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Preface

This book is, as its title suggests, an introduction to the mathematics of
continuous breathers. It serves as the starting point for a theory that has
developed in many directions over the past twenty years and is now under
intense scrutiny and active research. Accordingly, what is presented here are
the first steps-the initial results needed to understand the main goals and
challenges in the study of breathers.

Breathers are fascinating objects, with striking mathematical and visual
representations that highlight the beauty of these phenomena.
Geometrically, they can be elegantly characterized as curves with zero
mean, while physically they represent dynamical, periodic motions in long-
lived scalar field models. They are ubiquitous in almost every dispersive
model with integrability properties, yet they also appear in nonintegrable
equations. Consequently, for almost every proposed classification in
breather theory, there exists a counterexample that does not satisfy the given
definition. In this sense, breathers are notoriously difficult to classify.

There are several approaches to studying breathers, and here we present
the most significant ones developed in recent years, with emphasis on
rigorous proofs and results that have led to a limited but coherent
understanding of these solutions. One may study breathers through
integrable techniques such as the inverse scattering transform, or by using
Béicklund transformations to deduce specific properties. Alternatively,
nonintegrable techniques can establish results applicable to breathers
beyond integrable models. In any case, one feature remains constant:
breathers capture highly intricate dynamics in the underlying theory while
retaining a remarkable simplicity in the resolution of the problems they
address.

The preparation of these notes began many years ago, in 2014. The task
was not easy, as much of the theory was still evolving. More than a decade
later, it is gratifying to see that numerous important results by many



researchers have since emerged. This volume is therefore only the first
installment in a planned series of three books on continuous rigorous
breather theory. The two forthcoming volumes will focus, respectively, on
the nonlinear Schrédinger model in full detail (not covered here), and on
deeper topics and open questions. We expect both to be available in the near
future, although the amount of material has grown enormously in recent
years.

The opening chapter (Chapter 1) sets the stage by defining breathers,
presenting their geometric and physical characterizations, and situating
them within the broader context of dispersive equations. It introduces the
main equations where breathers arise and outlines the challenges in their
classification. The second chapter (Chapter 2) turns to the analytical
framework, developing the functional setting and core estimates required
for a precise mathematical treatment, and discussing how integrability and
nonintegrability influence the behavior of solutions. The third chapter
(Chapter 3) focuses on presenting the most important breather solutions.
The following chapter (Chapter 4) explores the modified Korteweg-de Vries
(mKdV) breather, probably the simplest breather in the literature.
Foundational tools and results are introduced to the reader, and the most
basic properties are proved. The most important proved property is the
stability of these solutions. Chapter 5 then details how one can deal with
mKdV breathers using the integrability theory, specially when using
weighted estimates. Chapter 6 presents recent results related to existence of
multi-breathers and the proposed cubic Whitham model, where a
hypothesized breather is proposed. Chapter 7 deals now with numerical
aspects related to the stability of breathers. Chapter 8 is devoted to the study
of the Gardner breather, a close relative to the mKdV breather, which 1s
very important when dealing with general nonlinearities. Chapter 9 now
deals with the sine-Gordon. Chapter 10 describes recent results on the
uniqueness of these breathers, and the parabolic case. Chapter 11 describes
the zero-mean periodic in space breathers, where proposed stability results
are reviewed, with a final section dealing with the only known examples of
nonzero mean breathers. Finally, Chapter 12 deals with the Gardner and
mKdV hierarchies, their breathers and their variational characterization. As
mentioned before, we have chosen to write a different monograph dealing
with the nonlinear Schrédinger breathers, and many deep topics such as



nonexistence of breathers, asymptotic stability versus nonexistence, and
higher dimensional breathers.

Balancing rigor with accessibility, this text serves mathematical,
physical, and computational interests. By blending geometric intuition,
analysis, and explicit constructions, it highlights the complexity and
elegance of breathers, offering a coherent overview and inspiration for
future research.

Miguel A. Alejo and Claudio Muiioz
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Chapter 1

Introduction

1.1 Preface

These lecture notes are focused on describing, in a rigorous but still readable
form, some recent mathematical results corresponding to the theory of continuous,
periodic and non periodic breathers, as well as presenting to the reader a series of
unsolved problems concerning more complicated solutions. Loosely speaking, a
breather is a solution of a dispersive partial differential equation (PDE, usually
Hamiltonian), which is periodic in time, and localized in space, although the second
condition can be weakened by allowing periodicity or almost periodicity in space.
Breathers are beautiful mathematical solutions describing a mixed behavior, they
are oscillatory and localized, and seem very related to the notion of integrability: it
is very difficult to find exact breathers in nonintegrable models.

Figure 1.1 describes the evolution of one of the most important of these
objects, the mKdV breather. One can clearly see its really complex nature, starting
from the oscillatory behavior around its center, its periodicity modulo translations,
and its solitary wave behavior. In this book, our work will be to give a complete
description of this area of research, that has been expanding constantly during past
years.

t=0.13 t=0 t=-0.09

|
|

Fig. 1.1 Snapshots of an mKdV breather at three different times.

1.2 Whatis a breather



This is not an easy question to answer. The main reason is that the definition
depends on the model that you want to consider. However, there are some
concurrent notions in every breather solution:

(1)1t has some sort of time periodicity, at least under an appropriate space
translation, or phase shift.
(2) Spatial decay is not mandatory, since periodic breathers are not satisfying this

property.

However, in nearly all of this first part we will only consider localized
breathers, in the sense that they spatially converge to zero at infinity.

1.3 What is not a breather

This is not universal, but for us, standard solitary waves will not be declared as
breathers. One can give a formal argument as follows: breathers do have two
independent variables, and solitary waves, up to the symmetries of the problem,
have only one. This can be seen in Fig. 1.1: in addition to the movement in the z
variable, there is an oscillatory behavior present that cannot be ruled out by a
simple symmetry invariance. This makes breathers hard objects to describe.

1.4 The models

In this book we shall exemplify the above ideas with a (far from being
exhaustive) account of breather solutions of the non periodic and periodic modified
Korteweg-de Vries (mKdV) equation

up+ (Uge +u?), =0, wu(t,z) ER,teR,z€R or T,:=R/LZ(14.1)
the Gardner equation
wy + (Weg + pw? +w®), =0, p>0, w(t,z) € R, (t,z) € R¥(1.4.2)
and the sine-Gordon (SG) equation

Ugt — Ugy +sinu =0, (u,u) = (u,ws)(t,z) € R?, (t,z) € R: (1.4.3)

The above equations are well-known completely integrable models [GKM68,
AbCI91, Lam80], with infinitely many conserved quantities, and a suitable Lax-pair
formulation. The Inverse Scattering Theory (IST) has been applied by many authors
in order to describe the behavior of solutions in certain generality, see e.g. [Sch86,
AbCI91, Lam80, PeGr97] and references therein. In particular, the evolution of
rapidly decaying initial data can be described by purely algebraic methods.
Moreover, solutions for these equations can be obtained explicitly using this theory




[AbCI91, Lam80]. Some of them are shown to decompose into a very particular set
of solutions, usually referred as solitons, breathers and radiation (see e.g. Schuur
[Sch86] and references therein).

Solutions of (1.4.1), (1.4.2) and (1.4.3) are invariant under space and time
translations. Indeed, for any tg,zo € R, wu(t —tg,z — zp) is also a solution.
Furthermore, an additional feature of the SG equation is the invariance under
Lorentz transformations: given any v € (—1, 1), then

u(y(t —va), (@ —ot), yi=(1—-0?)

is a new solution of (1.4.3).

In addition to the above mentioned special solutions of (1.4.1), (1.4.2) and
(1.4.3), and as we mentioned before, there exists another large family of explicit
and oscillatory solutions, known in the physical and mathematical literature as the
breather solution, and which is a periodic in time, spatially localized real function.
Although there is no universal definition for a breather, we will adopt the following
convention, that will match the mKdV, Gardner and SG cases.

1.5 A brief historical account

For the mKdV equation, the breather was discovered by Wadati [Wad73]; and
for the Gardner equation, by [PeGr97, Alel2c], using the IST. These solutions have
become a canonical example of complexity in nonlinear integrable systems
[Lam80, ADbCI91]. Moreover, their surprising mixed behavior, combining
oscillatory and soliton character, has focused the attention of many researchers
since thirty years ago [Sch86, Den93]. From the physical point of view, breather
solutions seem to be relevant to localization-type phenomena in optics, condensed
matter physics and biological processes [Aub97]. They also play an important role
in the modeling of freak and rogue waves events on surface gravity waves and also
of internal waves in the stratified ocean, in Josephson junctions and even in

these examples.

The previous models appear in many applications. For instance, the mKdV
equation in the whole real line is an integrable and canonical nonlinear dispersive
equation, originally describing shallow water wave dynamics [Whi74], and
therefore appearing as a good approximation of different physical problems. A few
examples are the motion of the curvature of some geometric fluxes [GoPe9l,
NSW92, NaWa93], vortex patches, ferromagnetic vortices [Wex99], traffic models
[KoSa95], [Naga99], anharmonic lattices [On092], hyperbolic surfaces [Schi95],
among others.




Chapter 2

Dispersive type equations

2.1 Introduction: wave packets, dispersion

The purpose of this chapter is to introduce to the reader the main equations that will
be considered in these notes, together their most important properties. Most of these
equations are of dispersive nature, a concept that we will explain in a moment. Usually,
dispersive models appear as consequence of nature phenomena, and in general they share
important physical properties. On the other hand, these properties must be used at large
when studying the behavior of solutions.

In what follows, we will review the mean features of the following dispersive
models:

(1) the Korteweg-de Vries and related equations;
(2) the nonlinear Schrédinger equations;
(3) some scalar field equations, including the well-known sine-Gordon equation.

For a complete description, the reader may consult the monograph by Linares and
Ponce [LiPo14], Cazenave [Caz03], Klein and Saut [KS15], and Yang [Yan10]. Here we
will state only the main properties needed in our setting. Before introducing the notion of
dispersive equation, we need some simple but very important concepts.

Definition 2.1.1 Given a vector k € R%, d > 1, called wave vector, and a real-valued
scalar w € R, usually referred as a frequency, we say that the function

R x RY 3 (t,2) — upu(t,z) =27 e C (2.1.1)

is a wave packet with wave vector k and frequency w.

Wave packets are useful for several reasons, particularly in Physics. In our case, they
will be key elements to reveal the exact dispersive nature of the equation.

Before introducing the equations that we will study, we need some simple
classification rules. Let u = u(t,z) be a sufficiently smooth function, for z in some
spatial domain and ¢ € R. In this book we will consider two different kinds of equations:
the linear equations, written in an abstract form as

Oiu + Lu = 0, (2.1.2)



where L is a linear operator, most of the time a differential operator, and nonlinear
equations

Owu+ Lu+ N(u) =0, (2.1.3)

where N is a truly nonlinear operator in nature. Examples of linear equations are the
transport equation in one dimension,

Oru +0,u =0, (2.1.4)
the Airy equation in R; x R,
Opu +03u = 0, (2.1.5)
among others. On the other hand, if A = ijlagj represents the Laplacian in R,
Ayu — iAu — iful’u = 0,
is a nonlinear equation as in (2.1.3) for a function u(¢,z) € C because of the nonlinear

term 4|u|*w. In fact it is currently known as the cubic NLS equation.

Definition 2.1.2 Given a linear equation as in (2.1.2) defined in R; x R%, we say that it is
dispersive if the following conditions are satisfied:

(1) There exists a real-valued frequency w = w(k) such that the wave packet wj )
defined in (2.1.1) is solution to (2.1.2).

(2) As a function of the wave vector k € R¢, w = w(k) is differentiable and V w(k) varies
with k.

Finally, we will say that a nonlinear equation is dispersive if its linear part is dispersive.

In physical terms, Vw(k) is called the velocity group of the equation. Therefore, an
equation is dispersive if different frequencies propagate at different group velocities.

Example: The Airy equation in (2.1.5) is dispersive, since uy,, = eilkz—uwt) golves
(2.1.5) provided

w(k) = —k3.

Therefore we will have w'(k) = —k* < 0. The transport equation in (2.1.4) is not
dispersive because one gets

which does not vary with k. Another equation that is not dispersive is the standard linear
heat equation in R; x RZ



Oyu — Au = 0,

for which a wave packet is solution if and only if w(k) is complex valued, which is not
allowed in view of Definition 2.1.2.

Other dispersive models of key importance in this book are the Korteweg-de Vries
(KdV) equation

O +0,(02u+u?) =0, u=u(t,z) €R, t,zcR,
and the (cubic) nonlinear Schrodinger (NLS) equation,
i Ou4+02u + [ul’u =0, w=u(t,z)cC, tzck.

These are models describing the behavior of shallow water waves in different regimes
(more on this in next chapters) and the evolution of atomic and sub-atomic objects. These
two equations also have breathers, as we will see in forthcoming chapters. Finally, the
sine-Gordon (SG) equation (1.4.3)

02u —02u + sinu = 0,

is another example of very important dispersive model with breather solutions. We leave
to the reader the verification of the dispersive nature of each of these models.

A second example. Maxwell’s equations model the evolution of electric and magnetic
fields E, B in the vacuum. They are given by

{V~E: 0,

V-B= 0,

(Maxwell) 8B = —VxE,
((%E: Vx B.

Here, the fields E = E(t,z) and B = B(t, x) take values in R3, forz € R3 and ¢t € R.

As usual, divergence and curl are defined as follows: if E = (E1, E2, E3) € R? and
T = ($1,$2,x3) S R?’a

V-E = 611E1 +8m2E2 —|—8m3E3 € R,

and for e, e5, e3 the canonical basis of R3,

€7 €2 €3
Vx E= det| 0, 0 O
E, E;, E3

= <8$2E3 —6x3E2> e; + <8x3E1 —6w1E3> €2



+ (8m1E2 —8Z2E1>e3 € R?’,
with det the usual 3 x 3 determinant.
Now that we have a good understanding of (Maxwell), we perform some standard

tricks to realize that indeed, these are vector wave-type equations. Formally taking time
derivative in the equation for 0; F, and using Maxwell twice, we obtain

O?E=Vx 0,B=—Vx (VxE)=-V(V-E)+AE = AE,
where AFE is the vector Laplacian, taken component-wise. We conclude that
O?E — AE = 0.

Therefore, we can say that light in the vacuum behaves as a wave.

Let us look for plane wave solutions. Given e € R3 \ {0} fixed, we set
E(t,z) = ebr=we K eR® weR.
First of all, notice that in order to satisty V - £ = 0, we need
k-e=0,
something that can be ensured if we set e = ey, the first unit vector of the canonical basis

in R3, and k = (0, k2, k3), namely k lies in the plane koks3.

Assuming this fact, let us set
Eo(t,z) = '* ey, keR3, wekR.

We look for w = w(k) such that Ej solves the wave equation. Replacing, one gets

—w? + k= 0= w=w(k) =|k|= 1/k2 + k2.

Consequently, the frequency w(k) of the plane wave varies with k, and the so-called
group velocity, namely V w(k), is given by

Vk—Ok S?
w()_ ,?‘6 ’



which varies with k. So, in some sense this equation is dispersive, but at a very weak
level, since the absolute value of the vector Vw(k) is constant, and only angular
variables move with k.

2.2 Invariances

Many dispersive PDEs enjoy standard symmetries, usually appearing from physical
properties. In the following, we assume that u = u(¢,z) is a solution of a standard
dispersive PDE, where ¢ € R is the time variable, and 2 € R is the space variable.

If the equation has no explicit time dependence, then

u(t + to, ), to € R, (translation in time),

will also be another solution of the equation, and if the equation has no explicit
dependence on the variable z, it will be invariant by shifts:

u(t,x + zg), o € RY, (translation in space),

is also another solution. As an example, the linear wave equation for u = u(t,z) € R,
teR, z € RY,

O2u — Au =0, (2.2.1)

satisfies the time and space invariances.

Another important symmetry is the scaling invariance, which reveals to be very
important when working in the local well-posedness theory and some stability problems.
If the equation is posed on the entire R, then, thanks to the lack of compactness of the
domain, a suitable scaling of the solution u(¢, ) is a new solution of the same dispersive
equation. For example, for any A > 0,

ur(t,z) = u(At, Ax)

is a new solution of the linear wave equation (2.2.1).

Through these notes we will see different examples of equations with particular
scaling symmetries. Sometimes an equation may not have a scaling invariance; for
instance, the Klein-Gordon equation:

Ofu —02u +u =0,

has no scaling invariance. However, it shares many similarities with the standard wave
equation (2.2.1) that makes its understanding not too far from it.

2.3 The Fourier transform



Now we recall some standard techniques appearing in dispersive equations. For more
details, the reader may consult the book by Linares and Ponce [LiPo14].

First of all, we consider the Fourier transform in R?. Recall that L?, 1 < p < 400
corresponds to the Lebesgue space with the standard Lebesgue measure:

L? = {f:]Rd—HR : fis measurable and/ IfIF < -1—00},
Rd

and
L= {f: R?Y - R : fismeasurable and esssuppa|f| < +o0},

where esssup denotes the essential supremum (i.e., taken up to a zero measure set). The
extension to the complex-valued case is direct: both real and imaginary parts must be in
LP.

Definition 2.3.1 (Fourier transform). Given fc L!'(R9), we define its Fourier
transform by

ZUE) = Fl&) = cu / et f(a)de, cq= (2m) 2

]Rd

It is clear that f € L>®(R%), provided f € L*(R?). Moreover, f is continuous and
decays at infinity. If f € L*(RY) N L2(R?), the Fourier transform can be extended to
L2(R%), in a form to be specified later. Additionally, the following identities are satisfied:

(M 1f o € N is a muti-index and 2 f € L' for all || < |al, then 8¢ is well-defined and

~

0¢F(&) = F((~ia)*)(&). 23.1)
(2) If B € N? is a muti-index and 8% f is in L2,
Z029)(8) = (1©)°F(&). (232)
(3)If f, g € L, then its convolution
(F+9)(@) = [ fa - vy = [ W)sle - v)d,

is in L! and one has



F(f*9)(&) = 2m)*f(&)4(9).

(4) Given the Gaussian f(z) := m 1),1/2 elal*/4 g > 0, one has
FUE = ——y e/,
(2a)d/2

One can also define the inverse Fourier transform f as

f(&) = cd/eim'gf(m)dm,

for £ in L*(R?). One can check that if f and f are in L*(R%), then f = f. Consequently,
we denote

FU) =1

in this case. The Parseval’s identity states that if f, g € L'(R?), then
[ Fosterde = [ seraeae.

This identity is quite useful because if f € L' N L2, and formally choosing g = ? we will
get

[1701 de = [ £z,

known as the Plancherel’s identity. As a consequence, one can define by density f for f
in L2, and the Fourier transform is an isometry in L.

2.4 Tempered distributions

First of all, we need the notion of Schwartz’s class. Before defining it, recall that for
f:R? — R real-valued, 82 f(x) denotes the partial derivative of f with respect to a
multi-index @ = (a, - - ., Ag) € N9, such that

0l f(z)
8a = s = + -+ .
T f(w) a{L’(lll amgz' . 8a:gd ’a| al ad




Additionally,
(e} a 07 2 2 2 1/2
¥ =)'z, -z, and x| = (ml +ay+--+ :nd> .
Given a, 8 multi-indexes, and f € C*(R?), we introduce the semi-norms

Pa,s(f) := sup |z* 8] f(=)|. 2.4.1)

zeRd

Here || is the classical absolute value in R. Notice that f € C'* does not imply p, g(f)
finite.

Definition 2.4.1 (Schwartz’s class). We denote by .#(IR?) the space of smooth functions
f € C®(R?) which are rapidly decaying in space, namely for each m € N and any muti-
index a € N¢, there is a constant C,, ,,,, independent of z € R?, such that

sup |z|™|0; f(z)| < Com < +o0.
zeRd

Examples of functions in the Schwartz class are exponentials like e_‘x‘Z, and
compactly supported smooth functions in C°(R%). However, 1/(1 + ||?) in R¢ does not
belong to .#(R?).

The standard topology on .#(R?) is induced by the family of semi-norms Da,s 1N

(2.4.1): we will have a separable vector space and f, — 0 in Y(Rd) if and only if
Pa,s(fn) — 0 for any «, f multi-indexes.

