the components of a can be chosen to lie in the symmetric section
¥, so that

Im(a)} =0, Im(a), =0, m<O.

m

This construction still leaves infinitely many arbitrary parameters for

Re(a)), Re(a),,, m <0,

m?

to be chosen in the bound (5.6.32). The initial data ¢(0) and c; ,(0) are not arbi-
trary since we have used the Implicit Function Theorem for the mappings (5.6.37)
and (5.6.38). Therefore, we have to show that the components of b and a can be
chosen uniquely so that the local center—stable manifold intersects at y = 0 with
the symmetric section 3.
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There are as many arbitrary parameters b and « in the local center—stable mani-
fold as there are remaining constraints in the set . First, let us consider constraints
in the set ¥ for all m > 0, namely

Re(c;,,(0)) = Re(c;,(0)),  Im(c;,(0)) = —Tm(c,, (0), m > 0.

m m

Let ¢y = e¥*sb + &,(y) and rewrite the constraints for any m > 0,

Re(bm) + Re(€5)m(0) = Re(cu)m(0),
Im(b,,) + Im(€5)m(0) = —Im(cy)m(0),

where €,(0) and c,(0) are of order O(¢"¥) and depend on b in higher orders of
O(eF) with k > N. By the Implicit Function Theorem (Appendix B.7), there exists
a unique solution b that satisfies the bound (5.6.32).

Finally, let us consider constraints in the set X for components of ¥y (y), namely
¥h(0) = 0. Let 1o(y) = aph(e'/?y) + o(y) and note that 5 (0) # 0. Let a and b
be chosen so that c(0) belongs to the set 3. Due to a construction of the modified
vector field in system (5.6.36), if c(y) lies in the domain D, and a = 0, then the
global solution €,(y) constructed in Theorem 5.9 intersects the set ¥ at y = 0.
Therefore, the choice o = 0 satisfies the constraint | (0) = 0.

We have thus constructed a family of reversible solutions on the symmetric in-
terval at [~ L/eN*t1 L/eN*1]. When all the coordinate transformations used in our
analysis are traced back to the original variable ¢ (z,y), we obtain the statement
of Theorem 5.8. O

Unfortunately, we are not able to exclude the polynomial growth of the oscillatory
tails in the far-field regions. This limitation of traveling solutions to a finite spatial
scale is related with the finite-time applicability of the nonlinear Schrédinger equa-
tion in the Cauchy problem associated with the Gross—Pitaevskii equation (5.6.1)
(Section 2.3.2).

Exercise 5.24 Consider the nonlinear Klein—Gordon equation,
By — B +V(2)E+E*=0
for a 2m-periodic V' (x) and use the traveling wave ansatz in the form

E(z,t) = Z Y ()M oy = — ct.
mEeZ

Obtain the dispersion relation for V (z) = 0:
(1— K +2i(m —cw)k +w—m? =0, me7Z,

and prove that there are infinitely many purely imaginary roots x € iR in the
resonant case w = n? for a fixed n € N.

Exercise 5.25 Consider the discrete Gross—Pitaevskii equation,

lEn - _En+1 - En,fl + V:rzEn + ‘En|2En
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for a 1-periodic {V;,}nez and use the traveling wave ansatz in the form

En(t) = ) ()™ 7 y=n—ct.
meZ
Obtain the dispersion relation for V,, = 0:

w —ick —2cosh (k4 2rm) =0, m € Z,

and prove that there are infinitely many purely imaginary roots x € iR in the
resonant case w = 2 cosh(27n) for a fixed n € N.
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Mathematical notation

Sets:

N:={1,2,3,...} is the set of natural numbers (without zero).
Ny :={0,1,2,3,...} is the set of natural numbers (counting zero).

Z is the set of integers.
R is the set of real numbers.

Ry ={z €R: z >0} is the set of positive real numbers.
C is the set of complex numbers.

C", n € N is the vector space of n-dimensional column vectors.
e M"*" n € N is the vector space of square n X n matrices.

Inner products:

o Yu,v e C" (u,v)cn = 305, uji;.
e Vu,v € L*(R,C), (u,v) 12 := [, u(z)v(zx)de.

If u,v € R" or u,v € L*(R,R), the complex conjugation sign is dropped.
Function spaces on the infinite line:

e CP'(R), n € N is the space of n-times continuously differentiable functions with
bounded derivatives up to the nth order, equipped with the norm

n
[ulley = sup Y [OFu(x)|-
wE]Rk:O

e LP(R), p, s € R, is the space of functions with weight (14 2)*/2, whose p power
is integrable, equipped with the norm

1/p
el = ( [a +x2>PS/2|u<x>|de) .
R

e H™(R), n € Nis the Sobolev space of functions with square integrable derivatives
up to the nth order, equipped with the norm

" 1/2
||l gn = (/ Z |8’;u(x)|2d1:> .
R k=0
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Even and odd restrictions of these spaces can be defined. For instance, the even
and odd restrictions of H"(R), n € N are given by

HE,(R) = {u € H'(R) : u(—) = u(x)},
Pa(®) = fuc H'R): u(—z) = —u(2)}.

If a function f(z) : R — R is square integrable on any compact subset of R, we say
that f € L2 (R).

Function spaces on a periodic domain:

e C7..([0,27]), n € Nis the space of 27-periodic n-times continuously differentiable

functions, equipped with the norm

R k
lullog, = sup 3 Joku

TEOka 0

e Hp ([0,27]), n € N is the Sobolev space of 27-periodic functions with square

integrable derivatives up to the nth order, equipped with the norm

- 1/2
lulg, = (/ > 9futa |dw> .

Sequence spaces: Infinite sequences {@,, }nez are represented by vectors ¢.

s/2

e [P(Z), p,s € Ry is the space of sequences with weight (1+n2)*/2, whose p power

is summable, equipped with the norm

1/p
[ullz = (Z(l +n2)”s/2|un|p> .

nEL

e [2°(Z) is the space of bounded sequences with weight (1 +n2)%/2, equipped with
the norm

s/2

||u\|lgo :=sup(1l+ n2) [t ].
nez

Fourier transforms: For any u € L%(R), a Fourier transform @ € L?(R) is given
by

(k) := 11/2/u(w)e_ikzdw, keR.

(2m) R
The inverse Fourier transform is given by

1 ~ ikx
u(z) == W/]RU(k)ek dk, zeR.