Also, notice that properties (2.3.1)-(2.3.2) are naturally transferred into functions in
S(R9): they ensure that the Fourier transform of a function in .#(R9) is in #(R%), and
similarly for the inverse Fourier transform. Consequently, % is an homeomorphism in

S (RY).

The dual space of . (]Rd), namely, the vector space of real-valued linear continuous
functionals in #(R%), is denoted as .#(R%)’ = .#'(R%), and it is called the space of
tempered distributions. The topology on .#’(R?) is natural and simple:

T, — 0in &' if and only if T,,(f) — 0 for each f € #(R?).

Finally, the Fourier transform on .’ is defined using the dual characterization on S: if
T € S'(RY),

(F(D), f) = (T, Z(f)), for each f € .#(RY).

Consequently, & : ' — %' is again a homeomorphism.

2.5 Sobolev spaces



An important tool to understand the behavior of dispersive PDEs is the existence of
L2-based Hilbert spaces adapted to the evolution of the equation. In these sections we will
assume that the reader has some knowledge about these spaces, but in order to make
things self-contained, we will briefly recall the main ingredients needed in this book.

Definition 2.5.1. Let s € R. We denote by H*® = H*(R¢) the inhomogeneous Sobolev
space of index s given by

HRY) = {fe ' ®RY) : (1+16)" flo e L2®Y}.
Similarly, we define the homogeneous Sobolev space H® = H S(Rd) as
HRY) = {f e #'®Y) : [6'fl) e L*RY .

2 ~
Clearly H® = L?. Note that (1 + |¢ |2)8/ f(€) makes sense as distribution in .. If
it is additionally in L2, we have an H® function (s > 0) or distribution (s < 0).

In this book we will usually choose s > 0. Each H? is a Hilbert space endowed with
the norm induced by an inner product:

17l == [l + 169" Feo)|
o) = [a+1e)'To

L2
(2.5.1)

(Sometimes the inner product is taken with real part.) Additionally, and directly from
(2.5.1), the following standard properties are satistied:

Basic properties of Hilbert spaces.
() Ifs < s, then H® C H*.
(2)If s > £ then H* is included in the Holder space C'%*, for some o € (0,1).

(3)If s > <, H* defines a multiplicative algebra, that is to say f, g € H* implies fg € H*
, and for some constant C' > 0 independent of f and g,

1£9ll g < CUF o llgll e + 11 Fl] -

9llz<)-

(4) If s = n € N, then one has the equivalence

H'RY ={feL?: 02fcL® |al<n}.

2.6 Well-posedness

Now that we have all the ingredients, we can speak quickly about well-posedness
issues. In order to make things the clearest possible, we proceed with a case study. Let us
consider the linear Schrédinger model



i Oyu+ Au =0, (2.6.1)

posed for z € R¢, with u(t,z) € C, and t € R.

Let us recall the notion of well-posedness in a broad sense. Given

(1) A PDE of space-time character (not necessarily dispersive) which has the abstract form

Owuw+ Lu+ N(u) =0, u=u(tz),

with L and N linear and nonlinear parts, respectively,

(2) where we identify a “time variable” as the evolutive variable (in this case t), and
(3) an initial condition ug in a fixed vector space X (probably of Banach type), for which
the PDE makes sense at least formally,

we say that the Cauchy problem
Ou+ Lu+ N(u) =0, u(t=0)=wuyc X,

is well-posed in the sense of Hadamard if the following three conditions are satisfied:

(1) There exists a unique solution u defined in an open interval I containing 0 and such
that u(¢) € X in this interval,

(2) If the solution has a given regularity or smoothness at some time, it is preserved by the
flux afterwards; and

(3) The solution map X > ug — w depends continuously on the initial data u,.

The solution © may be part of an intricate vector space of time-dependent functions with
values in X, that is F'(I; X). This time dependence should be continuous, but it is not
always the case.

If some of these conditions are not satisfied, we will say that the problem is ill-posed.
Sometimes, if only the third condition above fails, we say that we have existence of
solutions. This is the standard case of quasilinear models, such as Einstein equations, for
which continuity of the solution map is not necessarily true. Sometimes, one has particular
notions of ill-posedness: they can be mild or truly strong, some of these cases will be
studied using breathers in this book.

If the solution u of a PDE ceases to exist after some time, in a sense to be specified
later, we say that the solution is not globally well-defined. On the contrary, if the solution
u can be extended for any possible time ¢ with values in X, we will say that it is globally
well-defined.

Example. Let us consider (2.6.1) with initial data in .(R%; C) (that is, complex-
valued data)

i 0w+ Au =0, u(t = 0) = ug € F(R?).

Assuming that the solution is in the Schwartz class, and formally taking spatial Fourier
Transform, we get



i 00— €T =0, ﬂ(t:O):%ef’(Rg).
This is an ODE in the variable ¢, with £ fixed. Its solution is
at, ) = e " (©),
which is usually denoted as
u(t) = ePtuy.

The dispersive character of the model is seen in the fact that the Schrodinger kernel in
Fourier e ¢ is of oscillatory type.

Notice that for each time t € R one has that e~ (&) is well-defined in . (Rg),

thus w(t,z) is in the Schwartz class. On the other hand, using the inverse Fourier
transform,

u(t,z) = cd/e”'ge_“fzt uo(€) d¢€.

Therefore, a solution in the Schwartz class exists and it is unique.

Even better, any semi-norm p, g of u(t,z) is still finite and only dependent on w.
Consequently, the continuity in the Schwartz class is also preserved:

z* 82 / et eIt o (¢) dg‘

S foo [ e i) " (e) de

< | for(e e 1 ey mu(era

S| [t e g™ ogle " (1) R0 (€)1de] < g ().

Recall that (§) :=4/1+ [ |2 is the japanese bracket, and m is any large number. Since
the function

(&)™ og (e (i) ain(¢)

belong to the Schwartz class, we conclude that u, o — 0 in % implies u,(¢) — 0 in .7,
for any time ¢.

Therefore, the equation is well-posed. Using complex integral techniques, one can find
that



1 ile—y/?
u(t,z) = ———— / e e uo(y) dy.
(47t) />

Another example. Let us consider the Heat equation backwards in time. That is,
Owu+ Au =0, u(t = 0) = ug € F(RY),

that is equivalent to solving the heat equation changing u(t,z) by u(—t, z). Using again
the Fourier transform,

a(t, €) = el ay(¢),

and
u(t,x) = cd/e”'feﬂzt uo(&)dE.

However, even if ug is Schwartz, this last expression may not be defined for times large
enough, (or simply for any time ¢ > 0).

Therefore, the solution may not exists in the Schwartz class, and the equation is ill-
posed. Compare with the heat equation, that regularizes solutions for ¢ > 0.

However, something can be said for instance if uy has compact support in Fourier
space, namely supp 4o C B(0, M) for some M > 0. In this case

lu(t, z)| = ‘/eiz'gewt uo(§)dg| < eM’t,

Hence, there is effectively an instability (possibly an exponential growth of the solution),
but it is well-defined for any time. In this sense, a unique solution continues to exist, with
same regularity as before, but bounds grow in time.

2.7 Ciritical spaces

Very often, a very good criterion to study well-posedness is given by the critical
space measured in terms of a particular invariance of the equation. For example, the
Korteweg de Vries (KdV) equation [KdV95]

O +0,(0%u +u?) =0, w=u(t,z) €R, (t,z)c R (2.7.1)

has H ~ as critical space with respect to the natural scaling of the equation: if u(t,z) is a
solution, then for any A € R the modification A2u(A3t, Az) is also a solution to KdV. In
particular, the H ~! norm remains invariant under this transformation, check this out. The
space H ! is particularly important because it is a natural obstruction to well-posedness,
although sometimes well-posedness is lost even at higher regularity.



Another example is given by the cubic NLS:
i 0 +0%u+ |ulPu=0, u=u(t,z)cC, tzckR,

for which one has the Galilean transformation

izv/2—ivit/4
)

u(t,x) — u(t,z — vt)e v e R,

that leaves the equation invariant. Consequently, the L? norm is invariant under this
transformation, posing an important obstruction to well-posedness, even if the scaling
symmetry for NLS

u(t,z) — cu(c’t,cx), ceER,
leaves the H ~1/2 norm invariant.

2.8 Focusing versus defocusing

The type of nonlinearity in a dispersive model may have important consequences in
the long time behavior of solutions. One of the simplest aspects to have in mind is to
determine its defocusing or focusing nature.

In order to exemplify this property, notice the following properties associated to
ODEs:

(1) Linear ODE: global solution.

U =u= u=uge'.

(2) Nonlinear focusing:

) 1
U=u" = u= .
1
Lt
o
Notice that ug > 0 implies blow-up for ¢ > 0.
) 1
U= —u" = u= —
— +t
Up

Here ug > 0 implies global existence and decay for ¢ > 0.

This simple example reveals that the sign in the nonlinearity leads to important outcomes.
What is behind this is the natural defocusing nature of waves (they tend to scatter), but
sometimes nonlinearities tend to concentrate waves in a strong fashion, forming solitary



waves or even blow up solutions, in which case one is under a focusing nature of the
nonlinearity.

In the case of dispersive models, the generalized KdV model
O +0,(02u+uP) =0, p=2,3,4,... (2.8.1)

is focusing if p is odd. In the case p even, changing u — —u changes the sign in the
nonlinearity, and we do not have a clear notion of focusing-defocusing. However,

Oy +0,(02u —uP) =0, p=3,5,7,...

is clearly defocusing.

As a standard rule of thumb, defocusing models tends to scatter, and almost every time
solutions are global (there are counterexamples in higher dimensions). Focusing models
usually have solitary waves (Section 2.10) and blow up solutions. Defocusing models tend
to have kink-like solutions (Section 2.10).

2.9 Conservation laws

Given a PDE with a time-variable direction, a conservation law is a (usually
physical) quantity that is preserved along the flow of the equation.

For instance, as we have seen before, the generalized KdV (gKdV) model (2.8.1)
Ou+0,(2u+uP) =0, p=2,34,...

has formally conserved its L? norm or mass:

/uz(t,x)dw :/UZ(O, x)dx.

This can be easily checked by assuming that the solution is smooth and sufficiently
decreasing to zero in space, to then make rigorous by a density argument:

d

— /u2(t,x)d9: = 2/uut(t,x)d:c

dt
= -2 /u 0. (02u + uP)(t, z)dx
=2 /Ozu([ﬁu + uP) (¢, z)dz = 0.

Therefore, the mass is conserved along the flow.

Many dispersive models have several conserved quantities, and some special ones
have infinitely many conserved quantities, such as integrable models. Conserved
quantities are key for local and global well-posedness theory. In our case, we will need
them to prove stability and instability results for breathers.



2.10 Solitons, solitary waves and kinks

Solitons and more generally, solitary waves, are very important objects when
studying dispersive models. They are the building blocks of every solution of a dispersive
model of focusing type.

Usually, an equation without solitons should completely disperse its energy, in the
sense that it should behave as the linear counterpart. However, if the equation has solitons,
they should appear as part of the evolution, properly speaking.

Usually, solitons appear because of a delicate balance between the nonlinearity and the
dispersion. In general, models need a sort of focusing nonlinearity, competing against the
linear part that disperses. Physical models where solitons naturally appear can be found in
detail in Dauxois-Peyrard [DaPe06].

What is more interesting is the fact that these profiles are often regarded as global
minimizers of a constrained functional in a suitable energy (H') topology. In this chapter,
we will describe in some detail the main properties of solitons, considering particular
models of high interest and importance.

For example, mKdV (1.4.1) has solitons of the form
ut,z) = Qe(z — ct), Qc(s) = VeQ(vecs), ¢>0, (2.10.1)

with profile

Q(s) = v2 — 21/2 8, [arctan(e®)).

cosh(s)

Using the invariance of the equation, we have
u(t,z) = Qc(x — ct — xg)
is a full family of solitons, satisfying
Q—cQ.+Q*=0, Q.>0, Q.c H'(R) (mKdV). (2.10.2)

In the same way, Gardner (1.4.2) has solitons, a sort of generalization of mKdV solitons
(2.10.1), namely given by

c
% + 4/ %2 + 5 cosh (ves)

The reader can also check that @), > 0 satisfies the nonlinear elliptic equation

Qc,u(s) =

Q/c,,u —cQepu+ MQE,M + Qg,u =0, Qcn>0, Q€ HY(R) (Gardner),



and that lim, 0 Q. , = Q.. See Section 8.2 for further details.

Definition 2.10.1 (Solitary wave). A solitary wave is a solution of a nonlinear dispersive
equation that consists of a fixed profile traveling at a certain speed along the x axis.

For example, (2.10.1) is a solitary wave with profile ) and speed c. Naturally,
solitary waves may collide. Depending on the final output after collision, a solitary wave
can be considered as a soliton or not.

Definition 2.10.2 (Elasticity and solitons). We say that two nonlinear objects interact
elastically if their energy and mass remain unchanged after the collision. A soliton is a
nonlinear traveling wave that interacts elastically with other solitons.

Once again, (2.10.1) and (2.10.2) are examples of solitons. Similarly, a multi-soliton
is an explicit solution describing the interaction of several solitons, discovered by Hirota
[Hir72].

2.10.1 Stability

Additionally, solitary waves and solitons are often regarded as global minimizers of a
constrained functional in the H '-topology. To be more precise, it is well-known that the
standard conservation laws in the case of mKdV at the H!-level are the mass

Mul(e) = 5 [ ¥ (ta)de = M 0),

and energy

Bl(t) = %/Rug(t,m)dx— %Au4(t,x)dx:E[u](o).

In the case of the Gardner equation (1.4.2), the mass has the same definition as above, but
the energy is given by

1 5 M g 1 B
E,[w|(t) = E/wa— E/Rw — Z/IRw4—EM[w](O), (2.10.3)

which is H!-subcritical. (For mKdV and Gardner, the Cauchy problem is globally well-
posed at such a level of regularity or even better, see e¢.g. Kenig-Ponce-Vega [KPV93].)

Using these conserved quantities, the variational structure can be characterized as
follows: there exists a suitable Lyapunov functional, invariant in time and such that the
soliton Q. or Q. is a corresponding extremal point. Moreover, it is a global minimizer

under fixed mass. For the mKdV case, this functional is given by [Ben72]

FCu)(t) = Elu|(t) + ¢ M[ul(t), (2.10.4)



where ¢ > 0 is the scaling of the solitary wave. Indeed, a simple computation shows that
for any z(t) € H'(R) small,

HQo+ A(t) = H#1Q] + / (@ — Qe+ Q%) + O(|l=(8) [ %).

z
R

The zero order term above is independent of time, while the first order term in z is zero
from (2.10.2), proving the critical character of Q..

2.10.2 Kinks

Kinks are topological solutions to dispersive models [Vac06, DaPe06]. These
represent nonlinear modes that carry out a certain charge or momentum due to their
particular limits at infinity.

The sine-Gordon (SG) equation
d2u —0%u + sinu = 0,

has kinks, which are soliton solutions as well. Indeed, given v € (0,1), o € R and
y=(1- v2)71/2, SG has kinks of the form

u(t,z) = p(y(x — vt — xy)), @(s) :=4arctane’.

It is not difficult to see that these solutions can be associated to a well-known functional
defined in the H! x L? topology. Their long time behavior is highly complicated because
of breathers, see e.g. [AMP20].

2.11 Historical developments

If one studies perturbations of solitons, the concepts of orbital, and asymptotic
stability emerge naturally. In particular, since energy and mass are conserved quantities, it
is natural to expect that solitons are stable in a suitable energy space. Indeed, H !-stability
of mKdV and more general solitons and multi-solitons in other models has been
considered e.g. in Benjamin [Ben72], Bona-Souganidis-Strauss [BSS87], Cazenave-Lions
[Cali82], Weinstein [Wei85, Wei86, Wei87], Maddocks-Sachs [MaSa93], Martel-Merle-
Tsai [MMTO02], Martel-Merle [MaMe09] and Mufioz [Munl6]. L2-stability of KdV
solitons has been proved by Merle-Vega [MeVe03]. Moreover, asymptotic stability
properties for gKdV equations (2.8.1) have been studied by Pego-Weinstein [PeWe94] and
Martel-Merle [MaMe0O1, MaMe0S5], among many other authors.

Kinks solutions are orbitally stable in the energy space H! x L2. Indeed, kinks can be
viewed as relative minimizers of a suitable energy functional. For the proofs of this result
for the SG case and more general equations, we refer to the works by Henry-Perez-
Wreszinski [HPW82], and Grillakis-Shatah-Strauss [GSS87].

The underlying question is then the study of the corresponding stability of these
breather solutions. A first step in that direction was already done in [AlIMul3] (see also
[AIMul2, AMP17, AMP17b]), where the nonlinear stability of mKdV breathers was




presented. Recent studies about the stability-instability of these breather structures are
[Munl4] and [BPS14].

2.12 Exercises
(2.1) Find the dispersion relation w(k) and the velocity group of the wave equation
O2u— Au=0, u=u(t,z) eR, teR, z € R%

Is it dispersive or not? And for the Laplace equation Au = 0 in R%?

(2.2) Consider the following models

i Opu+ Au =0, (Linear Schrédinger),
and
i Opu +02u+2Reu =0 (Modulationally unstable Schrodinger).

For each of these two models, use the plane wave analysis to determine whether or
not these are dispersive, and if possible, determine regions of parameters where these
equations are (not) dispersive.



Chapter 3

Breathers

3.1 A rigorous definition

Already in the introduction of this book we discussed the notion of breather. Here, we will
present an intuitive and a rigorous definition of it. Once again, we emphasize that this
definition is not universal, and some breather-like solutions in a particular model may be left
outside because of the proposed definition. However, we will try to encompass all the
previously known breathers in just one definition.

A breather is essentially a periodic in time and localized in space solution to a dispersive
model. Just because of this naive definition, one can say that breathers must be strange objects,
since dispersive equations, as its name suggests, are of dispersive nature, and periodic
oscillatory behavior is hard to maintain. Rigorously,

Definition 3.1.1 (Breather). We say that B = B(t, x) is an aperiodic breather solution for a
particular one-dimensional dispersive equation if there are 7' > 0 and L = L(T') € R such
that, for all t € R and z € R, one has

B(t+T,z) = B(t,x — L), (3.1.1)

up to the symmetries of the equation, and moreover, the infimum among times 7" > 0
such that property (3.1.1) is satisfied for such a time 7' is uniformly positive. Finally, if B is
also periodic in z, we say that B is a periodic breather.

Remark 3.1.2. In the particular case where L = 0, the breather is also periodic in time.

Remark 3.1.3. Note that the positive 7" condition ensures that solitons (and multisolitons) are
not breathers, since e.g. Q.(x — c(t + T)) = Q.(x — L — ct) for L := ¢T but T can be any
real-valued time. In the case of NLS equations and their solitons (we will see later), Definition
3.1.1 include them because of the U(1) invariance.

Even if breathers are rare objects, they appear more often than expected. Almost every
integrable equation possesses breather solutions, but relating breathers just only to integrable
models is a naive error: several nonintegrable models have breather solutions as well. So the
question is clearly subtle and deep.

3.2 Examples in integrable models

Our first examples will concern integrable models.

3.2.1 The mKdV breather

Breather solutions for the focusing mKdV



O +0,(02u+ud) =0, u=u(t,z) €ER, (tz)cR?

were discovered by Wadati in the seventies [Wad73] by using the Inverse Scattering Method
(ISM). The explicit form of the Wadati breather is

B B sin(ayr)
B(t,z) = 2v2 0, (arctan {E m} ), (3.2.1)

where
y1=c+dt+x1, ys=2x+t+ xo,
§:=a%—-3p% ~v:=3a%®- 7,
and z1, 22 € R free parameters.

For localized mKdV breathers, L from Definition 3.1.1 can be either positive, negative, or
zero, and each case corresponds to a different type of breather solution, as we will see below.
Indeed, one has for é # 0 that

2m

T=—,
ad

L =1T,

as it is not difficult to check. The case 6 = 0 is particularly special, because in this case the
oscillatory part stays fixed in time, and the breather moves to the left with speed —832,
corresponding to a particular fixed profile. In the general case & # 0, the behavior contrasts
with the definition of breather for the sine Gordon equation (Subsection 3.2.3), where without
loss of generality, L can be chosen to be identically zero.

‘f‘ t-0.13 t-0 t--0.09

il \
-30 w 0 ‘\‘J‘ -10

Fig. 3.1 Evolution of the mKdV breather (4.1.7) with & = 7,8 =1 at instants £ = —0.09,
t =0, and t = 0.13. Note that with the selected values of a, 3, the velocity is given by
v =3a? — 82 =146 > 0 and then the breather moves to the left. (Images taken from
[AIMul3].)

3.2.2 The Gardner breather

Breather solutions for the Gardner equation

O +0,(0%u + pu® +u®) =0, wu(t,z) eR, (tz)c R?



were discovered by Pelinovsky and Grimshaw [PeGr97] and in a clear form later by Alejo
[Alel12b]. As a natural extension (or y perturbation) of the focusing mKdV equation previously
mentioned, it is natural to see that the corresponding breather solution as a perturbation of the
mKdV breather. Indeed, its explicit form, obtained by the ISM (and also by using other
integrability methods), the Gardner breather is

Gagpult,z
Bogu(t,z;z1,22) =2 V2 8, |arctan L , (3.2.2)
Faﬁ,u (t, CL‘)
with y; and y2 given exactly as in the mKdV case

y1=x+dt+z1, y2=2z+t+ o,
§:=a?-38%, ~v:=3a%-p2

and

@ sin(oy;) — \/Z“ﬂ[COSh(ﬂyz) + sinh(By2)]
(0% \/Z ! A
Fopu(t,z) = cosh(Byz2) — V2upla cos(ay) — Bsin(ay)]
ay/al T PVA

and A :=o? 4+ 2 — 27"2 > 0. Note that when we set u = 0, we recover the above mKdV
breather.

Ga,ﬂ,p(ta :L‘) =

)

)

There is something deeper in the fact that the parameters § and - coincide in both mKdV
and Gardner. In Chapter § we will discuss in detail this universality property.

3.2.3 The sine-Gordon breather

One of the most iconic breathers so far. As already introduced, the sine-Gordon (SG)
model is given by

Fu—0 u+sinu=0, ultz)ecR, (tz)ecR> (3.2.3)

Notice that now we consider a nonlinear wave equation, with a huge impact in the literature. In
Chapter 9, we will describe in detail the mathematics associated to the famous SG breather: for

any g € (0,1), 8 #0,

. a B cos(at) ) -
B(t,z;8) := 4 arctan (; m) , a4+ p=1. (3.2.4)

This is just the standing breather, namely, it does not move in space. However, applying the
invariances of the model, and in particular the Lorentz transform (also called Lorentz boost),
one can obtain a relativistic moving breather. More details in Chapter 9.

3.2.4 NLS breathers



The model is the famous integrable NLS (Zakharov-Shabat [ZaSh72]), or focusing cubic
nonlinear Schrodinger equation:

i O 4+02u + [ul’u =0, w(t,z) €C, (tz)c R

The initial value problem for this model has been well-studied in the case of zero limit at
infinity, and in the case of kink perturbations. See [Zhi87]. There are several NLS breathers,
depending on the background at spatial infinite. Here we will briefly mention

(1) The Satsuma-Yajima (SY) breather (converging to zero at infinite in space),

(2) The Peregrine (P) breather (converging to the Stokes wave e? at infinite in space),

(3) The Kuznetsov-Ma (KM) breather (converging to the Stokes wave e at infinite in space),
(4) The Akhmediev (A) breather (periodic in space).

All these breathers are U(1) invariant, in the sense that u — e“u is also a solution provided u
is solution, for any vy € R.

The Satsuma-Yajima (SY) breather

Let ¢1,c9 > 0, and 4 := ¢y + ¢1. The NLS equation with zero background has the
standing, exponentially decaying breather [SaYa74]

2 V2, y_eit(c; cosh(caz) + coe™ 7t cosh(cy )
Bgsy(t,z) =

~v2 cosh(y,z) +~2 cosh(y_z) + 4cico cos(yy_t)

as solution which is a perturbation of the zero state, see Fig. 3.2.

By invariances of the equation under time-space shifts, it is possible to give a more general
form involving shifts 1, 2 € R in the ¢ and x variables, respectively. Note that by choosing
c1 = 1 and ¢y = 3, we recover the original breather discovered by Satsuma-Yajima [SaYa74,
Yanl10]:

4 v/2€(cosh(3z) + 3e%" cosh z)
cosh 4z + 4 cosh(2z) + 3 cos(8t) -

It is important to notice that the SY breather is part of a richer family of multi-solitons, from
which the SY breather is just a particular degenerate case [Yanl0, SHB10]. For that reason, it
is natural to expect that this breather is unstable. See Fig. 3.2 for details.
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Fig. 3.2 Left: Absolute value of the SY breather. Note the periodic in time behavior of this solution. Right: Absolute
value of the double soliton close to (with @1 = 0.1, as = 0) the SY breather. The SY breather is part of the more complex

\
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family of NLS 2-solitons, and very small perturbations of the SY breather may lead to non breather solutions. The left axis

represents the x variable, and the right axis, the ¢ variable.

The Peregrine (P) breather

Given by [Per83, Per67]

Bp(t,z) =e" (1— AL+ 24t) >7

1+ 4¢2 + 222

this breather (sometimes called soliton) is a polynomially decaying (in space and time)
perturbation of the nonzero background given by the Stokes wave e®, which appears and
disappears from nowhere [AAT09]. See Fig. 3.3 left for details. Despite its algebraic
dependence, and therefore a lack of periodic in time behaviour, we still call it as breather
because, as it was shown in [AFM18], it holds a characteristic fourth order ODE, which
describe all NLS breathers. See [AEM 18] for further reading.

Some interesting connections have been made between the Peregrine breather and the
intensely studied subject of rogue waves in ocean [ZaDy06, ShGel0, AAT09, KFF10, ASAQ9]
(see also [BPS14] for an alternative explanation to the rogue wave phenomenon).

Note that, because of time and space invariances in NLS, for any tg,z¢ € R,
Bp(t — to,z — x0) is also a Peregrine breather.

The Kuznetsov-Ma (KM) breather

Another breather in NLS that converges to the Stokes wave et

given by [Kuz77, Ma79, AkKo86]

at spatial infinity. It is

(8% cos(at) + ia sin(at))

a cosh(Bz) — V28 cos(at) ’
o= (8a(2a —1))"%, B:=(2(2a—1))"?, a> %

BKM(t,l‘) = eit 1- \/iﬁ

Notice that in the formal limit a | % one recovers the Peregrine breather. See Fig. 3.3 right for
details. Note that Bgjs is a Schwartz perturbation of the Stokes wave, and therefore a smooth
classical solution of NLS. It has been also observed in optical fibre experiments, see Kibler et
al. [KEF12] and references therein for a complete background on the mathematical problem
and its physical applications.
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Fig. 3.3 Lefi: Absolute value of the P breather. Note the localized character in space and time. Right: Absolute value of

the KM breather. The left axis represents the z variable, and the right one the ¢ variable.

The Akhmediev (A) breather

Finally, we consider the %T"-periodic in space, localized in time Akhmediev breather
[AkKo086] is given by (see Fig. 3.4)

N a? cosh(fBt) + i sinh(f5t) ]
v/2a cos(ax) — cosh(Bt) ,

A(t,z) = e

B=(8a(l—2a))"? a=(21-2a)"? ac (0, %)

Once again, as a grows to %, the Akhmediev breather converges to the Peregrine one. We
anticipate that this breather is unstable [AFM18].

10

Fig . 3.4 Absolute value of the Akhmediev breather, with a = 0.25. Note that A is periodic in space, localized in time.

3.2.5 The Sasa-Satsuma (SS) breather

This is another example of a U(1) invariant equation. The SS model [SaSa9l]
corresponds to

u=u(t,z) € C, t,xzeR,

a sort of complex mKdV equation. Let o, 8 > 0 be arbitrary but fixed parameters. Following
[SaSa91, eqns. (38)-(39)], and [Yanl0, eqns. (3-250)-(3-252)],, an exact breather solution of
SS is given by the expression

Bgs(t,z) = Qp(w + vt + z3)e™®,
O:=a(r+dt+z1), Qs(z) = BQ(Bx),



v:=3a2—- B2, §:=a’®-33.
Above, Q is complex-valued, exponentially decaying:
2(e” +ne ") a

Qz) = Qy(z) = 3t e Rk (3.2.5)

It is well-known that the real-valued function |@| is single humped when |n| > 1/2 (i.e.

la| > 3 4/a?+ %), and double humped when 0 < || < 1/2 (or |a| < $+/a? + B?), see
[Yan10, PeYa05]. This mixed shape is in strong contrast with the standard NLS soliton which
is only single humped. See Fig. 3.5 for more details.

The previous breathers have been studied in rigour and detail in [Munl7, AEMI1S,
AFM21], showing that, except for the Sasa-Satsuma breather, all of them are unstable.

ss) 04

Fig. 3.5 Absolute value of the SS breather, for different values of the parameter 7. Left above: |Bss| with 1 = 0.05;
right above: |Bgg| with n = 0.19; note that these are cases where the double hump is clearly devised. Left below: |Bgg|
with n = 0.51, and right below. |Bgs| with n = 0.9. Note that for 7 close to 1, one recovers the NLS soliton, and for n
close to zero, the breather decouples and two clearly defined humps, at equal distance for all time (of order O(|log 7|)),

emerge in the dynamics.

3.3 Breathers in possibly nonintegrable models

Now we consider examples of breathers in nonintegrable systems. In a broad sense, a
nonintegrable system is one that cannot be solved using known inverse scattering transform
analytical techniques, requiring other methods. In comparison, while integrable systems admit
exact solutions through quadratures, possibly infinitely many conserved quantities, or
transformation methods, nonintegrable systems lack such complete analytical solvability.

We first start with nonlinear non integrable wave equations, specifically with the nonlinear
Klein-Gordon equation. The existence of radially symmetric breather solutions for the cubic
Klein-Gordon equation

ug — Au +m’u =T(z)u®, on R x R3,



with T' € L2,(R}) NCL (R®), m >0 in three spatial dimensions was established in

rad
[Schei20]. These real-valued solutions are polychromatic, that is, they take the form

u(t,z) = uo(z) + Z 2 cos(wkt)uy(x Z e (z).

k=1 keZ

Breathers in inhomogeneous periodic media

Here one considers the inhomogeneous wave equation, forced with a nonlinearity f(z, ),
S(:L‘) 8ttu _azzu + q(:c)u = f(wa ’I.L), (ta IL‘) eRx Ra

under suitable assumptions on s, ¢ and f. Indeed, they must satisfy periodicity conditions in
space. Blank et al. [BCB11], for an f(x,u) = r(x)u3, were able to present an explicit example
of such inhomogeneous coefficients such that for this particular choice, the existence of
spatially localized, 27 /w-time periodic solutions (breathers) of finite energy is guaranteed. The
proof of this existence result relies on using spatial dynamics, center manifold theory and
bifurcation theory for periodic systems.

Due to the required periodicity in time of the solution they considered a polychromatic,
real-valued solution ansatz

. _ 27
u(t,z) = Z up(z)e™,  up(z) = u 4(z), w= T
ke2Z+1

Additional remarks. Scalar field equations in higher dimensions

Very few information is known about the existence of strongly localized breathers of
Owu — Au = g(u), RxRY, (3.3.1)

satisfying, for instance, that u(-,t) € L2(R") for almost all £ € R and N > 2. In [MaSc21]
infinitely many weakly localized breathers were found for nonlinearities of the form
Q(x)|u|’?u, where Q lies in a suitable Lebesgue space and p > 2 is chosen suitably
depending on @ as well as the space dimension N > 2. In [PluReil6], the existence of weakly
localized breathers for nonlinear wave equations of the form

Ouu+ Lu = Q(x)|ul’ *u onR x RY (3.3.2)

was proved. Since they want (3.3.2) to hold in a distributional sense, they only need to assume
that there is some m € N and a suitable g € [p, 00| such that & : W™ (K) — LY (R") is a
bounded linear map for all compact K C RY. Here and in the following, ¢’ denotes the Holder
conjugate exponent of g defined by % + % = 1. As a model case one may have in mind

% = —A. In contrast to [MaSc21], they can deal with nonradial @) and obtain the existence of
an unbounded sequence of breathers.




In the case N =1 there are nonexistence results [Den93, KMM17] dealing with small
perturbations of the SG equation respectively small odd breathers (not covering the even SG
breather). These results and several others will be covered in a forthcoming monograph.

The Kurth’s breather solution in Vlasov’s gravitation

Before introducing this special breather solution, we present some basic concepts around
it. Firstly, let f(¢, z,v) € R>¢, be the probability density to find a particle at time ¢ € R in the
position z € R® with speed v € R3. Let

plt0) = [ Fit,2,0)dv
v
the density of particles in that box. The Vlasov-Poisson system is written as

(3.3.3)

fi+tv- Vo f—-V,V-V,f=0, (Vlasov)
A,V =4mp, (Poisson)

where here V' is a gravitational potential function. The Vlasov-Poisson system (3.3.3) is
Galilean invariant, and therefore, if (f(¢,z,v),V(¢t,z)) is a solution, then
(f(t,z —ct,v—c),V(t,z — ct)) is also a solution of (3.3.3). In addition, (3.3.3) has infinitely
many conserved quantities, for instance the energy

1 1
E[f](t) = —/ v fdvdz — —/ |V V|*dz, (3.3.4)
2 R6 2 R3
and the mass of the solution

MIf](t) = . fdvdz.

Likewise, the total linear momentum @ and angular momentum L:
QL) ;:/ vfdvdz,  L[f|(t) ;:/ 2 A fdvda,
RS RS

are also conserved quantities. Moreover, since the characteristic flow of the Vlasov equation
(3.3.3) preserves the Lebesgue measure, all LP norms of f are conserved. Namely

/ | f|Pdvdz < 0o, V 1<p<oo.
R6

In 1978, Kurth [Kur78] obtained the following solution (f, p) of (3.3.3),

4m\ ! _3
p(t,x) = <?> $() " X{lal<s(t)}>



|z|2 -1/2

2
ft,z,v) = %[1_ (¢(t)) — gt — ¢'(t)z|* + |z A v|® L |z Aol < 1,
0, otherwise,

where ¢ is a periodic solution of the nonlinear second order ODE
P’ +o=1,  ¢(0)=1.
In terms of the velocity ¢, the total energy E (3.3.4) can be simplified as follows

B(t) = < [$0) -1

Once the initial speed ¢’ is known, the qualitative behavior of the solution is classified in three
main sets:

#'(0) =0, static solution — E < 0,
0<|¢'(0) <1, periodic (in time) solution — E < 0, (3.3.5)
|#'(0)] > 1, dispersive solution — E > 0.

About the potential V, it can be split as the sum of two terms depending on a ball of radius less
or greater than ¢. Namely

_3 T
—V = 26(t) X (<o) T oF X (j2/24(t))-

Moreover, observe that we can rewrite the function f in two main cases:

Steady state
4m®\ 7 ~1/2
f(z,v) = ry (1-2E—F), ""x(r<1)

Camm-type steady states
f(z,v) = (Eo — 2E — vF)" F".

Note that as Rein et al. showed in [RaRel8], it is possible to rescale the function f in the
following way

T

f(t,:L’,U) = fo ( ¢(t)

080 - §(0)2).

This rescaling allows us to connect the static solution with the periodic solution (3.3.5).

Gravitational breathers for the vacuum Einstein equations

An iterative approach to obtain solutions of the vacuum Einstein equations when the
metric tensor only depends on two variables, was developed by Belinski and Zhakarov, in an
analogous way as the classical ISM [BeZa78]. It was established that, from the mathematical




point of view, these solutions have the full status of solitons, although they possess a number of
unusual features.

The nonstationary integrable metrics are
—ds® = f(t,2)(—dt* + d2*) + gw(t, 2)dz"dz’, a,b=1,2. (3.3.6)

The function f is positive, the signature of g is (++), and the square of the norm of the time-
like vector is negative. The Einstein equations for (3.3.6) in a vacuum give, for the matrix g

(with components g, with oo = det(g)1/2) and coordinates { = 1 (2 +t), n=3(2—1t):

(ageg™), + (agpg ™) = 0. (3.3.7)

The trace of (3.3.7) gives the wave equation
agp = 0. (3.3.8)
In addition to «, a second independent solution 5 of (3.3.8) is needed. These two solutions are
a=a() +b(n), B=a(l)—bn).

Now, to construct a one-soliton solution for (3.3.6), it is necessary to “dress” some background
metric. Let us take this seed solution in diagonal form:

—ds® = fo(—dt* + dz*) + ae”“(dar:l)2 = aefuo(da?)z, (3.3.9)

where a(t, z) is a solution of (3.3.8) and (¢, 2), as follows from (3.3.7), should satisfy
The one-solitonic metric on this background or gravisoliton can be written in the form

g= (911 912> _ 1 <(,uze” + a’eP)e™ a? — p? >

921 922 cosh(p) a? — p? (u’e” + a’e P)e v

f = foa'p cosh(p)(a? — u2) "

From here the procedure can be repeated to obtain the two-solitonic solution for the metric
(3.3.6) on the background (3.3.9) which indeed can be written as

3.3.10
g11= 11+ L cosh(27) + Msinh(%') ( )
D (11 — p2)
2
+cosh(20) — msinh@a) ae',
(a? — pp2)

g2 =



1 (1 + p2) |
{1 + 5 lcosh(27') — —————sinh(27)

(11 — pe2)
2
+
+cosh(20) + wsinb@a) ae U,
(a® — papu)

2a

gi12 = 3

(p1 + pe2)
(p1 — p2)
(@® + papa)
(a? — pipo)

sinh(7) sinh(o)

cosh(7) cosh(a)] ,

B forrp2D
I @ e =) (310

where

a? cosh () N sinh (7)*

D = 4papo 5 5
(a2 — pip2) (p1 — p2)
The pole trajectories p1, p2 follow from the quadratic equations

p? 4 2(8 — wi)pur + o =0,

3.3.12
3 4 2(8 — wa)ps + ® =0, ( )

where w; and ws are arbitrary constants. The functions o, 7 can be found by quadrature from
the following differential equations:

(Ol2 - Ml,U«Z)uO,C

O'C = ,
(= p1) (o — p2)
(CY2 - M1M2)U0,n
on = ;
T (At ) (e o)
a(p — M2)U0,<
T = ,
T la—m)a—p)
a(p — Mz)“o,n
Ty = — .

(o + p1) (e + p2)

In [BeZa78] it was shown that @1 and p» can be either both real or complex conjugate to each
other. Because (3 can be replaced by 8 + const without any physical consequences, we can set
w1 = w,wy = —w in (3.3.12), which now gives

pi+2(8 — w)u +a® =0,

33.13
13+ 2(B+ W) + o =0, (3:3.13)

and for the real 1, o we should take real w, while the complex-conjugate p pair corresponds
to the purely imaginary values of w.

There also exists the third kind of two-soliton solution (3.3.10). It corresponds to the case
when 7 and po form a complex-conjugate pair. For the spacelike uq this solution becomes the



gravitational analogue of the breather, and currently named as gravibreather. In the case
o = 1 (complex conjugate), the variable 7 and quantity g1 — pe, become purely imaginary;
however, the metrics (3.3.10) and (3.3.11) remain real with correct physical signature. After the
substitution 7 = i7’, we get the real variable 7/ which is timelike, and two-soliton solutions
(3.3.10) and (3.3.11) appear to be oscillating in time 7'. This solution corresponds to the purely
imaginary values of the constant w in (26). Thus, the gravibreather can be considered as the
analytic continuation in w of one of the two-soliton solutions with real pq and po. It is a simple
task to prove that the gravibreather emerges in this way from the gravisoliton- antigravisoliton
state only.

Following [BeZa78], the two-solitonic perturbation on the background (3.3.9) with the
poles

p1 = g(sinh(z) — ¢)(1 — cosh(t)), p2 = g(sinh(z) + ¢)(1 — cosh(t))

(they are solutions to Egs. (3.3.13), in which w = —iq) gives the following exact gravibreather
solution to the vacuum Einstein equations:

l)ekzq2 sinh (£) % cosh (2)*
—ds? = (—dt? + dz?)
(g sinh(¢) cosh(z))*/?