A product of two functions u(z)v(z) is represented by the convolution integral of
their Fourier transforms

(i ) (k) = i/Ra(k')@(k _ i)k

2
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2
per

u(z) = Z e, x €R.
nez

Fourier series: For any w € L2 ([0, 27]), a Fourier series is given by

The Fourier coefficients @ € I2(Z) are given by
1 27

Uy 1= u(z)e " dx, n € 7.

2 /)

A product of two functions u(z)v(x) is represented by the convolution sum of their
Fourier coefficients

(0x D) =Y it D

n'€’
Kronecker’s symbol: This symbol is defined by

1, n'=n
K p— ’  n,n €Z.
n,n 07 n 7&7% 5

Dirac’s delta function: This function takes formally the following values

w={% i

Dirac’s delta function is understood in the sense of distributions

VreCh®): [ f)dle = vy = fa).
Heaviside’s step function: This function is piecewise constant with the values

O(z) = {

At the jump discontinuity, Heaviside’s step function can be defined differently. We
shall define it as ©(0) = 1.

1, >0,
0, x<0.

Pauli matrices: These 2 x 2 Hermitian matrices are given by
101 10 =i |10
Tl Tl o] BT o -1

Balls in Banach space: Let X be a Banach space. An open ball of radius § > 0
centered at 0 € X is denoted by Bs(X). The closed ball B with its boundary is
denoted by Bs(X).

Order of asymptotic approximation: If A and B are two quantities depending
on a parameter € in a set &, the notation A(e) = O(B(e)) as € — 0 indicates that
A(€)/B(€) remains bounded as € — 0. The notation A(e) ~ B(e) indicates that
there is C' € R\{0} such that A(e)/B(e) — C as ¢ — 0.

Constants: Different constants are denoted by C, C’, C" if they are independent
of a small parameter of the problem. We say that a bound holds uniformly in
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0 < e < 1 if there exists ¢g > 0 such that the bound holds uniformly for every
e € (0,€).
Characteristic function of a set S C R:

() = 1 if ze€b,
XSWI=0 if x¢s.

Partial derivatives: If f(v,u,w) is a function of three variables, then
O1,2,3f (v, u,w) denotes partial derivatives with respect v, u, and w, respectively.



Appendix B

Selected topics of applied analysis

B.1 Banach algebra
X is a Banach space if X is a complete metric space with the norm || - || x.

Definition B.1 We say that a Banach space X forms a Banach algebra with
respect to multiplication if there is C' > 0 such that

Vu,v € X0 |lw|x < Cllullx]|v|x-

Examples of Banach algebra with respect to multiplication include Sobolev spaces
H*(RY) for s > g and discrete spaces 12(Z%) for any s > 0.

Theorem B.1 Ifs > g, then H*(RY) is a Banach algebra with respect to multi-
plication.

Proof We note the triangle inequality
VK €RY: (14 [k[?)¥/2 <28 ((1 k= K22 41+ |k’\2)5/2) .
By the Plancherel Theorem for Fourier transforms, we have
lwvll s = l[wvllLz = [[& o] L2

where * is the convolution operator between two Fourier transforms. Using the
triangle inequality, we have

‘(1—&—|k|2)s/2/n%ﬂ(k’)ﬁ(k—k’)dk’

<2° /ﬁ(k’)(1+ \k— K220k — k' )dk'| +2° /(1+ |K'|2)* 20 (k"o (k — k') dk'|.
R R
Using Young’s inequality,
1 1 1
HU*’UHLT S ||UI|LPI|U||LQ7 7+7:1+77 p»q77“2 17
p q r

with r = p =2 and ¢ = 1, we obtain

s oz <2° (Jallzzlollos + lalleslollzz) < Callal zzllol e,
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where the last inequality is obtained from the Cauchy—Schwarz inequality

s = [ o= ([ ) (Lo wprioea)”

which makes sense if s > g By Definition B.1, H*(R?) is a Banach algebra with
respect to multiplication if s > g O

Remark B.1 Since H*(R?), s > % is a Banach algebra with respect to multipli-
cation, L2(R9), s > % is a Banach algebra with respect to convolution integrals.

Similarly, the space of periodic functions H3,,([0,27]%) is a Banach algebra with
respect to multiplication for any s > % and the discrete space [2(Z?) is a Banach
algebra with respect to convolution sums for any s > %,

Because of the embedding of 12(Z%) to 19°(Z%) thanks to the bound

flulliee < flufliz, >0,

the same space 12(Z%) is also a Banach algebra with respect to multiplication for
any s > 0.

B.2 Banach Fixed-Point Theorem

Let X be a Banach space with norm || -||x and A : X — X be a nonlinear operator.
The Banach Fixed-Point Theorem gives the conditions for existence and uniqueness
of solutions of the operator equation

u=A(u), ueX.
This theorem is sometimes called the Contraction Mapping Principle.

Definition B.2 Let M be a closed non-empty set in a Banach space X. The
operator A : M — M is called a contraction if there is ¢ € [0,1) such that

Yu,v € M :  |JAu — Av||x < ¢g|lu — v x.

Theorem B.2 Let M be a closed non-empty set in the Banach space X and let
A: M — M be a contraction operator. There exists a unique fized point of A in
M, that is, there exists a unique u € M such that A(u) = u.

Proof Since X is a complete metric space, any sequence {uy fneny € X converges
if and only if it is a Cauchy sequence, that is, for each € > 0, there is N(¢) > 1 such
that

Vn,m > N(e): |up —unl|x <e

Since M is a closed set in X, if a sequence {uy, }nen € M converges to u as n — 0o,
then u € M.
We construct the sequence {up tneny € M from the iteration equation

Un+1 = A(un)a n €N,
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where u; € M is arbitrary. First, we show that {u,},en is a Cauchy sequence.
Indeed, if A is a contraction operator, then
[tnt1 = unllx = [|A(un) = Alun—1)lx < gllun —un-llx

< P llun—1 — tn—allx < - < ¢ M ua —us x.
By the triangle inequality, we obtain for any m € N
[tnsm = Unllx < tnym = Ungm—1llx + -+ [ Unp1 — unllx

S (qn—l + q" 4o+ qn+m_2)“’LL2 - ul”X
< 1= q) uz — wallx-

Because ¢ € [0,1), we have ¢" — 0 as n — oo. Therefore, {u, }nen is the Cauchy
sequence and there is u € M such that
lun —ullx =0 as n — oo.
On the other hand, A(u) € M and since
lA(urn) — A(u)||x < gllun —ullx =0 as n— oo,

we also have

|A(un) — A(u)|lx -0 as n — oco.

It follows from the iterative equation u,+1 = A(u,) in the limit n — oo that u is a
solution of u = A(u), that is, u is a fixed point of A in M.