+ % sinh(t) cosh(z) { Ay e2hacosh(t)sinh(2) (g5:1) 2

(3.3.14)

+A2672chosh(t)sinh(z)(dm2)2 —|—A3d:131d{132},

where

Ay = (cosh(t) cosh(c) — sinh(c))? + (sinh(z) sin(r) — cos(7))?,
Ay = (cosh(t) cosh(c) + sinh(c))? + (sinh(z) sin(7) + cos(7))?,
Aj = 4[cosh(t) cosh(o) cos(1) — smh(a) smh( ) sin(7)],

D = sinh (¢) ® cosh (¢)? + cosh (2) * sin (7)?,

T = 2kq(cosh(t) — 1) + g7y,

and o, 7o are arbitrary constants. Note that the substitution ¢t — t/iw,z — z/iw,q — iw
would replace (3.3.14) by the two-soliton solution.

The gravibreather (3.3.14) represents the inhomogeneous cosmological model which starts
at the instant ¢ = 0 by the big bang with anisotropic Kasner-like asymptotics and at ¢ — 400,
approaches the background solution (3.3.9). In between, the model oscillates in time.

The logarithmic NLS equation and its breather solutions

Finally we show that the logarithmic NLS (log-NLS) equation
ug+ Au=¢ log(|u|2)u, (t,z) e Rx R", &=41, (3.3.15)

has breather solutions. This model was introduced in wave mechanics and nonlinear optics
[BiMy76] (see also [HeRe81], [KEBOOQ]).

For (3.3.15) mass and momentum are conserved and equal to the current NLS laws, namely
Mlu](t) := |ju(t,)|. and P[u](t) :=Im Jzn Vau(t,)u(t, ) de. Its energy is written as




Blul(t) = / (uel? + 2¢fuf? og(ul")) do = Blul 0).

Note moreover that in (3.3.15) the nonlinear log term has a singularity at the origin, removing
the local Lipschitz continuity. The Cauchy problem for (3.3.15) was fully described in
[HaOy24, Th.1.1] (see also [CaGal8], [GLN10]): namely for initial data in a subspace

WHR") := {ve HY(R"),|v]* In|v|* € L'(R™)} c H'(R),

there exists a unique solution u € (C'N L*®)(R, W!) in the case e = —1, and u € C(R, W?)
in the case € = 1.

With respect to explicit solutions of (3.3.15), standing wave solutions u(t, z) = e“'G ()
are known, where

is the so-called Gausson. Beside standing waves, breather solutions are also explicitly known
(see [Eer20], [BiMy76]) in the case € = —1,n = 1, namely

o 1 z? To(t) z?
u®(t,z) = exp | — —i®*(¢t) — > i — |, t,z € R,
Ta(t) 2 4ro(t) Ta(t) 4
with
1 rto1 t N E
(1) ::—/ ds—l—a/ ln( ())ds—at,
2 Jo ry(s)? 0 Qg
and where for any o € C, the function r,, is defined by
1 2¢e
Fo=—7 — —, ro(0) = Re a = ay, 74(0) =Im a = a;.
r3 Tq

In fact the above ODE has a unique solution 7, € € *°(R) with values in (0, 00), and it is
periodic.

3.4 Exercises

(3.1) Show that B (3.2.1) solves the mKdV equation and that for a > S,

B ~ 2v/28 cos(ay: )sech(Bys).



(3.2) Show that for B, g, (3.2.2), if o > 8> p, then

Bopu ~ 2\/55 cos(ayy )sech(Bys).

(3.3) Graph (3.2.5) and describe how the SS breather changes with respect to the parameter 7.
(3.4) (Open problem) Prove or disprove that 1D cubic NLS with nonzero background at infinity is
globally well-posed.



Chapter 4

Breathers and their stability in the modified Korteweg-de
Vries equation

In what follows we will describe the main properties of breather solutions to the modified KdV
model already presented in Chapter 3. Indeed, from Subsection 3.2.1, the mKdV model is somehow the
most simple model to exemplify, from the mathematical point of view, the inherent properties of
breathers.

4.1 Introduction

The modified Korteweg-de Vries equation (mKdV) is the one-dimensional model described by the
partial differential equation

Opu +0,(82u + u?) = 0. 4.1.1)
In this case, u = u(t,z) is a scalar, real-valued function, depending on a time ¢t € R and space

z € R.

This equation is invariant under space and time shifts, that is, if u(¢, z) is a solution of (4.1.1), then
u(t + to, = + ) (4.1.2)

is a new solution of (4.1.1), no matter what are ¢y, z9 € R. Additionally, but not less important, the
equation remains invariant under the scaling

up(t,z) = Mu(A® A z), A>0. (4.1.3)

This scaling leaves the H ~/2(R) norm invariant, and it is a key information for the well-posedness
theory, see also Subsection 2.7 for more details. Also, the L' integral

/ uy(t, z)dz,
R

which will reveal to be important when we will study mKdV breathers. As we expressed above, the
critical scaling regularity is s = —%, very far from the best local well-posedness result, which is only

s> %, and it is sharp for (4.1.1), in the sense that the solution map is no longer uniformly continuous for
s < 1/4. It is important to mention that mKdV has a conservation law at the L? level, the mass

/]R u?(t, z) da.




However, no local well-posedness result is available at this regularity, only the existence of a solution
constructed by a compactness method.

4.1.1 The Cauchy problem

Let us consider the initial value problem associated to (4.1.1):
Au +0,(%u+ud) =0, wu(t=0)=u.

The initial datum is ug, supposed in the Hilbert space H . If the initial datum is in the space H*, with
5> %, then the initial value problem for (4.1.1) is globally well-posed. These are results proved in a

series of papers by Kenig-Ponce-Vega [KPV93], and Colliander, Keel, Staffilani, Takaoka and Tao
[CKS03]. Below this regularity the problem becomes a very complicated one and only partial results are
available. Indeed, the flow map is not uniformly continuous if s < % [KPVO1]. In order to prove this last

result, Kenig, Ponce and Vega considered breathers. However, for our purposes we shall work at very
good regularity, say H!.

4.1.2 Conservation laws

Being an integrable model, mKdV also has infinitely many conservation laws. See Section 2.9 for
further details on the meaning of these conserved quantities.

The first three conservation laws in the case of mKdV (4.1.1) at the H '-level are the mass

1 2
Mu](t) = 3 /Ru (t,z)dz = MJu](0), (4.1.4)
and energy
Elu)(t) = %/Rui(t,ac)dx %/Ru‘l(t,x)dx—E[u](O). (4.1.5)

One also has the integral

which is zero in the case of mKdV breathers. Additional to the previous ones, there is an important third
conserved quantity, called F":

1

Flu)(t) := E/RU?Em(t,m)dwf g/RUQUi(t,m)d:ch%/Ru(i(t,:c)dm

= F[u)(0).

(4.1.6)

This conservation law is key for the stability problem of breathers. Indeed, it is the quantity that
characterizes breathers, in a sense to be made precise below. Note that (4.1.6) is only well-defined for H?2
valued solutions of mKdV.

4.1.3 The aperiodic mKdV breather

Recall the mKdV breather already introduced in Subsection 3.2.1:

Definition 4.1.1. Let , 8 > 0 and =1, 2 € R. The breather solution of mKdV (4.1.1) is explicitly given
by



i 4.1.7
B, s(t,z) = B(t,z; 0, B, x1,29) =220, larctan (ﬁ M)] , ( )
a cosh(Bys)

with
y1=z+0+z1, y2=z+7t+ 2, (4.1.8)

and
§:=a®—38% ~:=3a>-p~ (4.1.9)

As we already mentioned before, this solution was discovered by Wadati in [Wad73]. Notice that
a, B > 0 is just a particular choice because «, 8 < 0 are also possible choices. This is concordance with
the fact that u — —u is an admissible map in mKdV. However, for the sake of simplicity, we reduce the
space of parameters to the positive sector only.

The parameters « and (3, usually called as frequency and amplitude respectively, are scaling
parameters, x1, x5 are shifts, and —+ represents the velocity of a breather (see Figs. 4.1 and 3.1).

Fig. 4.1 Left: mKdV breather (4.1.7) with « = 9,8 =1 at t = 0. Right: mKdV breather (4.1.7) with
a=15,=1att=0.

4.1.4 Elementary properties

We first review some very simple but also essential properties satisfied by (4.1.7).

Note that breather solutions of the mKdV are periodic in time, but not in space. A simple but very
important remark is that § # -y, for all values of o and S different from zero. This means that the
variables x + §t and x + ¢t are always independent, a property that characterizes breather solutions,
which is not satisfied by standard solitons from Chapter 2.10.

Additionally, thanks to the scaling invariance (4.1.3), one can assume without loss of generality that
B = 1. We have chosen not to perform this transformation since some important properties are better
presented in terms of general S.

Using the velocity —y = 8% — 3a2, we can distinguish three different regimes for a breather,
depending on the value of a > 0:

(1) The case where o < %; in this case —y > 0 and the breather moves to the right, as solitons do;
(2) The case where a = %; here v = 0 and we are in presence of a stationary breather; and finally,
(3) The case where o > %; in this case —y < 0 and the breather, unlike mKdV solitons, moves to the

left.

Similarly, using the translation invariance in space and time (4.1.2), it is possible to choose
z1 = 9 = 01in (4.1.7). Consequently, in the rest of this chapter, we will work with the mKdV breather

B(t,z) =220, larctan (ﬁ M)] (4.1.10)

o cosh(z + ~t)



withy = 3a? — 82,0 = o® — 3532

4.1.5 Breathers in mathematics and physics

Breathers as in (4.1.7) are oscillatory bound states, because, as times evolves, they do not decouple
into solitons.

For a detailed account of the physics of breathers see e.g. [AbCI91, Aub97, Alel2a, AIMul3] and
references therein.

In Mathematics, breather solutions arise in different contexts. In a geometrical setting, mKdV
breathers appear in the evolution of closed planar curves playing the role of smooth localized
deformations traveling along the closed curve [Alel2a]. Moreover, as it was mentioned before, it is
interesting to point out that mKdV breather solutions have also been considered by Kenig, Ponce and
Vega in their proof of the non-uniform continuity of the mKdV flow in the Sobolev spaces H?, s < %
[KPVOL1].

On the other hand, they should play an important role in the soliton-resolution conjecture for the
mKdV equation, according to the analysis developed by Schuur in [Sch86] and as it was recently shown
in [ChLi21] for initial conditions in some weighted Sobolev spaces. Indeed, according to the IST theory,
any suitable! solution of mKdV should decompose, as time goes to infinity, into solitons, breathers and
radiation.

4.1.6 Mass of breather solutions

Let us describe breathers in a more qualitative way. In order to do this, we need to understand the
mass and energy of a breather. We start with a simple result.

Lemma 4.1.2 mKdV breathers as in (4.1.10) have zero mean, namely

/BzO.
R

Proof. Direct from Definition 4.1.1. O

Lemma 4.1.2 has deep implications in the dynamics of breathers. Among the most important ones,
one has the possibility to work with a localized integral of B, called B (or kink profile) along these
pages, which will have an important role in many results. This function cannot be properly defined (i.e.,
as a localized function) in other more general contexts.

Lemma 4.1.3 (Mass of mKdV breathers). mKdV breathers satisfy

M[B] := %/RB2:4[3. (4.1.11)

Remark 4.1.4. It is interesting to notice that the mass of a breather does not depend on the scaling o
(frequency), which reveals a sort of degeneracy of the L? norm, probably related to the lack of well-
posedness for L? solutions for mKdV.

The proof of Lemma 4.1.3 can be done using a scientific computing program, or by hand [AIMul3].
Computing by hand is always, in the case of breathers, quite difficult and cumbersome. However, in the
case of mKdV breather mass, it can be done in some simple steps.

4.2 Nonlinear stationary equations satisfied by breather profiles

The purpose of this section is to put in evidence that breathers may satisfy intricate systems of
elliptic equations, a fact that reveals a deep variational structure underlying the existence and stability of
these particular solutions.



In the following, without loss of generality, we will assume that the mKdV breather B, g has
scalings o, 8 > 0.

The question that naturally arises is the following: is there any analogous elliptic equation satisfied
by breather solutions, as solitons in (2.10.2)? For the mKdV breather and for almost every breather
treated now one has that the answer is positive. Indeed, any mKdV breather (4.1.7) B = B, g satisfies a
nonlinear stationary equation:

Theorem 4.2.1 (|[AIMul3]). Let B = B g be any mKdV breather (4.1.7) with scalings «, 8 > 0. Then,
for any fixed time t € R, the breather B satisfies the nonlinear stationary equation

3
Bip — 2(8* — a®)(Byy + B®) + (o* + B°)’B+ 5BB2 + 5B’ By, + B =0 @2

This identity can be seen as the nonlinear elliptic equation satisfied by any mKdV breather profile,
and therefore it is independent in time and translation parameters z1,z2 € R. One can compare with the
soliton profile Q.(z — ¢t — x), which satisfies the standard elliptic equation (2.10.2), obtained as the
first variation of the H! functional (2.10.4).

Remark 4.2.2. The fact that multisolitons satisfy intricate elliptic equations is not new at all. For similar
results in the case of KdV soliton solutions, see e.g. Lax [Lax68] and Maddocks-Sachs [MaSa93].

From Theorem 4.2.1, some deep questions remain unsolved. For instance: are breathers, modulo
invariances, the unique solutions to (4.2.1)? Notice that (4.2.1) is a fourth order model. Note also that for
any x1, x2 shifts, the breather profile B(0, z; a, B, 1, z3) is solution to (4.2.1). In other words, there is a
sort of two dimensional set of invariances for (4.2.1). Some progress in that question has been made in
[FEM24].

Another question is related to the mKdV hierarchy: the set of integrable equations associated to
mKdV, see [Ale24, Ale23, Ale24] for results in this direction. It turns out that any breather of the mKdV
hierarchy satisfy the same equation, namely (4.2.1). This is an impressive result, so far. See Chapter 12
for further details.

4.3 Breather profiles

Proving (4.2.1) analytically is quite involved, but very easy with a computer if one has the right
hand side in (4.2.1). Let us follow the first method, that will be useful to other problems appearing in the
stability question. We will first prove an auxiliary result, which is in some sense the equivalent to
(2.10.2). But first we introduce new definitions.

We introduce now the notion of breather profile. Given parameters z1,z3 € R and o, 8 > 0, we
consider y; and y» defined by

Yr:=T+x1, Y2:=2T+ T2 4.3.1)
Let B be the kink profile
~ = B sin(ay;)
B = B(z;a, 8,1, 23) =2 V2arctan | &= —— 27 |, (4.3.2)
a cosh(Bys2)
and with a slight abuse of notation, we redefine
B:B($;a,ﬂ,$1,$2) = Ex(x;aaﬂa$lam2)- (433)

Now we introduce the directions associated to the shifts x; and z5. Given a breather profile of
parameters «, 3, 1 and x2, we define



Bl = Bl(w;avﬂamth) ::8x1Ba

By = Bsy(z; 0, B, 21, T2) 1= 04, B,
and for ¢ and y defined in (4.1.9),
B, := 6By +B,. (4.3.4)
We also have from (4.4.2),
B+ B, +B*=0. (4.3.5)

4.4 Partial mass of the breather

Since the mass of the breather in Lemma 4.1.3 resulted a very clean result, it is clear that a deeper
structure is present. Let us define the partial mass of the breather

1 T
M= M (z;,B,11,T9) = 5/ B%(s;a, B, 1, z2)ds.

Then one has

lim A (z;a,B,z1,22) =0, lim #(z;a,p,z1,72) = 405.

T——00 r—+00

Lemma 4.4.1 (Partial mass of the mKdV breather). One has

%(JI, a’ﬂ’m17w2)

2la® +1 + asin(2ay1) — cos(2ay:) + a?(sinh(2ys) + cosh(2y»))] 4.4.1
- a? + 1+ a2 cosh(2yz) — cos(2ay;) , b

with yy and yy defined in (4.3.1).

The proof of this result is left as an exercise to the reader, and it can be obtained directly from the
proof of Lemma 4.1.3.

Corollary 4.4.2.
s 1, ~
B: + 3 B*+2BB; — 2.4; = 0. (4.4.2)

This last identity is obtained by integration by parts in (4.3.5), after multiplication by B,.

From the above Corollary, it is clear that we will need an expression for .#;.
Lemma 4.4.3.

1 40%h,
— My = -, (4.4.3)
3 3(a? + 1+ a? cosh(2y2) — cos(2ay1))

with



B i=70® — 6+ (o +1)(d cos(2ay1) + 7 cosh(2ys))
+(6a? — ) cos(2ay1) cosh(2ys) — a(d + ) sin(2ay; ) sinh(2ys). (4.4.4)

Proof. From (4.4.1) we have

(fa)i9a — falga);

2 I
9a

My =2

where, with a slight abuse of notation, f, and g, are given now by
fo = a@®+ 1+ asin(2ay;) — cos(2ay;) + a?(sinh(2ys) + cosh(2y3)),
and
ga = @® + 14 a? cosh(2ys) — cos(2ay;). (4.4.5)
It is clear that

(fa): = 2afad cos(2ay;) + dsin(2ay1) + ay cosh(2y2) + ay sinh(2ys)],

and
(90); = 2a[d sin(2ay1) + oy sinh(2ys)].
Therefore
(foc)tga - fa(ga)t = 2(1277,,1,
and
he =702 — 8+ (a2 + 1)(d cos(2ay; ) + 7 cosh(2ys))
+ (6a? — v) cos(2ay1) cosh(2ys) — a(8 + ) sin(2ay; ) sinh(2yz).
In conclusion, we get (4.4.3). m|

4.5 The equivalent to the soliton equation

We present now what is probably the closest second order ODE satisfied by a breather profile. This
equation is nonlocal in principle, but it can be understood as the equivalent to the soliton equation
Q" + Q3% = cQ.. In order to get a full local ODE, one needs a fourth order model.

Lemma 4.5.1. Let B = B(z; o, 8, x1,x2) be any mKdV breather profile. Then
Bat + 2.4B = 2(8% — o) B, + (o2 + £)°B. (4.5.1)

Proof. We make use of the explicit expression of the breather.
First of all, from (4.3.2) and (4.3.4),

B, — 4 V308 (a6 cos(ayi) cosh(Byz) — B sin(ay; ) sinh(Bys,) ) ‘ 452)

a? + 82 + a? cosh(2By2) — B2 cos(2ay1)



From (4.3.3) we have

B = 2+v/3a8 (a cos(ay ) cosh(By2) — B sin(ay; ) sinh(By2) ) 453)
a? cosh®(Byz) + B sin*(ay1)
_ a cos(ayi) cosh(Bys) — B sin(ay;) sinh(By2)
=4v20p ( a? + 2 + a? cosh(2By,) — B2 cos(2ay;) ) (4.54)

Therefore, from (4.5.3) and (4.4.3

16v/20°8%0(t, z)
(a2 + B2 + a2 cosh(28y,) — B2 cos(2ay;))?

M:B =

where, with the definition of TLQ in (4.4.4),

O(t,x) := ha(acos(ayr) cosh(Byz) — Bsin(ay;) sinh(Bys)).