It remains to show that the solution is unique in M. By contradiction, we assume
existence of two solutions v € M and v € M. Then

[u —vllx = [[A(w) = A(v)[lx < gllu—vlx,
and since ¢ € [0,1), we have |ju — v||x =0, that is u = v. O

We also mention two modifications of the Banach Fixed-Point Theorem.

The Brouwer Fixed-Point Theorem states that if M is a compact, convex, non-
empty set in a finite-dimensional normed space and A : M — M is a continuous
operator, then there exists at least one fixed point of A in M.

The Schauder Fixed-Point Theorem states that if M is a bounded, closed, convex,
non-empty subset of a Banach space X and A : M — M is a compact operator,
then there exists at least one fixed point of A in M.

B.3 Floquet Theorem

We will start with an abstract lemma, which is often referred to as the Spectral
Mapping Theorem.

Lemma B.1 Let C € R™ ™ be an invertible matriz. There exists a matriz B €
C™"™ sych that e = C.
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Proof Let us convert C to the Jordan block-diagonal form J using an invertible
matrix P such that P~'CP = J and C = PJP~'. If we can prove that J = ¥ for
some matrix K, then B = PKP~!.

Since C' is invertible, the Jordan form J has nonzero blocks. We are looking for
K in the block-diagonal form, which resembles the form of J. For a simple block of
J with entry Ag # 0, we have a simple block of K with entry log()\o). For an m xm
block of J in the form

N 1 0 -+ 0
0 X 1 -+ 0
0 0 0 -+ X

with A\g # 0, we can rewrite it in the form
Jm = /\OIm + Nm7

where I, is the m x m identity matrix and N, is the m x m nilpotent matrix of
order m. We note that N)" = O,,, where O,, is the m x m zero matrix.

Using the power series for a logarithmic function, we obtain the corresponding
block for matrix K,

K = 1og(\o) Ly, + log (I + Ay Noy)

1 1
—Nmf—N2
o g

(_l)m m—1

(m—Dap— ™

so that eKm = J,,. O

=log(No)Im +

Remark B.2 The choice of B is not unique since eZ+2™5 = ' for any k € Z.

Consider the fundamental matrix solution of the system with T-periodic coeffi-
cients

d(t) = A(t)®(t), teR,
®(0) =1,

where A(t), ®(t) € R*™*", A(t+ T) = A(t) for all t € R, and I is an identity
matrix. The Floquet Theorem specifies a particular form for the fundamental matrix
solution ®(¢) due to periodicity of the coefficient matrix A(t).

Theorem B.3 Let A(t +T) = A(t) € R™™™ be a continuous function for all
t € R. Then, ®(t) € R"*" is a continuously differentiable function in t and

O(t+T)=2(t)®(T) forall teR.

Moreover, there exists a constant matriz B € C"*™ and an invertible T-periodic
continuously differentiable matriz Q(t) € C"*™ such that

B =0(T), QUO0)=Q(T)=1, and ®(t)=Q(t)e'® forall tcR.

Proof Existence and uniqueness theorems for linear differential equations with
continuous function A(t) guarantee existence of the unique solution ®(t) for all
t € R, which is continuously differentiable in ¢ and invertible for all ¢ € R.
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Let ¥(t) = ®(t 4+ T') and compute

(1) = B(t + T) = At + T)O( +T) = A1) (1)

with initial condition ¥(0) = ®(T). By uniqueness of solutions and the linear
superposition principle, we infer that

Dt +T) = U(t) = D(£)V(0) = D()B(T), teR.

Since ®(T) is invertible, Lemma B.1 implies that there exists a constant ma-
trix B such that ®(T) = ¢”B. Let Q(t) = ®(t)e *B. Then, Q(t) is continuously
differentiable in ¢t € R and

QU+T)=d(t+T)e DB = ot)d(T)e TBe™B = d(t)e P = Q(t), teR.

Hence Q(t) is a T-periodic continuously differentiable matrix in ¢. Moreover, it is
invertible with the inverse Q1(t) = e!Bd1(¢). O

Remark B.3 It follows from the Floquet Theorem that the phase flow
¢i(wo) = ()0, 10 €R"
of the linear T-periodic system
z(t) = A(t)z(t), teR,
{ z(0) = o,
forms a discrete group of translations such that
Ger1(20) = Pe(Ppr(20)), o €R", teER.

Remark B.4 Another consequence of the Floquet Theorem is a homogenization
of the linear T-periodic system. Thanks to the invertibility of Q(¢), a substitution
z(t) = Q(t)y(t) with y € R”™ results in the linear system with constant coefficients:

{ i(t) = A(t)z(t), N { y(t) = By(t),
y(0) = o.

B.4 Fredholm Alternative Theorem

Let H be a Hilbert space with the inner product (-,-)y and L be a densely defined
linear operator on H with the domain Dom(L) C H. The adjoint operator L* with
the domain Dom(L*) C H is defined by

Vu € Dom(L), v € Dom(L*): (Lu,v)g = (u,L*v)p.
If L* = L, the operator L is called self-adjoint.

Definition B.3 We say that the linear operator L : Dom(L) C H — H is a
Fredholm operator of index zero if

dim(Ker(L)) = dim(Ker(L")) < 0o
and Ran(L) is closed.
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Remark B.5 If L is a self-adjoint operator in H and the nonzero spectrum of L
is bounded away from zero, then L is a Fredholm operator of index zero.

The following lemma gives two equivalent orthogonal decompositions of the Hilbert
space H relative to the Fredholm operator L.

Lemma B.2 Let L be a Fredholm operator of index zero. Then,
H =Ker(L") ® Ran(L), H = Ker(L) @ Ran(L").

Proof We prove only the first decomposition, as the second one follows by replace-
ment of L by L*.

Let u € Ran(L) and v € Ker(L*). Then, there exists f € Dom(L) such that
u = Lf. As a result, we compute

<u7 U>H = <Lf7 U>H = <fa L*U>H = Oa

that is Ker(L*) C [Ran(L)]*.
On the other hand, let v = Lf € Ran(L) for some f € Dom(L) and v €
[Ran(L)]*. We have for all « € Ran(L),

0= <u7 U)H - <Lf7 U>H = <f7 L*’U>H,
Because Dom(L) is dense in H, then [Dom(L)]* = {0}, which means that L*v = 0,
that is [Ran(L)]* C Ker(L*). Therefore, Ker(L*) = [Ran(L)]*. O

The Fredholm Alternative Theorem gives the necessary and sufficient condition
for existence of solutions of the inhomogeneous equation Lu = f for a given f € H
if L is a Fredholm operator on H.