Let us compute B,;. First we have from (4.5.3),

4V2aBh(t, )
(a? + B2 + a2 cosh(28ys) — B2 cos(2ay1))’

where
ha(t, ) i= —(a® + B%) cosh(Bys) sin(ay1)[a” + B + a” cosh(28ys) — B° cos(2ay:)]
— 2afa cos(ay1) cosh(Byz) — Bsin(ay:) sinh (Bys)][Bsin(2091) + o sinh(28ys)].
Then,

4 \/§aﬁh2

B, =
t (a2 + B2 + a2 cosh(28y,) — B2 cos(2ay1))?

where, using g, previously defined in (4.4.5),
ha(t,z) = —4dap (55 sin(2ay:) + ay sinh(2ﬂy2)> ha1 + gahas,

and



ha(t,x) := —(a® + B?) cosh(Bys) sin(ay1)ga
—2aﬂ(a cos(ay ) cosh(By2) — Bsin(ayr) sinh(ﬁyg)) (B sin(2ay1) + a sinh(2,8y2)),
haa(t, ) := ga (—ga (ad(a® + B%) cos(ay:) cosh(Byz) + By(a’® + B%) sin(ay:) sinh(By:))
—2af(a’ + ,82) sin(ay1 ) cosh(By2) (om sinh(28ys2) + 68 sin(2ay1))
72a,8(7a25 sin(ay) cosh(Bys2) + afy cos(ay:) sinh(Bys)
—Bad cos(ayi) sinh(Bys) — B2 sin(ay;) cosh(ﬂyg)) (asinh(2By;) + Bsin(2ay1))

—4a’B? (a cos(ay:) cosh(Bys) — Bsin(ay) sinh(Bys)) (v cosh(2By2) + & cos(20y))
Then,

420 <h2 n 8a2,32é)
By + 2(#),B = , (4.5.5)
(a2 4 82 + a2 cosh(2By2) — 32 (:os(2ay1))3

and recalling that

g2 = (a2 + B2 + a? cosh(28ys) — B* cos(2ayl))2
= (a®+ ﬂ2)2 + <a4 cosh (2By2)? + B* cos (2ay1)? — 2a%4% cosh(28ys) cos(2ay1))

—2(a? + %) (a2 cosh(28ys) — (2 cos(2ay1)),

collecting terms in (4.5.5) and taking into account (4.5.4) and (4.5.2), after some calculations we
have

r.h.s. of (4.5.5)
4208

" (@2 1 B 1 o? cosh(260) B con(2am))’

{ g2 x <2(ﬂ2 —a?) <6a cos(ayi ) cosh(By2) — vBsin(ay;) sinh(ﬂyg))

+ (a? + 62)2 (a cos(ay ) cosh(Bys) — Bsin(ay:) sinh(ﬂm))) }

=2(82 — 0®)(Bag), + (@® + %) Bays.

It turns out that with (4.5.1) one can directly prove Theorem 4.2.1.

4.6 Breathers and elliptic equations

Now we prove Theorem 4.2.1. Let B be any breather profile. From (4.3.5) and (4.4.2), one has
Lh.s. of (4.2.1)
~ 3
= —(B,+B3),, +2(82 — a®)B; + (a® + B*)°B + 5BB2 + 5BB,, + 5B
~ 3
= —By, — BB2 4+ 2B’B,, + 2(8° — a®) B, + (o® + 8°)°B + 5B

1 = = 3
= —Bu + B <§B4 +2BB; — 2//4) ~2B%B; + BY) + 5 B°



+2(82 — a2 B, + (a2 + 8°)°B
= —[Bi + 24,B) + 2(82 — a®)B; + (a® + 82)°B = 0.
In the last line we have used (4.5.1). This ends the proof.
A beautiful corollary of the previous result is the following useful one:

Corollary 4.6.1. Let t belong to a given open interval. For any x1(t), z2(t) € R smooth, one has that the
modified profile B(x; o, B8, x1(t), 2(t)) solves the fourth order ODE (4.2.1).

4.7 Energy of breathers

Now we turn to the energy of breathers, where the energy functional E is given in (4.L.5). This
quantity is essential to understand the movement of breathers.

Lemma 4.7.1 (Energy of breathers). Any mKdV breather B satisfies
4
E[B] = Evﬂ- (4.7.1)

Remark 4.7.2. Note that the energy (4.7.1) takes into account the velocity of the breather itself, in the
sense that negative energy breathers are characterized by positive velocities, zero energy breathers are
static, and finally, positive energy breathers move to the left. Let us also remark that the sign of the
energy is dictated by the sign of the velocity +.

Proof of Lemma 10.3.5. First of all, let us prove the following reduction
E[B|(t) = 3 / (A),(t,x)dx. 4.7.2)
R

Indeed, we multiply (4.3.5) by B and integrate in space: we get

/Bi:/BE+/B4.
R R R

On the other hand, integrating (4.4.2),

1 -
/B§+—/B4+2/BBt—2////t:0.
R 2 Jr R R

From these two identities, we get

4 -
/34:—/%—2/33t,
R 3 Jr R

and therefore

9 4 ~
B:=— [ # — | BB,.
R 3 Jr R

Finally, replacing the last two identities in (4.1.5), we get (4.7.2), as desired.

Secondly, we split the aforementioned ho (4.4.4) into two pieces, according to the parameter +.
From the definition of 7 and §, we have




Tra = Yho + 2(a® + 1)hg,

where

ho = a® — 1+ (a® + 1)(cos(2ay1) + cosh(2y»))
+(a? — 1) cos(2ay; ) cosh(2ys2) — 2a sin(2ay; ) sinh(2ys3),

and
ho :=1— (a® + 1) cos(2ay1) — a? cos(2ay1) cosh(2ys;) + a sin(2ay;) sinh(2ys).

Note that from (4.4.1),

402vh, 4
/ - =~y =nlB(Q],
R 3(a?+ 1+ a? cosh(2y2) — cos(2ay1)) 3

then, in order to conclude, from (4.7.2) we are reduced to prove that

Ra
/ - =0. 4.7.3)
R (a?+ 1+ a? cosh(2y2) — cos(2ay1))
We prove this identity, noting that (5 sin(2ay1)), = cos(2ay1), and from (4.4.5),
1 . 1 .
ga| = sin(2ay1) | — — sin(2ay1)(ga), =
2a : 2«
= cos(2ay)[a? + 1 + a? cosh(2ys) — cos(2ay1)]
— sin(2ay; ) [sin(2ay;) + a sinh(2y2)]
= —(cos?(2ay;) + sin?(2ay;)) + (a? + 1) cos(2ay1) + o cos(2ay; ) cosh(2ys)
— asin(2ay;) sinh(2y,)
= —Ra.
Therefore,
—sin(2a
Lhs. of (4.7.3) = lim (2091) — 0.
z—+oo 2a(a? 4+ 1+ a? cosh(2y;) — cos(2ay1))
a]

4.8 Stability of breathers

We arrive to what we believe is the most important mathematical and physical question about
breathers: are they stable?

4.8.1 Main ideas behind the stability of breathers

In the previous section we proved that mKdV breathers satisfy intricate elliptic models. These
elliptic equations imply that breathers can be understood as critical points of a suitable Lyapunov
functional.

However, it will be important to note that this functional should be defined in a proper subspace of
the so-called energy space, namely the space where the standard variational structure of solitons is
placed. Instead, we must look for functionals described at the leading order by an additional conservation
law.



Thanks to the integrability of the equation, such a quantity is always available. However, the
addition of a new conservation law carries together a rigidity structure, in the sense that breathers should
not exist in nonintegrable models (a fact that actually does not happen, as we show in Section 3.3).

Since these particular solutions satisfy a well-defined variational characterization, their dynamical
stability reduces to the study of the spectrum of a suitable linear operator defined in a subspace of the
energy space. Except for some simple cases as the already mentioned, this task is far from being simple.
Sometimes, numerical analysis is needed to guess the good outcome.

However, the extension of this stability result to a bigger class of initial perturbations seems not
possible via the aforementioned variational structure. Indeed, one needs a sort of rigidity or dynamical
structure that gives a new kind of stability result for more general Sobolev spaces.

4.8.2 Orbital stability

Before proving that mKdV breathers are indeed stable, we need a suitable notion of stability for
these structures. As in the case of solitons, we will use a modified version of the orbital stability property.

Definition 4.8.1. We will say that the mKdV breather is orbitally stable in H?, s > 1, if the following is
satisfied. For any a, 8 > 0, z¥, z) € R, there are Cy > 0 and 19 > 0 such that for all n € (0, ), if
ug € H?*(R) satisfies

||U0 - B(O,';Oé,ﬁ, m(l]’ mg)HHS(R) <mn,
then there are x1(t), 2(t) € R such that

sup [u(t) — B(t,; o, B, z1(t), z2(1)) !l oy < Con.
teR

Otherwise, we will say that the breather is unstable.

The term Cyn in the last inequality can be weakened to any € > 0, provided n(¢) > 0 is chosen
small enough. Also, the sup in time can be taken either to the positive side, or the negative one, or both.
This is because the dynamics is reversible in time. Sometimes (this is not the case), one must consider
only one direction of time.

Theorem 4.8.2. mKdV breathers are orbitally stable in H?, in the sense of Definition 4.8.1.

Numerical computations (see Gorria-Alejo-Vega [AGV13]) show that mKdV breathers are
numerically stable. Schuur [Sch86], using IST methods, pointed out that breathers may appear from
general but rapidly decaying initial data. However, a rigorous proof of orbital stability for breathers for
initial data in Sobolev spaces was missing [AIMul3].

We should also remark that the original seed of these ideas is certainty not new and it was
introduced in a seminal paper by Lax [Lax68], in the particular case of the two-soliton solution of the
Korteweg-de Vries equation. This method has been generalized to several equations with soliton
breathers, apparently because of their dynamics, which do not resemble any type of simple, decoupled 2-
soliton solution. Compared with the previous results, proofs in [AlMul3] are more involved, since there
is no mass splitting as ¢ — 4o0. Further results where this technique has been successfully applied to the
understanding of stability of different soliton solutions are the works [PeSh14, GaPelS5, JoPelS5], see also
references therein.

4.8.3 Sketch of proof of orbital stability

Since mKdV is an integrable equation, it has infinitely many conserved quantities. For the proof of
Theorem 4.8.2 we will need the additional H 2-conserved quantity (4.1.6)

4.8.1)
Fulo) = 5 [0 - [whdw+ 5 [0 - P,



well-defined for H? initial data. See Fig. 4.2 for a schematic view of the stability via F, in terms of
formally defined Lagrange multipliers.

E[u] = const

’
’

p
|
s
Mlu] = const ,/ ! AN
‘
i
i
|
i

u : B H
Fig. 4.2 Schematic representation of Theorem 4.8.2. Each breather has a variational characterization; it
is a (local) minimizer of the functional F' defined in (4.8.1) under suitable constraints on its mass and

energy.

We will show that mKdV breathers are critical points of the Lyapunov functional
H(t) = Flul(t) +2(8* — a®)Bul(t) + (o + 52)° Mu(¢). (482)
Clearly J# is conserved for initial data ug € H?(R).

Now the proof uses the fact that ¢ defined in (4.8.2) controls the dynamics of perturbations of
breathers. Indeed, any perturbation of a breather solution of the form

u(ta :17) = B(tam;avﬂa ml(t)7$2(t)) + Z(ta$)7

with z small and z;(t), z2(t) to be chosen later, must satisfy the expansion
() = #(B] + /R GIBI(t)= + % /R A)L5(8) + O((t) [ 32(sy)- 483)
Moreover,
G[B] = Buy — 2(8* — a®)(Bus + B®) + (a2 + 8%)°B + 5BB2 + 5B*B,, + 235,
exactly the left hand side of (4.2.1). Thanks to (4.2.1), no matter what are x; and 2, one has
/ G[B](t)z=0.
R

This last fact establishes that breathers are critical points of the functional 2.
Additionally, . in (4.8.3) denotes the self-adjoint operator with domain H*(R):
Lz= 245 — 2(B% — a?)zge + (0 + ﬁ2)2z +5B%2,, + 10BB, 2,

15 484
+(5B2 + 10BBa, + — B! — 6(6* — a?)B?)=. (484)



Therefore, the stability question is reduced to the study of spectral properties of the linearized
operator .Z. This operator has a kernel, and negative directions. The big surprise in the proof of stability
in [AIMul3] is the fact that, despite having two free scaling parameters a and 8, mKdV breathers have
only one negative eigenvalue.

4.8.4 Spectral analysis

A beautiful outcome of (4.2.1) is the following important property
£ 0,,B=%0,,B=0.

Namely, the kernel of % is at least of dimension 2. This is naturally related to the fact that mKdV
breathers have two shifts. But the natural question is: are these the only linearly independent members of
the kernel?

In the case of second order elliptic ODEs or PDEs, the question is solved using standard techniques.
In the case of fourth order ODEs or PDEs, this is far from obvious, since several important techniques,
such as maximum principles, are lost in this case.

In the mKdV case, the fact that these two directions span the entire L? kernel of . is fortunately not
difficult to check. Indeed, the equation £z = 0 is a fourth order ODE whose solutions are spanned by
four linearly independent solutions. Their asymptotic at positive infinity are given by the forms

+Lz

et sin(ax), e cos(az),

so unless 8 = 0, which is impossible by hypothesis, we only have two linearly independent localized
solutions, which coincide with 8,, B and 0,, B above.

On the other hand, using the Weyl theorem we have that the continuum spectrum is given by the
intervals [(a? + 82)%, 00) if B > a, and [4a2B2, 00) if B < a.

We finally consider the problem of counting the number of negative eigenvalues. This is not an easy
task, mainly because we deal with a fourth order ODE. The idea is to use the work by L. Greenberg
[Gre91], who shows that the number of negative eigenvalues,

# negative eigenvalues = Z dim ker W[y, B,0,,B](t, z),

zeR

where W[0,, B,0,, B] is the Wronskian matrix associated to 9., B and 9,, B.

The best way for understanding this identity is by considering the same problem for the case of a
soliton solution. We have in this case

# negative eigenvalues = Z dimker Q'(z),

zeR

where we understand Q' as a linear operator in one dimension. Since Q' (z) = 0 only for z = 0, we have
that 3 _p dim Q' () is finite and equals one (i.e., we have just one negative eigenvalue).

After some tedious computations we will obtain

16a36%(a® + B%)(a sinh(28y2) — Bsin(2ay:))

det W[8,, B,0,,B|(t, ) =
(a? + 8% + a2 cosh(28ys) — B2 005(204?/1))2

so we have nontrivial kernel if and only if



asinh(28ys) = Bsin(2ay;). (4.8.5)

Given x1, zo, t, a and § fixed, there is only one point z = zy € R (depending on the previous
parameters) for which this last identity holds. Indeed, fix 1, x, t, « and 5. We will look for g- solution
of

o B (o
sinh(gs) = - sin (Eyg + {1112), (4.8.6)

where

T1g := 20[[((5 — ’)’)t +x — 2132], Yo 1= 2,33/2.
(Recall that y; = & + 6t + x1, y2 = & + 7t + z2.) If |§o| is large enough, say > M, there is no solution

for this equation. If now |§a| < M, note that the function

[-M, M] > gy > sinh(g2) — g sin (%ﬂz + 512> eR (4.8.7)

changes its sign on [— M, M|, M large, so it has a root. Moreover, if Z15 # 2k, k € Z, such a root
is unique ((4.8.7) has positive derivative). Now, if Z1o = 2k for some k € Z, we will have

Sinh(gg) = E sin (E:“;2>7

(e}

for which s = 0 is a root. If there is another one, it must be unique, by the same reason as before. We
conclude that there a unique root g, of (4.8.6). In particular, there is unique z, satisfying (4.8.5).

At the point 2y we will have
1 < dimker W18,, B,0.,B|(t, z) < 2,

but it is easy to see that the dimension cannot be 2 since the Wronskian matrix at that point is never
identically zero.

We conclude that £ has a unique negative eigenvalue. It is possible to prove that such an
eigenvalue is always far from zero, uniformly in time. Even better, there is ¢y > 0 only depending on «

and f3 such that for all z € H?(R), if
/z(‘?le :/ 20,,B=0,
R R

then

2
(4.8.8)

1
/ 2Lz > 00||Z||§12(R) - — ‘/ Bz
R Co R

Using the conservation of mass we can estimate the last term above:

<



/R Bz(t)‘ ‘ /]R Bz(o)‘+sup|z(t)lliz(m

t>0

< 112(0) | 2gmy +5up |2 22z
(=) +SUF ®

Replacing in (4.8.8), and using (4.8.3), we conclude.



4.9 Extended proof
Now we explain in detail the previous arguments, in the mKdV case. Since the same

argument works for other breathers, we will only sketch the proof of stability in the forthcoming
sections.

4.9.1 Weinstein inequalities

Let us start with the following generalized Weinstein conditions:

Corollary 4.9.1. Let B = B, g be any mKdV breather. Given t € R fixed, let
AuB:= 0,B, and AgB:= 03B. (4.9.1)

Then both functions Ao B and AgB are in the Schwartz class for the spatial variable, and
satisfy the identities

0. M|B| :/ BA,B =0, (4.9.2)
R
and
0sM|[B] :/ BAgB =4 >0, (4.9.3)
R

independently of time.

Proof. By simple inspection, one can see that, given ¢ fixed, A,B and AgB are well-defined

Schwartz functions. The proof of (4.9.2) and (4.9.3) is a consequence of (4.1.11), and the
definition of mass (4.1.4). ]

4.9.2 Detailed spectral analysis

Let z = z(z) be a function to be specified in the following lines. Let B = B, g be any
breather solution, with shift parameters x1, 3. Recall the linear operator introduced in (4.8.4):
L2zt) = z4z(x) — 2(B% — a?)24(2)
+(a® + ﬂ2)2z(a¢) +5B%2,,(z) + 10BB,2,(x)

4 (533 +10BB,, + 12—534 68 — a2)32> o(z).

Let us describe the spectrum of this operator. More precisely, our main purpose is to find a
suitable coercivity property, independently of the nature of scaling parameters. The main result of
this section is contained in Proposition 4.9.15. Part of the analysis carried out in this section has
been previously introduced by Lax [Lax68], and Maddocks and Sachs [MaSa93], so we follow
their arguments adapted to the breather case, sketching several proofs.

Lemma 4.9.2. % is a linear, unbounded operator in L*(R), with dense domain H*(R).
Moreover, £ is self-adjoint.

It is a surprising fact that £ is actually self-adjoint, due to the non-constant terms appearing
in the definition of #. From standard spectral theory of unbounded operators with rapidly



decaying coefficients, it is enough to prove that £* = % in H4(R)2.

Proof. Let z,w € H*(R). Integrating by parts, one has

/wfz
R

= / w <z4z —2(8% — a?)zgy + (& + ﬂ2)2z +5B%2,, + 10BBzzm>
R
2 Lo, 2 2\ 2
+ 5B; + 10BB,, + ?B —6(8° —a®)B* | zw
R

= / (w% —2(8% — a®)wy + (& + 52)210 + (5B*w),, — (1()Bwa)w> z
R

2 5, 2
Jr/ 5B; + 10BB,, + ?B —6(8 — Zw —/sz
R

Finally, it is clear that D(.#*) can be identified with D(.%) = H*(R). O

A consequence of the above result is the fact that the spectrum of £ is real-valued.
Furthermore, the following result describes the continuous spectrum of .Z.

Lemma 4.9.3. Let o, B > 0. The operator £ is a compact perturbation of the constant
coefficients operator

Loz =240 — 2(B* — @®)zgn + (a® + 52)2'2

In particular, the continuous spectrum of £ is the closed interval [(a® + ,82)2, +00) in the case
B> a, and [4a?B%, +o0) in the case B < a. No embedded eigenvalues are contained in this
region.

Proof. This result is a consequence of the Weyl Theorem on continuous spectrum. Let us note that
the nonexistence of embedded eigenvalues (or resonances) is a consequence of the rapidly
decreasing character of the potentials involved in the definition of .Z. O

Remark 4.9.4. Note that the condition o = 3 is equivalent to the identity 93 E[B] = 0. Solitons
do not satisfy this last identity.

We introduce now two directions associated to spatial translations. We define

Bl(t' T, :Ez) *8113 ﬁ(t' T, .’,13‘2)

4.9.4
Bg(t ml,a:g) —8$ZBaﬂ(t 221,562) ( )

It is clear that, for all t € R «,8 > 0 and z1,x5 € R, both By and By are real-valued
functions in the Schwartz class, exponentially decreasing in space. Moreover, it is not difficult to
see that they are linearly independent as functions of the x-variable, for all time ¢ fixed.

Lemma 4.9.5. For each t € R, one has
ker . = span {Bl(t; z1,2), Ba(t; z1, wz)}

Proof. From the elliptic equation satisfied by the breather, and taking derivative with respect to x;
and x5, we obtain

(4.9.5)



LB (t;z1,%2) = ZBs(t; z1,22) =0,

with £ the linearized operator defined in (4.8.4) and Bi, By defined in (4.9.4). A direct
analysis involving ordinary differential equations shows that the null space of %} is spawned by
functions of the type

+8 +8

e " cos(azx), e *sin(az), «a,B>0,

(note that this set is linearly independent). Among these four functions, there are only two L2-
integrable ones in the semi-infinite line [0, +-00). Therefore, the null space of .Z| HA(R) is spanned

by at most two L2-functions. Finally, comparing with (4.9.5), we have the desired conclusion. O
A direct consequence of the above identities and Corollary 4.9.1 is the following result:

Corollary 4.9.6. With the notation of Lemma 8.11.4, let

o hsB+BALB
0 - W . (4.9.6)

Then By is Schwartz and satisfies ¥ By = —B,

/BOB:;>O,
R 2B(a? + B?)