Theorem B.4 Let L : Dom(L) C H — H be a Fredholm operator of index zero.
There exists a solution w € Dom(L) of the inhomogeneous equation Lu = f for a
given f € H if and only if (f,vo)y = 0 for all vy € Ker(L*). Moreover, the solution
is unique under the constraint (u,wo)y = 0 for all wo € Ker(L).

Proof The necessary condition is proved with an orthogonal projection. If there
exists a solution v € Dom(L) of Lu = f, then

Yug € Ker(L*) : <f, 'U0>H = <LU, 'UQ>H = <u, L*U())H =0.

To prove the sufficient condition, if {f,vo) g = 0 for all vy € Ker(L*), the orthog-
onal decomposition of H in Lemma B.2 implies that f € Ran(L), so that there is
u € Dom(L) such that Lu = f.

To prove uniqueness, we note that there exists an orthogonal basis

Ker(L) = span{u1, ..., u, }

such that (u;,u;)m = 0;; and n = Dim(Ker(L)). If ug is one particular solution of
Lu = f, then

n
U= Uy — Z(uo,uj>Huj
Jj=1
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is also a solution of Lu = f such that (u,wo)g = 0 for all wy € Ker(L). The
solution u is unique under the condition (u,wy) g = 0, because addition to u of any
projection to Ker(L) will violate the condition. O

The Fredholm Alternative Theorem can be applied both to symmetric matrices
in H = R™ and to linear differential operators in H = L2.

B.5 Gagliardo—Nirenberg inequality

The Gagliardo—Nirenberg inequality says that for any fixed 1 < p < d/(d —2) (if
d > 3) and for any p > 1 (if d = 1 or d = 2), there is a constant Cj, 4 > 0 such that

d(p—1 d+p(2—d
[Vull gl 27
In particular, H'(R?) is continuously embedded to L?P(R?) for any p € [1,d/(d — 2)]
ifd>3and foranyp>1ifd=1ord=2.
Let us prove the Gagliardo—Nirenberg inequality for d = 1. By the Sobolev Em-

bedding Theorem (Appendix B.10), if u € H*(R), then u € L*°(R) and u(z) — 0
as |z| — co. As a result, for any p > 1 we have

Vue HYRY) :  ul?, < Cpa

2 -1 — -1 1
lull 72 < 17 lulZ < 207Vl ull72 "

where the last inequality follows from the Cauchy—Schwarz inequality applied to

W2(x) = 2 / (@) (z)dz.

—00

Therefore, the Gagliardo—Nirenberg inequality holds for any p > 1 if d = 1.

B.6 Gronwall inequality

The Gronwall inequality can be formulated in both the integral and differential
form. This inequality leads to the Comparison Principle for differential equations.

Lemma B.3 Let C >0, k(t) be a given continuous non-negative function for all
t >0, and y(t) be a continuous function satisfying the integral inequality

t
0<ylt)<C +/ k(" y)dt', t>0.
0
Then, y(t) < Celo I for il ¢ > 0.
Proof Define a solution of the integral equation
t
Y(t) = C+/ k(Y ()dt', t>0,
0

which is equivalent to the initial-value problem

Y (t) = k(t)Y(t), t>0,
Y (0) = C.
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The unique solution is Y (£) = Celo )4 for all ¢ > 0. It is clear that
4(0) < C = Y(0).

For any t > 0, we have

waAkWMstc:meAkwwwmc

or equivalently,

t t
% (67 Jo k(t’)dt’/ k(t')y(t’)dt') < % (67 Iy k(t/)dt’/ k(t,)Y(t/)dt/) . t>0.
0 0

From the comparison of slopes, we have the comparison of functions

t t
e~ fdk(f}dt’/ k(t/)y(t/)dt/ <e~ fo'k(t/)dt'/ k(t/)Y(t/)dt/, t>0,
0 0

which proves that
mwsww+/%wxmw—yw»wsyw,t20
0

Therefore, y(t) < Celo K4t for all ¢ > 0. O

In the differential form, if k(¢) is a continuous non-negative function for all ¢ > 0
and y(t) is a continuously differentiable non-negative function satisfying the differ-
ential inequality

y(t) < k(t)y(t), t=0,
{ y(0) < C,

for any given C' > 0, then y(t) < Celo H)dt" for all ¢ > 0.

B.7 Implicit Function Theorem

The Implicit Function Theorem in Banach spaces is used for the unique continua-
tion of solutions of operator equations beyond the particular point where an exact
solution of the equation is available. It is also applied to the situations when a bi-
furcation (sudden change in the number and stability of solution branches) occurs.
The Implicit Function Theorem is derived from the Banach Fixed-Point Theorem
(Appendix B.2).

Theorem B.5 Let X, Y, and Z be Banach spaces and let F(z,y): X XY = Z
be a C' map on an open neighborhood of the point (zo,yo) € X x Y. Assume that
F(xo,y0) =0

and that
D,F(zg,y0) : X = Z is one-to-one and onto.

There are 7 > 0 and 6 > 0 such that for each y with ||y — yolly < 0 there ezists a
unique solution x € X of the operator equation F(x,y) = 0 with ||z — zo|lx < r.
Moreover, the map Y >y~ z(y) € X is C! near y = yo.
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Proof Let z=x0+¢&, y=1yo+n, and
f(&m) == DaF(20,40)§ — Fzo+&yo+n) : X XY — Z.

We note that f(0,0) = 0, operator D¢ f(§,1) = Dy F(z0,Y0) — Do F(zo+ &, 90 + 1)
is continuous at (§,7) = (0,0), and D¢ f(0,0) = 0. Therefore, function f(&,0) is
super-linear in ¢ in the sense

1£(£:0)llz

limsup ———— =0.
lelx—o  lI€llx

Because D, F(zg,yo) : X — Z is one-to-one and onto, the inverse operator
[DyF(zo,y0)] 7' : Z — X exists with the bound

Co = [|[DaF (20, 90)] |z x < o0
For each fixed n € Y, let us define the new function
A(€) = [DoF (w0, 50)] " f(&,m) = E—[DaF(z0,50)] ' F(wo+&,y0+m) : X xY — X.

For each fixed n € Y, there is a root £ € X of F(zg + &,y + 1) = 0 if and only if
& € X is a fixed point of operator A, that is, A(§) =¢&.