1 /BZB ———1 <0
5 R 0 0~ 4ﬁ(a2+ﬂ2)

Remark 4.9.7. In other words, By is also a negative direction. Moreover, it is not orthogonal to
the breather itself. Note additionally that the constant involved in (4.9.7) is independent of time.

(4.9.7)

It turns out that the most important consequence of (8.11.2) is the fact that .& possesses, for
all time, only one negative eigenvalue. Indeed, in order to prove that result, we follow the
Greenberg and Maddocks-Sachs strategy [Gre91, MaSa93], applied this time to the linear,
oscillatory operator .Z. More specifically, we will use the following

Lemma 4.9.8 (Uniqueness criterion, see also [Gre91, MaSa93|). Let B = B, g be any mKdV
breather, and B1, B the corresponding kernel of the operator £. Then £ has

) dimker W[B1, By|(t; z)

zeR

negative eigenvalues, counting multiplicity. Here, W is the Wronskian matrix of the functions B
and B,

W[Bl, Bz](t; m) = |:(£1) (BB;2)$:| (t, w) (498)

x

Proof. This result is essentially contained in [Gre91, Theorem 2.2], where the finite interval case
was considered. As shown in several articles (see e.g. [MaSa93, HPZ11]), the extension to the real
line is direct and does not require additional efforts. We skip the details. o

In what follows, we compute the Wronskian (4.9.8). Contrary to the 2-soliton case, where the
decoupling of both solitons at infinity simplifies the proof, here we have carried the computations




by hand, because of the coupled character of the breather. The surprising fact is the following
greatly simplified expression for (4.9.8):

Lemma 4.9.9. Let B = B, g be any mKdV breather, and B, By the corresponding kernel
elements defined in (4.9.4). Then

16a36%(a? + B?)[a sinh(28ys) — Bsin(2ay:)]
(a2 + B + o cosh(28yz) — 5 cos(2a1))°

det W[By, Bs|(t; z) = (4.9.9)

Remark 4.9.10. Since the computation of (4.9.9) involves only partial derivatives on the z-
variable, the result above is still valid for the case of breathers with parameters 1, ¢ depending
on time. We skip the details.

Proposition 4.9.11. The operator £ defined in (4.8.4) has a unique negative eigenvalue —)\g <0
, of multiplicity one, and Ao = \o(ev, B, 1, Z2,1).

Proof. We compute the determinant (4.9.8) required by Lemma 4.9.8. From Lemma 4.9.9, after a
standard translation argument, we just need to consider the behavior of the function

f(y2) = frapz(y2) = asinh(2By;) — Bsin(2a(yz + (6 — )t +Z2)),  (4.9.10)

forZy :=x1 — 22 € R,and § — v = —2(a? + (2).

A simple argument shows that for y» € R such that |sinh(28y2)| > g, f has no root.
Moreover, there exists Ry = Ro(a, 8) > 0 such that, for all yo > R one has f(y2) > 0 and for
all ya < —Ro, f(y2) <0. Therefore, since f is continuous, there is a root
Yo = yo(t, o, B, T2) € [~ Ry, Ro| for f. Additionally, if yo # 0,

f'(y2) = 2ap[cosh(2Byz) — cos(2a(y2 — 2(a® + B*)t + F9))] > 0,

by simple inspection. Therefore, if yo # 0 then it is unique and then

Z dim ker W[By, By|(t; z) = dimker W[By, Bs](t; y0 — vt — x2) =1,

zeR

since B; or (By), are not zero at that time. Indeed, it is enough to show that W[By, Bs|(t, x) is
not identically zero, then dim ker W|[Bj, Bs| < 2. In order to prove this fact, note that B; solves,

for ¢,z1,22 € R fixed, a second order linear ODE with source term —(B),. Therefore, by
standard well-posedness results, both By and (B;), cannot be identically zero at the same point.

Now, let us assume that y, = 0 is a zero of f. We give a different proof of the same result
proved above. From (4.9.10), t = t; must satisfy the condition

km

—, keZ.
2c

—2(a® + Bt + Ty =

In terms of the variables y; and y2, one has y; = ’2“—3, k € Z, and yo = 0. Recall that

Bi(t,z) = —2v2a8 a sin(ay;) cosh(Byz) + B cos(ay) sinh(By2) (4.9.11)
T a? coshz(ﬁyg) + 2 sin’(ayy)



+ 2882 sin(ay;) cos(ayy)
[a cos(ay) cosh(By) — Bsin(ay:) sinh(Bys)] ) '

(a2 cosh? (Byz) + B2 sin® (ayl))2

Replacing in (4.9.11), we get

£0, kodd,

0, k even.

—2+/2aBsin( £ )
Bi(ty,z) = R {

- 92/, k
a? + B%sin”( 5 m)
For the first case above we conclude as in the previous one. Finally, if ¢, satisfies

2( 2 2 F _k_ﬂ
2"+ B)t+T, = , keZ,
(6

one has y; = km, ya = 0 and By (¢, z) = 0, but from (4.9.11), after a direct computation, (By), is
given now by the quantity

2 2 2
(B1),(te, ) = —2v2a°8 (1 + ﬁ—2 cos(kr) + 2
a

(07

cos2(k7r)> #0

for all k € Z. Therefore ) . dimker W[Bj1, Bs](tx; ) = 1. In conclusion, for all ¢ € R, £ has
just one negative eigenvalue, of multiplicity one. ]

We consider now some standard remarks. We can reduce the spectral problem to another
independent of time. Indeed, after translation and redefinition of the shift parameters x; and x,
we can assume that

2w
B = B, g(0,z;21,0), ;€ [0, —}
a

In what follows we assume that B is given by the previous formula.

Corollary 4.9.12. There exists a continuous function fo = fo(a, B), well-defined for all ., B > 0,
and such that

_A% < _fO(awB) <0,

foralla,B >0, and all t,x1,x2 € R.

Proof. From the variational characterization of the first eigenvalue via a minimization problem we
have

2 _ ngAﬁBAﬁB _ 32a2ﬂ

Jo(AsB? [ (AsB)?

Since fR AﬁB2 is continuous on x1, 1 € [0, %] , we conclude. O



Let z € H%(R), and B = B, s be any mKdV breather. Let us consider the quadratic form

associated to .Z:
2|z] :z/zﬁz ::/z§w+2(ﬂ2—a2)/zi
R R R
+(a2+,32)2/ z2—5/ B2z2
R R
+5 / B22% + 10 / BB,
R R
15
+— / B*2? —6(8% — a2)/ B222. (4.9.12)
2 R R

Remark 4.9.13. From the definition of 2 and Lemma 4.9.5, it is clear that 2[B;| = 2[B5] = 0.
Moreover, inequality (8.11.2) means that A, B is actually a positive direction for 2, a completely
unexpected result. Additionally, from (4.9.12) 2 is bounded below, namely

27 > _Ca,ﬂHZHiIZ(R)v

for some positive constant ¢, g depending on o and 3 only.

Let B_; € &\ {0} be an eigenfunction associated to the unique negative eigenvalue of the
operator ., as stated in Proposition 4.9.11. We assume that B_; has unit L2-norm, so B_; is now
unique. In particular, one has ZB_; = —A%B,l. It is clear from Proposition 4.9.11 and Lemma
4.9.5 that the following result holds.

Lemma 4.9.14. The eigenvalue zero is isolated. Moreover, there exists a continuous function
vy = vo(a, B), well-defined and positive for all o, B > 0 and such that, for all zo € H%(R)

satisfying
/ZQB1 :/ Z()B1 :/ Z[)Bg = 0, (4913)
R R R

then
D[z0] > wol|z0] 72y - (4.9.14)

Proof. The isolatedness of the zero eigenvalue is a direct consequence of standard elliptic
estimates for the eigenvalue problem associated to %, corresponding uniform convergence on
compact subsets of R, and the nondegeneracy of the kernel associated to ..

On the other hand, the existence of a positive constant vy = vy(c, B, 1) such that (4.9.14) is
satisfied is now clear. Moreover, thanks to the periodic character of the variable z;, and the
nondegeneracy of the kernel, we obtain a uniform, positive bound independent of x1, x5 and £,
still denoted vq. The proof is complete. o

It turns out that B_; is hard to manipulate; we need a more tractable version of the previous
result. (4.9.13) will be changed to (4.9.15) as better orthogonality conditions.

Proposition 4.9.15. Let B = B, g be any mKdV breather, and By, By the corresponding kernel of

the associated operator £. There exists oy > 0, depending on a, 8 only, such that, for any
z € H?(R) satisfying

(4.9.15)



/Blz—/BQz—O,
R R

one has

2
1
3M>uﬂﬂ@®———</dﬁ. (4.9.16)
Ho R

Proof. This is a standard result, but we include it for the sake of completeness. Indeed, it is
enough to prove that, under the conditions (4.9.15) and the additional orthogonality condition
[z 2B = 0, one has

2[2] = poll2l ey

In what follows we prove that we can replace B_; by the breather B in Lemma 4.9.14 and the

result essentially does not change. Indeed, note that from (4.9.6), the function B, satisfies
¥#By = —B, and from (4.9.7),

/ ByB = — / BoZBy — —2[By] > 0. 4.9.17)
R R

The next step is to decompose z and By in span(B_j, By, Bs) and the corresponding
orthogonal subspace. One has

z=Z+mB_1, Byg=by+nB_1+pi1Bi+p2Bs, m,n,p1,p2 €R,

where

/ZBl :/ZBl :/ZBQ :/boBl :/boB1 :/b()BQ:O.
R R R R R R

Note in addition that

/3131 :/ B_1By; =0.
R R

From here and the previous identities we have
27 —/(.?2 —mA2B_1)(2+mB_1) = 2[z] — m?\2. (4.9.18)
R

Now, since .ZBy = —B, one has

OZ/ZB:—/Z.,%BOZ/g(Z—FmBl)BO
R R R

= /(9?2 — m)\%B_l)(bo +nB_; +plBl +p2B2)
R



= / Lzby — mnAl. (4.9.19)
R
On the other hand, from Corollary 4.9.6,
/ ByB= — / By.ZBy
R R (4.9.20)
= — /R(bo + TLB_l)(gbo - TL)\%B_l) = —Q[bo] + ’I’LQ)\g
Replacing (4.9.19) and (4.9.20) into (4.9.18), we get
2
( / bm)
R
9|7 = 2[3) - ) (4.9.21)

/ BoB + 2[bo]
R

Note that from (4.9.17) and (4.9.14) both quantities in the denominator are positive.
Additionally, note that if Z = Abg, with A # 0, then

</%$% = 97 2[by).
R

In particular, if Z = Ab,

=)

<aQ[z, 0<a<l. (4.9.22)
/ BOB + Q[bo]
R

In the general case, using the orthogonal decomposition induced by the scalar product
(& -,-)2 on span(B_;, B, Bs), we get the same conclusion as before. Therefore, we have
proved (4.9.22) for all possible Z.

Finally, replacing in (4.9.21) and (4.9.18), 2[z] > (1 — a)2[2] > 0, and 2[z] > m?\2. We
have, for some C > 0,

—

2z >(1-a)2(z] > —(1—a)2[z] + (1 — a)m?\2

2

1 ~112 9 2 1 2
5 (22l + 2m2 Bl 2 = Il

Y

4.9.3 Lyapunov functional

In this section we introduce a new Lyapunov functional for equation (4.1.1), which will be
well-defined at the natural H? level. Indeed, let ug € H2(R) and let u = u(t) € H%(R) be the
corresponding local-in-time solution of the Cauchy problem associated to (4.1.1), with initial
condition u(0) = uy. Let us remember the H 2-functional (4.1.6)

(4.9.23)



Flu](t) ::%/Ruiz(t,m)dw— ;/Ruz(t,w)ui(t,w)dw—F %/}Ruﬁ(t,m)dw

Then one has

Lemma 4.9.16. Given u local H%-solution of (4.1.1) with initial data uy, the functional F[u(t) is
a conserved quantity. In particular, w is a global-in-time H*-solution.

The existence of this last conserved quantity is a deep consequence of the integrability
property. In particular, it is not present in a general, nonintegrable gKdV equation (2.8.1). The
verification of Lemma 4.9.16 is a direct computation.

Using the functional Flu] (4.9.23), we remember the new Lyapunov functional (4.8.2),
specifically related to the breather solution. Let B = B, g be a mKdV breather, and ¢t € R, and
Mu| and Eu| given in (4.1.4), (4.1.5). Then

AN)(t) = Flul(t) +2(8° — o) E[u](t) + (a® + 82)" M[u](t),

(4.9.24)
a, B scaling parameters.

It is clear that J#[u] represents a real-valued conserved quantity, well-defined for H?2-
solutions of (4.1.1). Moreover, one has the following

Lemma 4.9.17. Let z € H2(R) be any function with sufficiently small H?-norm, and B = B, g
be any breather solution. Then, for all t € R, one has

H|B+ z] — H[B] = %,@[z] + A7, (4.9.25)

with 2 being the quadratic form defined in (4.9.12), and N[z] satisfying
(A 1]| < Kl|2l[32y-

Proof. We compute:

B+z

)+

e - )/<B+z) —(ﬂQ—a)/(BJrz

_/ __/3232 _/Ba

+(B2 - )/RBQ_5(ﬂ2_a2)/RB4+%(a2+ﬁ2)2/RBz

(
1 5 9
E(a + 5%) /R(B—i-z)

3
+/ <B4$ —2(82 — a?)(Byy + B®) + (a® + 2)’B+ 5B2B + 5B*B,, + 5 B5> 2
R

1
+— /zﬁz—l—2(ﬂ2—a2)/zi+( 2+ 6% /z —5/B2 2
2 R R
15
+5/B§z2+1O/BBmzz+ —/B4z26(ﬁ2a2)/B2z2
R R 2 Jr R



+5/B3 3 2(B% — /Bz +—/Bmz /Bzﬁz
R
1
/B24— —a? /z4—/22z§+—/Bz5+—/zﬁ
R 2 Jr 2 Jr 4 Jr

Therefore, we have the decomposition
JO[B+ 2] = /G )+ — Q[]+/[z],

where 2 is defined in (4.9.12), and
3
G[B] = Byy — 2(8* — 02)(Bag + B%) + (2 + 82)°B + 5B2B + 5B*B,, + 3 BS.

Recall that G[B] = 0 from (4.2.1). Finally, the term N|z] is given by

Nz] —5/B3z3—2 /Bz +—/Bmz /Bziz
—|——/B24——(B2—a /z——/z2z2—|——/Bz—|——/
4 Jr 2

Therefore, from direct estimates one has A4z = O(|z||> H2(r))> @s desired.
The previous Lemma is the key step to the proof of the main result of this paper, that we

develop in the next section.

4.9.4 Proof of stability

In this section we prove a detailed version of Theorem 9.9.4.

Theorem 4.9.18 (H 2-stability of mKdV breathers). Let o, 8 > 0. There exist parameters g, Ay
, depending on o and B, such that the following holds. Consider ug € H*(R), and assume that
there exists 1 € (0,10) such that

w0 — Ba,s(0;0,0)|| rogy < - (4.9.26)

Then there exist x1(t), z2(t) € R such that the solution u(t) of the Cauchy problem for the
mKdV equation (4.1.1), with initial data u, satisfies

sup |lu(t) = Bos(t; 21(t), 22(t) | oy < Aom, 4927)
teR

with

sup |z ()] + |25(2)| < KAon, (4.9.28)

teR

for some constant K > 0.

Remark 4.9.19. The initial condition (4.9.26) can be replaced by any initial breather profile of the
form B := B, s(to; ac(l), :cg), with g, a:?, acg € R, thanks to the invariance of the equation under




translations in time and space. In addition, a similar result is available for the negative breather
—B, g, which is also a solution of (4.1.1).

Proof of Theorem 4.9.18. Let ug € H?(R) satisfying (4.9.26), and let u € C(R; H*(R)) be the
associated solution of the Cauchy problem (4.1.1), with initial data w(0) = uo. In what follows,
we denote

B = B, g,

if no confusion arises.

We prove the theorem only for positive times, since the negative time case is completely
analogous. From the continuity of the mKdV flow for H2(R) data, there exists a time Ty > 0 and
continuous parameters z1(t), z2(t) € R, defined for all ¢ € [0, T], and such that the solution u(t)
of the Cauchy problem for the mKdV equation (4.1.1), with initial data u, satisfies

sup Hu(t) — B(t; xl(t),xQ(t))HHz(R) < 27n. (4.9.29)
tG[O,TQ]

The idea is to prove that Ty = 4o00. In order to do this, let K* > 2 be a constant, to be fixed
later. Let us suppose, by contradiction, that the maximal time of stability T*, namely

T* ::sup{T > 0| forallt € [0,T], there exist 1 (t),Z>(t) € R such that

sup || u(t) — B(t571(), 32(t)) | oy < K '} (4.9.30)
t€[0,T

is finite. It is clear from (4.9.29) that T* is a well-defined quantity. Our idea is to find a
suitable contradiction to the assumption 7* < +o00. By taking 7y smaller, if necessary, we can
apply a well-known theory of modulation for the solution u(t).

Lemma 4.9.20 (Modulation). There exists ng > 0 such that, for all n € (0,1), the following
holds. There exist C! functions z1(t), z2(t) € R, defined for all t € [0, T*], and such that

2(t) :==u(t) — B(t), B(t,z) := Bag(t,z;z1(t),z2(t)) (4.9.31)

satisfies, for t € [0,T*],

/R By (t;x1(t), z2(t))2(t) = /]R By (t; w1 (t), w2(t))2(t) = 0. (4.9.32)
Moreover, one has
12(8) || 72y + |21 ()] + 25 ()] < KK, [|2(0)]| gy < K, (4.9.33)

for some constant K > 0, independent of K*.

Lemma 4.9.20 is key to choose the good directions (4.9.32) where perturbation of breathers
can be controlled.

Proof. The proof of this result is a classical application of the Implicit Function Theorem. Let



Jj(u(t):mlaxZ) Z—/(U(t,:li) —B(t,x;$1,{L’2))B]~(t,a};x1,w2)d$, .7: 1a2'
R

It is clear that J;(B(t; z1,22), z1,22) = 0, for all z1,22 € R. On the other hand, one has for
ja k= 15 2,

6ﬂ?k“7j(u(t)7m1ax2)‘(3(t>00) = _ABk(tax;OaO)Bj(t’x;OaO)dx'

Let J be the 2 x 2 matrix with components J;x := (9z,J;) ; 41 o- From the identity above, one
has

det J = — </RB§/RB§— (/RB132>2>(25;0,0),

which is different from zero from the Cauchy-Schwarz inequality and the fact that By and B are
not parallel for all time. Therefore, in a small H? neighborhood of B(t;0,0), t € [0,T*] (given
by the definition of (4.9.30)), it is possible to write the decomposition (4.9.31)-(4.9.32).

Now we look at the bounds (4.9.33). The first bounds are consequence of the decomposition
itself and the equations satisfied by the derivatives of the scaling parameters, after taking time
derivative in (4.9.32) and using that detJ # 0. The last bound in (4.9.33) is consequence of
(4.9.26). o

Now, we apply Lemma 4.9.17 to the function wu(¢). Since z(¢) defined by (4.9.31) is small,
we get from (4.9.25) and Corollary 4.6.1:

Fu](t) = HA[B](t) + %Q[z](t) + N[2|(2). (4.9.34)

Note that |N[2](t)| < K Hz(t)H?}p(R). On the other hand, by the translation invariance in
space,

H|B|(t) = #[B](0) = constant.
Indeed, first of all we have
B(t,z;x1(t), z2(t)) = B(t — to(t), x — zo(t)),

for some specific tg, zo. Since F# involves integration in space of polynomial functions on B, B,
and B,,, we have

H[B(t,521(t), 22(t))] = H[B(t = to(t)— 20(£); 0,0)] = H[B(t — to(2),+;0,0)].
Finally, 7#[B(t — to(t),;0,0)] = #[B(-,-;0,0)](t — to(t)). Taking time derivative,

O [B(t,5 21(t), z2(t))] = H'[B(-,50,0)](t — to(t)) x (1—¢(t)) =0,



hence #[B] is constant in time. Now we compare (4.9.34) at times ¢ = 0 and ¢ < T*. From
Lemma 4.9.16 and (4.9.24) we have

2[A(t) < 2[)(0) + K|2(t) | 722y + Kll2(0) 7122 < K2(0) | o2y + Kl2(0) 122

Additionally, from (4.9.15)-(4.9.16) applied this time to the time-dependent function z(¢), which
satisfies (4.9.32), we get

1) 12y < Kl2(0) |32y + K 12(0) 72y +K‘/RB(t)Z(t)

/]R B(t)=(t)

Conclusion of the proof. Using the conservation of mass (4.1.4), we have, after expanding
u=DB+z,

2

2

<K+ KEK*pP+K (4.9.35)

(0| < K| [ BORO|+ KI=0) 0 + K0 e
< K(n+ (K*)*n?), foreacht e [0,T*].