To apply the Banach Fixed-Point Theorem (Appendix B.2), we note from the
above analysis that for each ||€]|x < r and ||7|ly < ¢ there is C' > 0 such that

[A©llx < CollF(,mllz < Cle(r)r +9),

and

[[A(§1) = A(&2)llx < Collf(€r,m) — f(&2,m)llz < Cle(r) +0)[[&1 — &allx,

where e(r) — 0 as r — 0. For sufficiently small » > 0 and § > 0, there is ¢ € (0,1)
such that

lAG)]x <, A1) — A(&)lx < qllér — &|lx-

By the Banach Fixed-Point Theorem (Theorem B.2), for each n € Y such that
Inlly < & there exists a unique fixed point £ € X of A(§) such that ||{]|x < r.

Consider now the continuity of the map n — &(n) for the fixed point of A(E).
There is g € (0,1) such that

Hf(ﬁl) *5(772)HX
< Coll f&m)sm) — f(E(m2),m2)ll z
< Co (If (&), m) — f(Em2)sn)llz + [ f(EMm2),m) — f(E(m2),m2)llz)
< qllélm) — EMm2)llx + Collf(E(m2),m) — f(£(n2),m2) -
We have || f(&(n2),m) — f(€(n2),m2)llz = 0 as [[n1 — nally — 0. Since g € (0,1), we
(

then have ||£(n1) — &(n2)|lx — 0 as [|[m — n2lly — 0.
To prove that £(n) is C?, let us consider equation

F(xo+&Mm+h),y0o +n+h) — F(xo+£n),y0 +1) =0
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for a fixed n € Y and an arbitrary small h € Y. Since F is C! and D, F(zo, o)
is one-to-one and onto, we know that [D,F(zg + £(n),y0 + 1)] "' exists and is
continuous for all n € Y such that ||n]]y < d. By the Taylor series expansion, we
have

&+ h) —&m) = —[DaF(xo +EM), yo +n)] " (DyF(zo +£(),y0 + n)h + R(R)),

where the remainder term R(h) is super-linear with respect to h and &(n+h)—&(n).
Therefore, for all n € Y such that |||y < there is C' > 0 such that

1€+ h) —Em)lx < Cllhlly,
and the map Y 3 0+ &(n) € X is C! for all n € Y such that |||y <. O

Remark B.6 If F(z,y): X xY — Z is a C™ map near (zg,5) € X x Y for any
integer 1 < n < oo, then the map y — z(y) is C™ near y = yo. Moreover, if F(z,y)
is analytic near (zg,y0) € X X Y, then z(y) is analytic near y = yo.

B.8 Mountain Pass Theorem

Let H be a Hilbert space with the inner product (-, )z and the induced norm ||- || g.
We set up some definitions to ensure that a continuously differentiable functional
I(u) : H— R has a critical point in H.

Definition B.4 A continuous functional I(u) : H — R is said to have the moun-
tain pass geometry if:

(i) 1(0) = 0;
(ii) there exist a > 0 and r > 0 such that I(u) > a for any u € H with [ju|g = r;
(iii) there exists an element v € H such that I(v) < 0 and ||v||g > r.

Definition B.5 A continuously differentiable functional I(u) : H — R is said to
satisfy the Palais-Smale compactness condition if each sequence {uy }r>1 in H such
that

(a) {I(ug)}r>1 is bounded,
(b) %](Uk + €v)|e=op — 0 as k — oo for every v € H,

has a convergent subsequence in H.

For continuous functions in compact domains, the mountain pass geometry of the
function I(u) implies existence of a critical point of I(u). Because Hilbert spaces
are not generally compact function spaces, the functional I(u) must also satisfy the
Palais-Smale compactness condition in addition to the mountain pass geometry.
The Mountain Pass Theorem guarantees the existence of a critical point of I(u) in
H under these two conditions.

Theorem B.6 Assume that a continuously differentiable functional I(u) : H — R
satisfies the mountain pass geometry and the Palais—Smale compactness condition.
For the element v € H with I(v) < 0, we define

I={geC(0,1],H): g(0)=0, g(1)=uv}.
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Then,

°= ik e

is a critical value of I(u) in H.

The proof of the Mountain Pass Theorem can be found in Evans [55, Section 8.5].

B.9 Noether Theorem

We formulate the Noether Theorem variationally, in the context of Lagrangian
mechanics. Consider the Lagrangian in the form L = L(u,us,uy,x), where u =
u(z,t) : R x R — R is a solution of the Euler-Lagrange equation,

oL_ 9oL 0oL

Ou ~ Orduy, Ot duy

Denote the action functional by

S:/dt/dmL(u,ut,uz,x).
R Jr

We assume that L is C? in its variables and that the solution exists for all (z,t) €

R x R. The Noether Theorem relates the existence of the continuous symmetry of
the action function S and the existence of the balance equation
oP 0Q
o " ox
where P and @ depend on (u,uq, u,) and, possibly, (z,t). Integrating the balance
equation in z and using suitable decay conditions at infinity, we obtain that fR Pdx

=0,

is constant for all ¢t € R.

Theorem B.7 Assume that S is invariant under a continuous infinitesimal trans-
formation
t=t+el(t,z,u),
Z=xz+eX(t,x,u),
u=u+eU(t,z,u),
where € € R and (T, X,U) are some functions. Then the balance equation holds
with
oL
P= TH+u,X-U
871,{ (Ut +u )
L
Q= (utT +u, X -U)—

Proof Thanks to the invariance of the action functional, we have the expansion

:/ /dmL U, Up, Uz, T /dt/er Uy Ugy Uy, T),

:/dt/dm(L(ﬂ,ﬂ;,ﬂi,x)fL(u,ut,uz,x))

+e/ dt/ <8LT ag;(>+o(€2)'
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On the other hand, the chain rule gives

W&, 1) = u(@ — eX,t — €T) + eU(t, z,u)
=u(i,t) + e (U — Tus — Xuy) + O(€2).

As a result, we obtain
R oL
/dt/ dx (L(G, ug, Uz, ) — L(u, ug, ug, ) = e/ dt/ dma—(UfTut — Xuy)
R u

oL 0 9
+e/dt/ (8ut (U =Tup — Xuy) + o 8x(U Tus — Xux)> + O(€%).