Replacing this last identity in (4.9.35), we get

()P,

12(8) ey < En?(1+ (K*)*n*) < 3

by taking K* large enough. This last fact contradicts the definition of T* and therefore the
stability property (4.9.27) holds true. Finally, (4.9.28) is a consequence of (4.9.33). o

4.10 Exercises

(4.1)Prove Lemma 4.1.2,i.e. [, B =

(4.2) Prove by hand Lemma 4.1.3.

(4.3) Prove by hand Lemma 4.4.1. (See [AlMul3] for some help.)
(4.4) Prove Lemma 4.9.16.

1Here suitable means “with sufficient decay at infinity” such that IST works properly.



Chapter 5

Breathers and rigorous integrability theory

5.1 Introduction

It is well-known that mKdV (1.4.1)-(4.1.1) is an integrable model. Many aspects and
properties of breathers and other mKdV nonlinear objects are strong consequences of this
fundamental property.

Usually, the most powerful technique associated to an integrable system is the
Inverse Scattering Method (ISM). It is not the purpose of this monograph to explain this
technique, since many books have been devoted to explain in detail many applications,
see e.g. [Yan10] for a detailed account. This method very often needs data in a stronger
space than the energy space, usually weighted spaces. Also, the solution obtained via the
Cauchy problem may not be directly related to the solution obtained via the ISM, since in
general both problems are not directly related.

Precisely, one of the most important elements in inverse scattering theory is the
scattering data produced by the initial data. This is essentially a sort of nonlinear Fourier
transform of the initial data, which under the evolution of the flow evolves in a simple
fashion, exactly as the Fourier transform evolves in classical linear equations. Usually
scattering data needs to satisfy certain hypotheses in order to run the full inverse
scattering theory argument, and if these are satisfied, the outcome is very detailed and
complete. For several years, rigorous analysis on the validity of the hypotheses needed for
such arguments to be valid have appeared, and here we mention the ones related to the
mKdV case.

However, an important result on breathers was recently proved by Chen and Liu
[ChLi21]. They presented a description of the long time behavior of focusing mKdV
solutions using the precise integrability of the equation. Previous results were essentially
focused on the defocusing case, where no solitons nor breathers seem to be present. Also,
Chen and Liu consider the problem of asymptotic stability for solitons and breathers.

5.2 Classification of regions

In order to explain better this result, some description of the real line must be taken
into account. First, let us consider the following regions.

* Oscillatory region: z < 0, |x/t| = (1) as t — oo. In this region, there exist breathers
traveling to the left direction.

* Self-similar region: |z /t'/3| < cast — oo. This region, does not have breathers and
solitons as t — o0o.



* Soliton region: > 0, |z/t| = €(1) as t — oco. In this region, there exist breathers and
solitons traveling to the right direction.

Remark 5.2.1. The long time asymptotics for overlaps of the regions have been studied in
a previous paper [ChLi22, Theorem 1.6]. There are no solitons and breathers in those
overlap regions. They will cover the left portion of the real line ({z < 0}), by using the
technique known as the nonlinear steepest descent approach to oscillatory Riemann-
Hilbert problems.

5.3 Soliton resolution for mKdV

Chen-Liu proved the following detailed long-time asymptotics of the solution to the
focusing mKdV. In fact, they proved the soliton resolution for the focusing mKdV case,
giving detailed asymptotic analysis for the Cauchy problem of the focusing mKdV with
generic data. By this, we mean the following: long time data can be written as a
superposition of solitons, breathers and radiation in the following explicit way:

Ny Ns
u(t,z) =Y u +) u + R(t,z).
=1 =1

Here, uf‘)l means solitons, u}’re means breathers, and R is a remainder. They understood
the interaction among solitons, breathers and radiation in different regions in the
following sense. Recall the weighted Sobolev space H*"(R), defined as the completion
of C5°(R) with the norm

1

[ul] v = (||<m>u||§2 v ||u||§p) | (5.3.1)

For the purposes of this book, we shall work (5.3.1) with the values s = 2 and » = 1. This
means that, roughly speaking, we shall work with data w in H? such that (z)u € L*.

Notice that this is clearly a subspace of the energy space H'. Since the results by Chen
and Liu are highly nontrivial, we shall separate the outcomes in different results. First of
all, we state some hypotheses.

We shall assume that the initial data ug € H?*!(R) satisfies:

(1) ug is generic in the sense of [ChLi21, Definition 1.5].
(2) Suppose that the initial data produce the scattering data

S = {r(z), {zr, i }nty, {Zj,Cj}j-V:zl} € H*(R) @ C*M @ C?™,

Here r is the so-called reflection coefficient, while zj, cj are scaling parameters for
solitons and breathers.

Let us write z; = £; +1n;, &;,m; > 0, and suppose for some 1 < Iy < N3 one has
the following ordering in speeds

(5.3.2)



At — 126 < .. dmp — 126 <0 <dmp 4 — 126 4 <--- < Adny, — 1265,

Notice that the zero speed is not allowed. These parameters will represent breathers. On
the other hand, we decompose 2z = i(x, (x > 0 as

0<( < - <(Cn-

Therefore, {; will be purely imaginary complex numbers representing solitons. Finally,

denote
| —x
T = zgt, zO = _—. (5.3.3)
12¢

Theorem 5.3.1. Let u be the solution of the focusing mKdV equation
Owu +-03u + 6u? 0,u =0, (t,z) € RT xR, (5.3.4)

with initial data wg satisfying the hypotheses above described. Then the solution u can be
written as the superposition of solitons, breathers and radiation as following:

Z up® +Z ul” + R(t,z) (5.3.5)

Now we describe in more detail the members in the decomposition (5.3.5). It will
take some time to describe them, and we will need some additional definitions.

5.3.1 Detailed description of the breather part

Recall the parameter [ in (5.3.2) that separates positive from negative speeds. The
breather region is decomposed in two parts, depending on the positive or negative speed.

Theorem 5.3.2. In Theorem 5.3.1

ul” (¢, z)

n; & cosh(vy + @2) sin(vy + @1) + n; sinh(ve + @2) cos(vy + @1) (5 3.6)

- & cosh?(vy 4 @2) + (/€)% cos?(vy + @)

where

« if l <y, the profile variables are

v =26 (z+ 4 - 3n)t), va=2m (z—4(n} — 3ED)), (5.3.7)

and the shifts are given by
(5.3.8)



_ Be, — An, 5 & B2+ A2
) e © I\ gra
& + By ! ;T
Here Z, Bare given as
- Cl ;{-i- B
G = =: [l 539
5(Zl)2 ( )

where the scalar function §(z) is given by

Ny z 5. . _ ik
§(z) = H Z " %k H £ H S %0 eX(Z),
k=1 # T Rk sed F T sem 2t 7 z+ 2z
with zq defined in (5.3.3),
1 [ 1+r O\ d
W= g [ (L0
2 Sy \ 1t (@) ) €2

o log(1 + [r(Co) ),

K =

and

Br={zj=¢&+in;: 4n) — 128 > 4n} — 1267} (5.3.10)

*Ifly+ 1 < I, we have the same expression as (5.3.6), (5.3.8), (5.3.7), (5.3.9) but with A
and B are given as

where the function ¥ is defined by
z — ék z— éj z+ Zj
Yz = H zZ—z H zZ— Zj H 2 ]
ZkEQZ,s k ZJE:@U, J Znggl’b z + zj

B = {zj =& tang: An; — 1285 > 4 — 12&2}
U{zr = iCp: 4CF > 4n? — 1282} = By U By s

Notice that the solution (5.3.6) is nothing but the classical mKdV breather solution
described in previous chapters.

and



5.3.2 Description of the soliton region

We somehow have a clean description of the soliton region.

Theorem 5.3.3. In Theorem 3.3.1, for the soliton part, we have

w(so) (t,z) = 2Gie g sech (—2Gi(z — 4¢7t) +wi),

with shifts
’Cl’ Z] — Rk
wi=log| — | +2 lo —
& <2Cl zkezyl,s &% — 21
21— Z; 21+ Z;
+2210gl_j+2210gl 11,
2kES Al Zj 2k€ES b z1+ Zj
and where
S = {zj — g tin: Anl— 1262 > 4@2} U{zk=iCe: 4¢2> 4¢2)
=: <5ﬁl,b U <5ﬂl,s-

In this regime, one easily recovers the solitons from the mKdV solution. Notice that
the number of solitons is finite. This is not true in general, when one works in the energy
space.

5.3.3 Description of the radiation term R
Now we describe the radiation term R. It turns out that this description depends on
the considered spatial region.

Theorem 5.3.4. In Theorem 3.3.1, the radiation term R obeys the following asymptotics:
(1) In the soliton region, (i.e. Region III), we have

1
R(t2) < 5

(2) In the self similar region (i.e. Region Il), one has for 4 < p < oo

R(te)= —— P — |+ o577,

(36) 3 (36)F

where P is a solution of the Painlevé 11 equation
P"(s) — sP'(s) + 2P*(s) = 0,

determined by r(0).
(3) Finally, in the oscillatory region, (i.e. Region I), there are two separate cases.
(a) If we choose the frame x = vt with v = 42 — 12€2 < 0, then one can strongly see
the influence of the breather on the radiation. One has



R(t,z) = ugs(t,z) + O <(z0t)%>,
where zo s given in (53.3),
N ((mﬁ”(—zo)%w% Biz) +miy) (~20)’ ((wg)%))
: (Oﬂ@uw%w%xm) mukof(a%f@g),

Ugs(t, ) =

with some explicit constants (mﬁr)(—zo), mg) (20), mg)(—zo), mg)(z())) Sfrom the

breather matrix,

\/%eirr/éle—mﬁ me—iw/éle—mﬁ
o= —————, Bu=- ;
’I"(Z(])F(—ZK,) ’I“(Z())].—‘(ili)

5?4 _ (1927_)1'/@/26781'76}%(7%), 5% _ (1927)_i”/268iTeN(zﬂ),
and

N; - z
+zo — zg +2zy — Zj +zo + Zj
no(izo)Z(H i—><H T — II—)
zr=1 20 — %k z;€% 20— Zj z;€RB :l:Z() + Zj

where B was defined in (5.3.10).
(ii) If v # 477? — 12§?f0r 1 < j < Ny then we have

R(t,x) = ugs(t,z) + O ((zot)_ % ),

where
1
K 2
Ugs(t, @) = cos (16tz) — klog(192t23) + ¢(20)),
3t20
with
oo Lo [ 1IrQF | d¢
d(z9) = arg'(ik) — — —arg r(z +—/ log
Go) = arg Lo = —arg v+ o | O\ e ) T

—4 <2 arg(zo — zr) + Z arg(zo — z;) + Z arg(zo + Ej)>.
k=1

Zj@@l Z]'G%l



Theorems 5.3.2, 5.3.3 and 5.3.4 conclude the description of the terms appearing in
Theorem 5.3.1, and in particular the breather description for data in H>!. For the proof
of this result, the reader can consult [ChLi21].

5.4 Stability of breathers in weighted spaces

The asymptotic the stability of the breather traveling to the left can be stated as a
corollary of the previous result. Notice that here 2 is a free parameter, and not the term
defined in (5.3.3).

Corollary 5.4.1. Let u")(t, x; z9) be a breather with discrete scattering data (zg, co)
such that zg = &y + 1o, €0, o > 0 with —125(2) + 47]3 < 0 (negative speed). Suppose that

1RO 1~ <e

BT (5.4.1)

for € > 0 small enough. Let us consider the solution u to the focusing mKdV equation
(5.3.4) with the initial data

ug = u(x,0; 29, co) + R(0).

Let r(z) be the reflection coefficient computed from wg. Then the following are satisfied:
(1) There exist z1 = &1 + in1 and cq such that

|z1 — 20| + |e1 — o] Se.
(2) Ast — oo
uw=u"(t,z;21,¢1) + R(t, )
where the radiation term R(t,x) has a particular decaying asymptotics as time tends

to infinity.

Let us discuss in some detail the asymptotics of R, which is similar to the one
already described in Theorem 5.3.4.

(1) In the soliton region, i.e. Region III, we have

1
IR(ta $)| S ;

(2) In the self similar region, i.e. Region II, for 4 < p < oo, one has

R(t,z) — — P( ? >+ﬁ<ts_2p‘ ).
(3t)1/3 (3t)1/3

where P is a solution of the Painlevé Il equation

| =




P"(s) — sP'(s) + 2P3(s) = 0,

determined by 7(0).

(3) In the oscillatory region, i.e. Region I, the asymptotics for R(¢,x) are more
involved.

(i) If we choose the frame = = vt with v = 4n? — 122 < 0, one has

R(t,x) = ugs(t,z) + O ((zot) %)

thas (£, 7) = \/4;?0 ((mg’;’“>(_zo)2(i50) Bus) +m) (~20)° ((2'594)2321)>

+ ﬁ ((m§’1"><zo>2<w°> Brz) —miy) (z0)” ((w%)%m)),

with some explicit constants (mgblr) (—20), mﬁr) (20), mg) (—20), mgl;r) (z0)> from the

breather matrix,

\/ﬂ@iw/ﬁleiﬂ-n mefirr/4ef7m
o= —————, Bu=- ;
7‘(20)1_‘(—7,/4,) T'(Zo)].—‘(’ih:)

8% = (1927)" e 8imeh-z) | 69 — (1927) /28N (A0),

(ii) If v # 4n? — 12¢€2 then we have

R(t,x) = ugs(t,z) + O ((zot)_%),

where

1
2
Ugs(t, T) = ( 3;0 ) cos (16tz) — k1og(192t23) + ¢(20)),

with

T Lo (1P ) &
#(z0) = arg I'(irk) — 1 arg 7(z0) + P /_ZO log < 1+ ]r(zg)\2 ) (—z




Corollary 5.4.1 gives the asymptotic stability of the breather solution in the weighted
space defined by (5.4.1). We finish this section by remarking that condition (5.4.1)
ensures the nonexistence of more solitons and breathers as time evolves. In the case of
data in the energy space, this is not satisfied.

5.5 Exercises

(5.1) Transform the mKdV equation (5.3.4) into (4.1.1).




Chapter 6

Recent developments for mKdV and related
breathers

In this chapter we present three recent developments related to the existence
and stability of breathers in several models. For a more detailed account of new
findings, the reader can consult a forthcoming monograph strictly devoted to
dealing with several new advances in this area.

The three recent developments are the following: the existence and uniqueness
of multi-breathers in mKdV models, the stability of the positive negative mKdV
breather on the left half-line, and finally, the possible existence of breathers in the
modified Whitham model. Other topics such as nonexistence of breathers in mKdV
and Zakharov-Kuznetsov models, asymptotic stability of breathers, breathers in
other models, and other results, will be treated elsewhere.

6.1 Existence and uniqueness of mKdV multi-breathers

Semenov and Cote [Sem22, Sem23, CoSe23] have analysed in detail the
existence and uniqueness of mKdV multi-breathers, specially in the energy spaces
H' and H?. Recall that solitons and breathers play a key role in the long time
dynamics of mKdV. In fact, as it was shown in the previous chapter, the soliton-
breather resolution states that any generic solution can be approached by a sum of
solitons and breathers when t — oco.

In [OhWag82], there exists an explicit formula for a multi-breather, obtained by
ISM, that in some sense already gives the existence of a mKdV multi-breather.
However, it seems unclear how to derive from this formula the convergence to a
sum of solitons and breathers uniformly in space and how to show that this
convergence is exponential (local convergence around the center of mass of each
object is already rather involved).

In this section, a different approach to prove the existence of a multi-breather is
presented. In fact, it is possible to show that the constructed multi-breather
converges to the corresponding sum of solitons and breathers in H*® and that this
convergence is exponentially fast in time, and that the constructed multi-breather is
smooth.



These results follow by adapting the arguments given by Martel and Merle
[MaMe06], by Martel [Mar05] and by Cote and Friederich [CoFr20] to the context
of breathers. To do so, one needs to understand the variational structure of
breathers, in the same fashion as Weinstein did in [Wei86] for (NLS) solitons. Such
results were obtained by Alejo and Munoz in [AIMul3]: a breather is a critical
point of a Lyapunov functional at the 2 level, whose Hessian is coercive up to
several (but finitely many) orthogonal conditions. As in [AIMul3], the 2 regularity
level is the most natural setting to study breathers, and the 1 regularity level is
natural for the study of solitons, as in [Mar05, MaMe06]. One important issue to
face is therefore to understand soliton variational structure at 2 level, and to adapt
the Lyapunov functional in [AlMul3] to accommodate for a sum of breathers (and
solitons). Notice that arguments based on monotonicity may be adapted only
assuming that all the considered velocities are positive. Because [MaMeQo,
CoFr20] are not based on monotonicity (these are results for (NLS) which is not
well suited for monotonicity), it is possible to adapt their arguments to obtain
existence and uniqueness results for this case without any condition on the sign of
velocities. The uniqueness result obtained in this setting is however weaker than the
one that is obtained with monotonicity arguments.

In parallel with the definition of multisoliton, i.e. a solution 7(¢) of mKdV such
that  there exists 0<ec¢;<ce<---<cen,K1,.-ky €{—-1,1} and
Z1,...,xn € R such that

lim
t——+o00

N
() =Y ey (ti3)

Jj=1

H'(R)

it is possible to define multi-breathers: any sum of solitons and breathers with
distinct velocities, for which there exists a solution of mKdV whose difference with
this sum tends to zero when time goes to infinity. More precisely,

Let J € Nand K, L € N such that J = K + L. We will consider a set of L
solitons and K breathers:

» the breather parameters are a > 0, 8 > 0, x(l’ x € Rand xg , € R for
1<Ek<K.
« the solitons parameters are ¢; > 0,k; € {—1,1} and xgl cRfor1 <I<L.

We define for 1 < k < K, the k-th breather as follows:
Bi(t,z) = Ba,s,(t, 2527, 25), (6.1.1)
and for 1 <[ < L, the I-th soliton:

Ri(t, @) := Reyp(t, x5 30 ). (6.1.2)



We now define the velocity of our objects. Recall that for 1 < k < K, the velocity
of By, is

vl =~ = B} — 3o, (6.1.3)
and for 1 <[ < L, the velocity of R; is
v] 1=y (6.1.4)
The most important assumption we make is that all these velocities are distinct:
Ve#£E, o0k, VIZU, vl #£v), VkI, o) #£v. (6.15)

These imply for any two of these objects to be far from each other when time is
large, and this assumption is essential in our analysis.

It will be useful to order breathers and solitons by increasing velocities. As
these are distinct, we can define an increasing function

vi{l,...,J} > {l,1<k<K}U{v],1<I<L}.
k l

The set {vy,...,vs} is thus the (ordered) set of all possible velocities of the
objects. We define P}, for 1 < 5 < J, as the object (either a soliton R; or a breather
By,) that corresponds to the velocity v;. Hence, Pi,..., P; are the considered
objects ordered by increasing velocity. The following notations will be needed: the
indexation by k and [, and the indexation by j, and we will keep these notations to
avoid ambiguity.

Denoting by x; the center of mass of P;, that is

» if Pj = By, is a breather, we set z;(t) := —x, + vjt;
« if P; = Ry is a soliton, we set z;(t) := _$8,k + vjt;
We denote:
L K J
R=> R, B=) By, P=R+B=) P; (6.1.6)
=1 k=1 j=1

We can now define a multi-breather: as solitons are objects which can be studied
naturally in H!(R), it turns out that breathers are best studied in H2(RR); therefore,
it is in this latter space that we develop our analysis.