Using the Euler-Lagrange equations to express OL/Ju and equating the integrand
of the term O(e) to zero, we obtain the balance equation with the stated expressions
for P and Q. O

The Noether Theorem can be applied to the Gross—Pitaevskii equation,
iUy = — Uy + V(x)u + olul®u,
where u(z,t) : R xR — C, V(z) € L*(R), and o € {1,—1}. The Lagrangian for
the Gross—Pitaevskii equation is extended to the complex-valued functions,
i
L(u7ﬂ7utaﬂtaumaam71'.) = 5(’1]’114 _’atu) ‘um| _V( )|u‘2 |’U1|4

Existence of the time translation symmetry implies that T = 1, X = U = 0,
which gives the conservation of energy (Hamiltonian),

oL oL B 9 9 O, 4
/R(utaUtJrutau L) da,"f/]R<|uz| + Vi§ul® + 2\u| )dm

If V(z) = 0 for all z € R, existence of the space translation symmetry implies
that T=0, X =1, and U = 0, which gives the conservation of momentum,

oL oL i i _
/ ( * Dy + Uy aut) dr = 3 /]R(uuz — ully)dx.

Existence of the gauge translation symmetry implies that T'= X =0, U = —iu,
which gives the conservation of power,

/R<gft( .)+gi‘m>dm—/|u| dz.

B.10 Sobolev Embedding Theorem

The Sobolev Embedding Theorem relates functions in Sobolev space H*(R%) with
continuously differentiable functions in Cf(R?), provided that s > r + g. This
property is ultimately related with the fact that Sobolev space H*(R?) forms a
Banach algebra with respect to pointwise multiplication for s > g (Appendix B.1).

The Riemann-Lebesgue Lemma does the same job for functions with Fourier
transforms in Li(Rd), provided that s > r. This space is referred to as the Wiener
space and is denoted by W*(R%). Note that the Wiener space W*(R?) forms a
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Banach algebra with respect to pointwise multiplication for any s > 0 (Appendix
B.16).

Not only are the functions in H*(R?) with s > r + ¢ or in W*(R?) with s > r
r-times continuously differentiable but also the functions and their derivatives up
to the rth order decay to zero at infinity. We start with the Riemann—Lebesgue
Lemma.

Lemma B.4 Let u(x) have the Fourier transform (k) in function space L:(R?)
for an integer s > 0. Then, u € CF (R?) for any r < s and u(x), Oyu(z), ..., Iu(xw)
decay to zero as |x| — 0.

Proof Using the Fourier transform, we obtain for any r < s,

[0zl <

1 R < 1 .
WHUHL}‘ S WHU| Ll-

If 4 € LL(R?), then 07u € CP(R?), so that u € CF(R?). The decay of u(x) and its
derivatives up to the rth order is proved in Evans [55]. O

We can now formulate the Sobolev Embedding Theorem.

Theorem B.8 For any fized integer r > 0 and any s > g + r, the Sobolev space
H*(R?) is continuously embedded in the space of functions C}(R?). Moreover, if
u € H*(RY), then u(z), O,u(x), ..., Ohu(z) decay to zero as |z| — oo.

Proof We need to show that there exists C , > 0 such that
Vu € HSRY) = uller < Cypllullzs.

Recall that the Cauchy—Schwarz inequality gives

il < /L P il 5>
P ke L+ TRP) R

As a result, for an integer » > 0 and any s > g + 7, there is C, , > 0 such that

1 . .
[Ozull L < WHUHH < Cs )

Decay of u(z), Oyu(zx), ..., Ohu(z) to zero as |z| — oo follows from the Riemann—

2 < Csrllull =

Lebesgue Lemma. O

It follows from Theorem B.8 that H*(R) is continuously embedded into L?(R?)

for any p > 2 if s > g. It is more interesting to find embedding of H*(R?) into
LP(R?) space for 0 < s < 4. This embedding exists for any 2 < p < 2d/(d — 2s)

[55).

B.11 Spectral Theorem

Let H be a Hilbert space with the inner product (-, -) y and the induced norm || - || g7.
Let L : Dom(L) C H — H be a self-adjoint linear operator in the sense

Vf,g€Dom(L): (Lf,g)a = (f,Lg)n-
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The spectrum of L, denoted as o(L), is the set of all points A € C for which L — AT
is not invertible on H.

If A € o(L) is such that Ker(L — AI) # {0}, then X is an eigenvalue of A of
geometric multiplicity N, := Dim Ker(L — M) and algebraic multiplicity N, :=

Dim |,y Ker(L — AI)™.

e The discrete spectrum of L, denoted by o4(L), is the set of all eigenvalues of L
with finite (algebraic) multiplicity and which are isolated points of o(L).

e The essential spectrum of L, denoted by cess(L), is the complement of o4(L) in
o(L).

The Spectral Theorem characterizes the spectrum of a self-adjoint operator L.

Theorem B.9 Let L be a self-adjoint operator in Hilbert space H. Then, (L) C
R and the eigenvectors of L are orthogonal to each other.

Proof Let A =\, +1)\; € (L) with A, \; € R and compute
Vue Dom(L) s [I(L— ADul% = I(E — A Dl + A2 ullyy = A2ljully.

If A\; # 0, then X\ # o(L) because (L — AI) is invertible. Therefore, A; = 0 and
AeR.

To prove orthogonality of eigenvectors of L, we first assume that the two eigen-
vectors uy,us € Dom(L) C H correspond to two distinct eigenvalues A1, A2 € R
such that A\; # Ag. Then, we obtain

)\1<U1,u2>H = <LU1,u2>H = <1L1,L1L2>H = )\2<1L1,1L2>H.

If Ay # Ao, then (uj,ug)y = 0. If an eigenvalue )¢ is multiple, we will show that
Unen Ker(L=AI)" = Ker(L—AI), that is, the geometric and algebraic multiplicities
coincide. To do so it is sufficient to show that Ker(L — AI)? = Ker(L — AI). If
u € Ker(L — AI)?, then there is v € Ker(L — AI) such that (L — A )u = v. However,
since L is self-adjoint, we obtain

lollzr = (L = X)u, v} = (u, (L = M)v)g =0,

that is v = 0 and u € Ker(L — AI). If A is a multiple eigenvalue, there is a basis of
eigenvectors in Ker(L — AI'), which can be orthogonalized and normalized by the
Gram-—Schmidt orthogonalization procedure. O

B.12 Sturm Comparison Theorem
Let us consider nonzero solutions u(z; A) of the second-order differential equation
u(z) + (A= V(2))u(z) =0, zeR,

for any V € L*°(R). The Sturm Comparison Theorem allows to compare the dis-
tribution of zeros of the solution u(z; \) for two values of A.
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Theorem B.10 Assume that u(xz; A1) has two consequent zeros at a and b, where
—o0<a<b<oo.
If Ao > A1, then u(z; A2) has a zero in (a,b).

Proof Let uj2(z) = u(x; A1,2) be two solutions of the differential equations such
that uy 2 € C?(a,b). Assume without loss of generality that u1(z) > 0 on (a,b). It
follows from the second-order differential equation that

d

o (W (@)uz(z) — w (2)uz(x)) = (Ao = M)ur(2)uz(z), € [a,b].
By contradiction, let us assume that wug(x) is sign-definite on (a,b) and again let
uz(x) > 0 without loss of generality. Then, integrating the above equation on [a, b]
and using u; (a) = uy(b) = 0, we obtain

0 > u} (b)ua(b) — v} (a)ua(a) = (Mg — )\1)/ up(z)uz(x)dr > 0.

a

The contradiction proves that us(z) must change sign (have a zero) on (a,b). O

The proof extends if a = —oo and/or b = +o00 provided that uq 2(z) are bounded
in the corresponding limits  — —oo and/or x — 4o0.

B.13 Unstable Manifold Theorem

Consider the initial-value problem for the system of differential equations
i(t) = f(x), teR,
z(0) = xo,

where © € R® and f(z) : R® — R" is a C! function. Solutions of the initial-
value problem determine the phase flow ¢¢(xg) : R — R™. The Unstable Manifold
Theorem characterizes an invariant manifold under the phase flow ¢;(z) in negative
times ¢ < 0.

Theorem B.11 Let f(0) = 0 and assume that A = D, f(0) has k < n eigenvalues
with positive real part. Let 6 > 0 be sufficiently small. There exists a k-dimensional
C' unstable manifold of & = f(x) such that

U(0) = {x € B5(0) 1 ¢i<o(x) € Bs(0), tii{rloo [l (z)|rm = ()}7

where Bs(0) C R™ is a ball of radius § > 0 centered at 0. Moreover, the unstable
manifold U(0) is tangent to the unstable manifold of the linearized system & = Ax.

Remark B.7 Similarly, one can formulate the Stable Manifold Theorem for the
stable manifold,

5(0) = {x €B5(0):  drz0(z) € Bs(0),  lm_[o(a)]zn = o} ,

which is invariant in positive times ¢ > 0.
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A modification of the Unstable Manifold Theorem is applied to the system of
differential equations with time-periodic coefficients

z(t) = A(t)x + f(x), teR,
z(0) = mo,

where A(t) : R — R"*" is continuous and T-periodic and f(z) : R* — R" is a C*
function such that

I/ (@) [rn

limsup ————— =0.
|z ||lzn —0 [l ||lr~

The modified Unstable Manifold Theorem characterizes the unstable manifold for

the T-periodic system of differential equations.

Theorem B.12 Assume that the linearized system & = A(t)x has k < n Floquet
multipliers outside the unit circle. Let § > 0 be sufficiently small. There exists a
k-dimensional C! unstable manifold of & = A(t)x + f(x) such that

U(0) = {95 € B5(0):  dico(w) € B5(0),  lim ||¢y(2)[|rn = 0} .

Moreover, the unstable manifold U(0) is tangent to the unstable manifold of the
linearized system & = A(t)z.

B.14 Weak Convergence Theorem

Let H be a Hilbert space with the inner product (-,-)y and the induced norm
|| - |- If & sequence in a Hilbert space H is bounded, it does not imply that there
exists a subsequence, which converges to an element in H, because H is gener-
ally non-compact. The best that it implies is the existence of a weakly convergent
subsequence in H. The following definition distinguishes between weak and strong
convergence of sequences in H.

Definition B.6 We say that a sequence {uy }reny € H converges strongly in H if
there exists an element v € H such that

up —u in H <= lim |jugy —ullg =0.
k—o0

We say that the sequence converges weakly in H if there exists an element v € H
such that

up, ~u in H <= YweH: (v,ux—u)g=0.

It is clear that the strong convergence implies the weak convergence thanks to
the Cauchy—Schwarz inequality

(v, up —w)m| < [lollallux —ullg

However, the converse statement is valid only in compact vector spaces such as
H=R".
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The Weak Convergence Theorem guarantees the weak convergence of a bounded
sequence in the Hilbert space H.

Theorem B.13 If a sequence {ug }ren € H is bounded, there exists a subsequence
{ur, }jen C {urtren and an element w € H such that uy, — w in H.

Proof For simplification, let us consider a separable Hilbert space H, that is,
we assume that there exists a countable orthonormal basis {v,}nen in H. Since
(ug,vi)a < |lugllmllvi]lg for all k& € N, if {ux}ren is a bounded sequence in H,
then (ug,v1)y is a bounded sequence of numbers. Therefore, there exists a sub-
sequence {u%) }jen C {uk}ren such that |a;| < oo, where
. 1
ap := lim (u,(c_),vl)H.
j—o0 7
Continuing this process inductively, for each n > 1, there exists a subsequence
{ugjﬂ)}jeN C {ugj) }jen such that |a,| < co, where
ap, := lim (u,(:'),vn>H, n € N.
Jj—o0 7

Let us denote w,, := u,(cz), n € N. Then, for each k € N,

lim (wy, vk)g = ak.
n—oo

Because the sequence {wy, }nen is bounded in H and the set {v,}nen is dense in
H, for each v € H and € > 0, there is ng(e) > 1 such that

|<wn _wmav>H‘ < |<w7z _wmu'Uk'>| + |<wn — Wm,V _Uk>H‘ <e

for all n,m > ng(e). Therefore, as n — 00, (wy,,v) converges to a number a(v) for
each v € H.
The map v — a(v) is linear and bounded by

Yoe H: l|a)| <||vllgsup |wnl -
neN

By the Riesz Representation Theorem, there is u € H such that a(v) = (u,v) g for
allv € H. Therefore, (w,,v)g — (u,v) g asn — oo for all v € H and, consequently,
Wy, — U asS N — 00. O

B.15 Weyl Theorem

Let H be a Hilbert space with the inner product (-, )y and the induced norm || - || g.
Let L : Dom(L) C H — H be a self-adjoint linear operator. Recall the definition
of the discrete o4(L) and essential oess(L) spectra of the self-adjoint operator L in
Section B.11. The Weyl Theorem gives a rigorous method to find if A € gegs(L).

Theorem B.14 Let L be a self-adjoint linear operator in Hilbert space H. Then,
A € 0ess(L) if and only if there exists a sequence {up}n>1 € Dom(L) such that
lunllg =1 foralln > 1, u, — 0in H asn — 0o, and lim,—, o ||[(L—A)uy, ||z = 0.
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Proof Let A\ € 0es5(L) and assume that Ker(L — M) = {0} for simplification of
arguments. Since A € o(L), the inverse of (L — AI) is unbounded. Therefore, there is
a sequence {v, }nen € H such that ||v,||g = 1 for all n € N and ||(L — AI)"Lv,|| —
0o as n — 0o. Let

(L — X))~ to,

Up 1= e, N E N,
(L = AL~ on|

then we have |lu,|| g =1 for all n € N and

llvn ll o
(=A== 3 oy 70 %
It remains to show that {uy, }nen converges weakly to 0 € H in the sense of Defini-
tion B.6. For all f € Dom(L — AI)~!, we have

(L =AD" o] (L =AD" |lu
(L =AD"l — (L= M)~ o[’

[(fsun) | =

where the right-hand side converges to zero as n — co. Since Dom(L — M)~ is
dense in H, then u, — 0 in H as n — oc.

In the opposite direction, let {u,, },>1 € Dom(L) be a sequence such that ||u,| g =
lforalln >1,u, = 0in H asn — oo, and lim,, o |[(L —AI)uy, || g = 0. Therefore,
X € o(L). It remains to show that A is not an isolated eigenvalue of finite multi-
plicity. If Ker(L — AI) = {0}, we are done, so let us assume that {¢; }le is a finite
orthonormal basis for Ker(L — AI). Let Py and @y be orthogonal projections onto
Ker(L — AI) and [Ker(L — AI)]*, respectively. Since u, — 0 in H as n — oo, we
have

k

|1Pxunllr = D [(un, 65)* 0 as n— oo,
j=1

Therefore, ||Qau,||% — 1 as n — oo, so that we can define

Q)\un
Vp = —————, neN.
@xunlle
We have ||v, ||z =1 for all n € N and
(L = A un |z
L—MN)v,|lg=————""——>0 as n—oo.
1= A0l = g
The inverse of @Qx(A — AI)@, is unbounded, that is, A € o(QrAQ,). However,
Ker(Qx(A — AI)Q») = {0}, hence A € ges5(A). 0

Let us use this theorem to establish the location of the continuous spectrum of
the self-adjoint operator L = —92 + ¢ for any ¢ € R with Dom(L) = H%(R) and
H = L*(R).

Lemma B.5 If L= —02 + ¢ for any c € R, then oess(L) = [c,00).
Proof We recall that

—u"(z) + cu(z) = Mu(z), z€R
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has no bounded solutions for A < ¢ and has bounded solutions u(z; k) = e** for any
A = c+k? > c. Fix the point A = ¢+ k3 and define the sequence {u,},>1 € H(R)
by

k -1
_ an ot lkzdk >1
Up(x) = o ; e , n>1,

o—n~t

where a,, is found from the normalization ||u,|p2 = 1. After explicit integration,
we obtain

an . (TN ;

up(x) = — sin (7) e*o? ¢ H2(R), n>1,

X n
thanks to analyticity of u,(z) at £ = 0 and the sufficient decay of u, (x) to zero as
|z] = oco. The normalization condition is satisfied if

a? sin?(z)

Hun||2L2:ﬁ e dz=1, n>1,

which shows that a,, ~ 1/n as n — oco. Therefore, we have

an sin(z/n)

ikox
e
™m x/n

U (z) = —0 as n—oo.

Using the same computations, we obtain

k0+n’1 )
(L — XoD)u, = a—"/ (k2 — k2)eike gk
k

2 o—n—1
_ 9n ikea sin(z/n) . 2cos(z/n)  2sin(z/n)  2ikg cos(z/n) n 2ikg sin(z/n)
™ n2x na? a3 nx x? '

Again this function is analytic at x = 0 and has the sufficient decay to zero as
|#| — oo to be in L2(R). Integrating over =, we obtain

I(Z = Ao )unl|Z
a2 1 [sin(z) 2cos(z) 2sin(z)\°  4k2 [cos(z) sin(z)\’
=) [ < + - ) + =2 < ) } dz.

w2 nd z 22 23 n3

z 22

Since a,, ~ y/n as n — oo, we conclude that lim, s ||(L — Ao )uy||z2 = 0, which
shows that Ao = ¢ + k2 € o.(L) for any kg € R. Therefore, 0ess(L) = [c, 00). O

Arguments in Lemma B.5 can be extended to the linear operators L = —92 +c+
V(z) if V(z) decays to zero as |z| — oo exponentially fast. The key ingredient in
this proof is the construction of the eigenfunctions in L (R) for any A € oess(L).

An alternative version of the Weyl Theorem states that if Ly and L are two
self-adjoint operators in a Hilbert space and L — Ly is Lg-compact in the sense
that Dom(L¢) € Dom(L — Lg) and (L — Lg)(Lo — AI)~! is compact for some
A ¢ o(Lyg), then o.(L) = o.(Lg). See the proof in Hislop & Sigal [89, Chapter 14].
The alternative version of the Weyl Theorem can also be used to establish that if
V € L*®(R) N L2(R), then

aess(—ag +c+Vix)) = aess(—aﬁ +¢) = [¢,00).
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However, to use this theorem, a more delicate spectral analysis is needed to establish
that

V(=024+c—A)""

is a compact operator for A ¢ [c, 00).

B.16 Wiener algebra

Let W(R) be the space of all 2m-periodic functions whose Fourier series con-
verge absolutely, that is, all functions f(z) : R — C whose Fourier series f(z) =

Y onez frne™® satisfy
I£llw := D |fal < o0.

nez

If f € IY(Z), then f € Cher(R). Therefore, space W(R) is a commutative Banach
algebra of continuous functions with respect to the pointwise multiplication (Ap-
pendix B.1), which is usually called the Wiener algebra.

The Wiener algebra of W (R) with respect to pointwise multiplication is isomor-
phic to the Banach algebra of I*(Z) with respect to the convolution product since
if

VEgeWMR):  (f9), =D fmbn-m=(f*3)n, nez,
meZL

then
Vi gel™Z): |f*gllo < I f1nllgll-

Similarly, we can define the Wiener space W*(R) for any s > 0 to be the space
of all 27-periodic functions f(z) with the norm

£ llws = [1f

Recall the discrete embedding of 2(Z) to I}(Z) for any r > 0 and s > 1 + 7 with
the bound

i, 520

A . . 1
ACs, >0: Vfel(Z): |flu < Corllfllz, r>0, s>+

As a result, the discrete space I1(Z) is also a Banach algebra with respect to the
convolution product for any r > 0 and the Wiener space W (R) is a Banach algebra
with respect to pointwise multiplication (Wiener algebra).

The concept of Wiener space and Wiener algebra extends to continuous functions
on line R with the decay to zero at infinity, whose Fourier transform belongs to
LY(R).
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