Definition 6.1.1. A multi-breather associated to the sum P given in (6.1.6) of
solitons and breathers is a solution p € C([T*, +00), H?(R)), for a constant



T* > 0, of mKdV such that

t——+o00

It is possible to establish the following two results. The first one is the
existence and the regularity of a multi-breather, the second one is the uniqueness of
a multi-breather in the case when all velocities are positive.

Theorem 6.1.2 (Theorem 1). Given solitons and breathers (6.1.2), (6.1.1) whose
velocities (6.1.4) and (6.1.3) satisfy (6.1.5), there exists a multi-breather p
associated to P given in (6.1.6). Moreover, p € C*(R x R) N C* (R, H*(R)) for
any s > 0 and there exists 0 > 0 such that for any s > 0, there exists A; > 1 and
T* > 0 such that,

lp(8) = P(O)ll gry < Ase™, V¢ T

Theorem 6.1.3 (Theorem 2). Given the same set of solitons and breathers as in
Theorem 6.1.2 whose velocities satisfy (6.1.5) and vi > 0 (so that all velocities are
positive), the multi-breather p associated to P by Theorem 6.1.2 in the sense of
Definition 6.1.1 is unique.

It is also possible to prove a version of Theorem 6.1.2 that does not have any
assumption on the sign of the considered velocities. However, the uniqueness is
obtained in a narrower class.

Proposition 6.1.4. Given the same set of solitons and breathers as in Theorem 6.1.3
whose velocities satisfy (6.1.5), there exists N > 0 large enough such that the
multi-breather p associated to P by Theorem 6.1.3 is the unique solution
u € C([To, +00), HX(R)) of mKdV such that

1
u(t) = P(#) 2y = O (t—N) . as t— oo,

6.2 Stability of mKdV breathers on the half-line

An interesting problem is to describe the dynamics of breathers in mKdV
posed in the half line [ACC22], since now static breathers may not be present. In
particular, in this setting the mKdV breather is not an exact solution, except in a
very particular case of boundary data that matches the value of the breather itself.

Many physical problems naturally arise as initial boundary value problems
(IBVP), because of the local character of the corresponding phenomenon
[ZaGa7l]. However, the IBVP for the mKdV equation has been considerably less
studied than the corresponding IVP in the full line. For example, there are at least



two interesting IBVP for mKdV still in unbounded domains: the one posed on the
right half-line, and a second one posed on the left portion of the line.

Alejo, Cavalcante and Corcho [ACC22] considered the nonlinear stability of
mKdV breathers of the focusing modified Korteweg-de Vries (mKdV) equation
posed on the left half-line R~ := (—o00,0):

Oru +0,(02u +u®) =0, (¢
G
U ) - ) Y Y
0,u(0,t) = fi(t), te gO,T;.

8

(6.2.1)

In the half-line case, results by Holmer [Hol06] for the quadratic case (KdV) are
foundational. In the cubic case, consider the solution u posed on the space

ueE (R+;H2(R_)> and

| | | (6.2.2)
dlu e € (R;;H<3—J>/3(0,T)) for j=0,1,2,3.

Under (6.2.2), one can construct a local and global theory well-adapted to the space
HZ%(R™), see [ACC22] for precise details.

<_
Let B, p(t, z; x1, z2) be the mKdV breather (4.1.7), moving lefiwards in space,
and therefore when its velocity —y < 0 or equivalently, from (4.1.9), when

B < v/3a.. We consider a breather solution on the left half-line as the restriction on
R~ of classical breathers posed on the whole line, namely

e
Bag= Bag|, -

We highlight that the above breather on the left half-line is not an exact solution for
the IBVP (6.2.1), except for very particular boundary conditions f(¢) and fi(¢).
More precisely, breathers induce the natural traces given by

— —
f(t) = Bop(z =0,t;z1,22) and fi(t) = 0y B op(x = 0,821, 22).

In [ACC22] it was proved that any classical mKdV breather solution, restricted to
the left half-line R, and placed far enough from the origin x = 0, is stable in
H?(R™) under perturbations that preserve the zero boundary conditions. More
precisely,

Theorem 6.2.1. Let o, B > 0, and B, g a restricted breather (such that it satisfies
zero boundary conditions). Assuming that § < a (breathers moving leftwards),
there exist parameters 1y, Ag and Lg, depending on o and B, such that for all
L > Lo andn € (0,10) the following holds: consider ug € H?(R™) such that

llug — Ba,g(+, 0; O,L)IIHQ(R,) <.



Then there exist continuous functions p1(t), p2(t) € R such that the solution u(-,t)
of the IBVP (6.2.1) with initial data uwy and homogeneous boundary conditions

f(t) = f1(t) = 0, satisfies

sup u(t) — Bag ( t;p1(t), p2(t) + L) < Ayn+ Ke FL
teR H2(R")

for some constant K > 0.

The proof involves the construction and use of almost conserved Lyapunov
functionals a la Martel-Merle-Tsai [MMT02, CaMu19], for which it is necessary to
control some boundary terms. In addition, one has some error contributions that
appear because the restricted breather is not an exact solution for the initial
boundary value problem.

The case of the IBVP on the right half-line remains as a challenging open
problem. This problem imposes several new conditions with respect to the left half-
line case, as for instance, that the breather speed —v > 0 or that a second boundary
condition to the corresponding IBVP can not be imposed.

6.3 The cubic Whitham equation

The Korteweg-de Vries (KdV) equation (2.7.1)
up 4+ (Uge +u?), =0, u=u(t,z) R, (tz)cR?

is a simplified model equation for waves at the surface of an inviscid
incompressible fluid. The equation includes terms that describe the effects of
nonlinearity and dispersion, and the balance between these two is the theoretical
mechanism which allows the existence of coherent structures and patterns like
solitary-wave solutions and periodic traveling waves.

The KdV equation can also be used as a model for waves at the interface in a
two-fluid system although it has been noted that the so-called extended KdV
(eKdV) equation, also known as the Gardner equation (1.4.2), is more suitable for
internal waves as it more closely describes the typically broader solitary waves
[StOs98]. In the two-layer case, the unknown function n(z,t) corresponds to the
deflection of the interface from its rest position.

Following an idea of G.B. Whitham [Whi65], one may use the full
representation of the dispersion relation for a two-fluid system. In particular for a
lower layer of depth h; and density p; and an upper layer of depth hy and density
P2, the equation will have the form

N+ a1mme + aan’ng + Kr*ng =0

pP1—pP2

. . . 2 _
where the coefficients are given in terms of cj = ghihs St OY



1 p1h3 — pah?
0
hihs pihs + pahy

3
o= —c
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and

3co 7 ( p1h3 — pa2hi ? p1h3 + poh?
agy=———| - | —| - —— .
’ (hlhz)2 8 \ piha + p2h p1hz + pahy

Here K7 is the convolution operator and it is explicitly given by the kernel

_ g1 9(p1—p2) tanh(kh, ) tanh(khs)
Ki=% <\/ pi1 tanh(khs)+ps tanh(kh,) )’ (6.3.1)

where # ! is the inverse Fourier transform, defined by (see (2.3.1))

F1U(z) = 1 / h U(k)e® dk.

2 0o

quadratic coefficient vanishes, and the pure cubic equation (without the quadratic
term) appears as the most appropriate model. The equation can be normalized by
taking the depth of the lower fluid h; as the unit of distance, and h; /¢ as a unit of
time.

In this section, as in [ACK22], the so-called cubic Whitham equation is
considered, which is a simplified version of (6.3.1) given by

M+ n°ne + Kxng =0 (6.3.2)

with

_ -1 tanh k
K=F "\ —F—.

Equation (6.3.2) has the advantage of being closer to the original (quadratic)
Whitham equation (see [MKD15, KLP18, Carl8, KhAb18] and references therein),

Nt + Mz + K *1n, =0, (6.3.3)

and it can also be easily compared with the modified KdV equation

(6.3.4)



As we have already shown in Chapter 4, the mKdV equation is an integrable
model equation, and solutions may be found with the help of the ISM, or using the
Miura transform which maps! solutions of the mKdV equation into solutions of the
KdV equation [Miu68]. On the other hand, the cubic Whitham equation (6.3.2) is
not integrable as can be seen explicitly by examining the interaction of two solitary
waves (see [ACK22. Fig.1]). The existence of traveling-wave solutions and the
existence and stability of solitary wave solutions to the cubic Whitham equation
(6.3.2) was studied in [EhKa09, EGW12, EhKal3].

More recently the formation of shocks has been proved in [KSW22].
Approximate solitary wave solutions can be found numerically using a manual
cleaning process such as explained in [BoKa00]. As shown in [ACK22, Fig.1], the
interaction between two solitary waves in the cubic Whitham equation creates a
small dispersive tail after the interaction, while the same code applied to two
solitary waves of the mKdV equation shows a clean interaction. The appearance of
small dispersive ripples after the interaction is usually a strong indicator of non-
integrability.

The cubic Whitham equation (6.3.2) admits the following conserved quantities:

1
S :/ndaf:, B2 :/172d$, A3 :/(ﬂKl *7 + ZU4) dz,

where the integration is over the real line, or over one wavelength depending on the
situation. Since the equation is nonintegrable, it is unlikely that further conserved
integrals can be found.

One of the most prominent examples of a breather solution is the Peregrine
breather (see Section 3.2.4) which is an exact solution of the NLS equation [Per83].
The Peregrine breather can be obtained by perturbing the exponential Stokes-wave
solution of the NLS equation with specially chosen functions of polynomial decay.
In most of the models mentioned above, in particular the mKdV and Gardner
equations, breather solutions share common features such as having two free
parameters which can be interpreted as the amplitude and the rate of the inner
oscillation of the wave packet. In particular, the mKdV equation (6.3.4) has a
closed-form breather solution given in terms of the phase velocity v = 3a* — 52
and the crest velocity § = o* — 332

However, in [AIMul3], breathers have been characterized as solutions of a
fourth-order ordinary differential equation (see (4.2.1)) which implies that breather
solutions are critical points of a second-order Lyapunov functional (see (4.8.2)),
composed of a linear combination of low order conserved quantities [AlMul3,
AlMulS5, AMP17b]. Although some progress has been recently done in the last
years (see Section 3.3), it remains a question whether breathers exist more
generally as stable structures in nonintegrable evolution equations.




For the cubic Whitham equation (6.3.2) (as for the quadratic Whitham equation)
no closed-form solutions are known. In particular, it is not known whether (6.3.2)
features breather-type solutions. In [ACK22], some numerical simulations are
presented, which strongly suggest that (6.3.2) does admit breather solutions. In
order to find a breather, one may consider the evolution of initial data in the form
of a Gaussian, or possibly a modulated Gaussian. As the solution develops, in many
cases, solitary waves and breathers appear naturally.

For the purpose of approximating solutions of (6.3.2), a Fourier-collocation
method is used. This method has the advantage that the symbol of the linear
operator appearing in (6.3.2) can be represented exactly. The discretization and
numerical implementation are similar to methods used in [EhKal3]. The code used
in [ACK22] is versatile enough so that it can be used for KdV (2.7.1), Whitham
and mKdV (4.1.1) and cubic Whitham (6.3.2) equations by simply changing
coefficients.

In order to find coherent structures for the Whitham equation, an mKdV
breather solution is inserted as initial data into the fully discrete scheme. As a test,
firstly solve the mKdV equation itself and observe that the breather propagates as it
should (see [ACK22, Fig.2]). Since this solution has an exact form, this procedure
was also used to test the implementation of the numerical code. After that, it is
possible to insert a perturbed breather into the quadratic and cubic Whitham
equation (6.3.2). In the quadratic Whitham equation (6.3.3), a solitary wave and a
dispersive shock wave are formed (see [ACK22, Fig.3]). In the cubic Whitham
equation (6.3.2), the initial data evolve into a positive solitary wave, a negative
solitary wave, a breather-like structure and a dispersive tail (see [ACK22, Fig.4]).

In order to extract numerical approximations to a breather, a cleaning approach
needs to be used such as explained in [BoKa00]. In other words, at some intervals,
the dispersive ripples are simply zeroed out by hand, and the code is restarted. If
the coherent structure (solitary wave of breather) is stable, and the small
oscillations are propagating at a different speed than the main structure, then this
process eventually leads to a close numerical approximation of the target structure,
with small ripples essentially absent almost to machine precision. The time
evolution of three different breathers in the cubic Whitham equation (6.3.2) is
depicted in [ACK22, Fig.5]. [ACK22, Fig.6] shows the first breather from
[ACK?22, Fig.5] after evolving for 10 periods, and no difference can be discerned
visually between the starting waveform and the evolved wave.

The three breathers shown in [ACK22 Fig.5] suggest that a rich variety of
different breathers exist in the cubic Whitham equation (6.3.2). Indeed, comparing
the breather shown in the upper and middle panel, the breather shown in the middle
panel appears slightly more oscillatory, but has a much larger total wave height
(defined as the elevation of the highest crest minus the elevation of lowest trough in
the wave packet) than the breather in the upper panel. On the other hand, the
breather in the lowest panel has a similar wave height to the one in the middle
panel, but features many more oscillations. This suggests that there is probably a
two-parameter family of breather solutions, in analogy with the mKdV equation.

The question of the existence of breather solutions for nonintegrable equations
was raised in [KoKo74, DHB75]. These authors provided an asymptotic




development suggesting the existence of a breather solution in the so-called Klein-
Gordon ¢* equation. However, it was ultimately shown that this expansion did not
converge, and the purported breather solution actually features a tiny amount of
radiation, though the rate of radiation is so small that it can only be detected using
asymptotics beyond all orders [Seg87, SoWe99].

Since no radiation was detected with the numerical code used in [ACK22],
these numerical results suggest the mathematical existence of true breather
solutions. The solutions constructed in [ACK22] are also different from the SG
breather in the sense that they are propagating, and have a well-defined phase and
crest velocity, similar to the two-parameter family of mKdV breathers. In contrast,
the SG breather is a one-parameter family of stationary breathers. Nevertheless, it
is possible that the breathers found in the present work also feature very small
radiation which may be below machine precision, and in this case the breathers
found here would also be approximate in the mathematical sense, i.e. decaying after
a very long time. On the other hand, the question whether the breather is an exact
solution or a slowly radiating meta-stable state may not be of much importance in
practice. Indeed while it has been shown for example that the Peregrine breather is
unstable to virtually all perturbations [KlHal7, Mul7], breathers are nevertheless
observable in the laboratory [CNH12]. Moreover asymptotic model equations such
as the KAV and Whitham equations are generally valid physical models only on a
time scale inversely proportional to the amplitude [Lanl3, KLP18, SaWa2l,
Eme21].

It’s worth to mention that there are some works discussing mathematical
existence of structures more similar to the SG breathers (see Section 3.3 for further
reading). In [BCB11], [MaSc21] and [Hir19] nonexplicit real-valued, time-periodic
and spatially localized solutions are constructed for nonlinear nonintegrable wave
equations with periodic potentials using variational methods and spatial dynamics
and center manifold reductions. These solutions are of breather type, but are
stationary, and not propagating, so they are more similar to the breather of the SG
equation. It will be interesting to see whether breather solutions are possible in
other fully dispersive equations such as the fully dispersive Gardner equation
[Car22] and the fully dispersive NLS equation [TKDVO00].

6.4 Exercises

(6.1) Transform the mKdV equation appearing in this chapter (6.3.4), into the
corresponding one in (1.4.1)-(4.1.1).
(6.2) (Miura Transform [GKMG68]) Check the (complex) Miura transform

3 3,
V=1——Ug + —U".
vz o2

Namely, prove that if we assume that w is a solution of the focusing mKdV
equation (4.1.1), then v is a solution of the KdV equation (2.7.1).

(6.3) Check the (real) Miura transform



Namely, prove that if u is a solution of the defocusing mKdV equation
ut + (um - U’3);1; =0, (6.4.1)
then v is a solution of the KdV equation (2.7.1).

(6.4) Build, if possible, the equivalent Miura transform mapping solutions of the
cubic Whitham equation (6.3.2) to solutions of the Whitham equation (6.3.3)

ne + 1y + K xn, = 0.

1See Exercises (6.2)-(6.3) for further details.



Chapter 7

Numerical study of the mKdV breather linear
spectrum

7.1 First (and incomplete) ideas

The purpose of this section is to explain how one can recover the discrete spectrum of
a mKdV breather-like self-adjoint operator by using some standard numerical schemes.
Since mKdV is invariant under suitable scaling symmetries (see (2.10.1)), we can always
assume that = 1. Similarly, thanks to the invariance by shifts in space, we can also
assume 2 = 0. Therefore, for spectral considerations, we are finally reduced to the study
of the breather profile

By(z) :=2v29, (arctan (i sin(a(z + 7)) )) .

a cosh z

Thanks to the periodicity of the sine function, we can also assume 1 € [0, 2%]. This
breather profile is a solution to (4.2.1) with 8 =1, and from standard linear arguments
[AlMul3], the associated selfadjoint linear operator
Lzi= 24 — 21— a®) 240 + (1 + a2)2z
+5Bgzm + 1030(30)36233

(7.1.1)
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has an expected two dimensional kernel.

It is more difficult to prove that £ has, regardless the values of a € (0,00) and
z1 € [0, %’T], an always negative, unique eigenvalue A; (e, 1) < 0, which is uniformly in
x1 away from zero [AlMul3, Proposition 4.8 and Corollary 4.9]. Additionally, the
spectrum of & is isolated and the continuum spectrum is always positive and away from
zero, depending on a and 8. We would like to recover numerically all the properties
mentioned before.

7.2 Numerical scheme for mKdV

In order to obtain a numerical approximation of the eigenvalues of .Z, we follow the
approach based on the approximate Galerkin method for the Hilbert space L?(R). First, we



consider the subspace V y generated by a finite dimensional subset of an orthonormal basis
of L3(R):

VN = Span{f()a f17 f27 L) fN} C LZ(R)

For practical and computational purposes, the best candidate for an orthonormal basis is
the one generated by the Hermite functions:

fu(z) == pn(m)efxzm, zeR, n>0, / f(x)dz = 1.
R

Here p,(z) are the Hermite polynomials suitably normalized such that the f,, have unit
norm.

We will approximate the spectrum of £ by the spectrum of the finite dimensional
operator

gN = ]P)Ng]P)N,

where [P is the projection operator into the subspace V . It is expected that, as long as NV
is large enough, Zy will approach the discrete spectrum, in particular the eigenvalues of
&, any spectral gap present in the exact operator £, and even the multiplicity of the
eigenvalues (seen as two very close approximate eigenvalues)..

The above scheme reduces matters to understanding the eigenvalues of the matrix
(%N)i,j ZI/Rfiffj, ’l:,j=0,...,N, fi,ijVN.

Note that this (N + 1) x (N + 1) matrix is symmetric, so its eigenvalues are real-valued.
Using some symbolic computations done by Mathematica for some simple cases (periodic
mKdV), or using Matlab for more demanding and time-consuming cases (aperiodic
mKdV), one can compute .#y and its eigenvalues.

For the operator (7.1.1), it was important to understand the first four eigenvalues,
ordered by size. We recover the two-dimensional kernel, along with the unique negative
eigenvalue. Additionally, at each computation performed, we recovered the spectral gap
between the kernel and the bottom of the positive spectrum. We compared our results with
some standard linear operators that have continuous spectrum [0, +00) and resonances at
the origin, recovering the absence of a spectral gap by having plenty of numerical
eigenvalues near zero as N was larger and larger. As it was revealed in the numerical
computations, for a large the code becomes unstable, and a larger IV is needed to recover
the expected results.

7.3 First results
First of all, Table 7.1 represents our findings for the case of a breather with
parameters 8 = 1, a = 0.5, and different values for the shift z;.

Table 7.1 The first four eigenvalues of £ for 8 =1, a = 0.5, and z; varying. All computations were made with

N = 160 test functions. The third and fourth columns are the approximate kernel of .Z, and the fourth eigenvalue is



immediately followed by a big amount of closer and larger eigenvalues, which represent a discrete approximation of

the continuous spectrum.

T Isteig. 2nd 3rd 4th

0.09 -4.226 -0.028 0.028 1.776
0.81 -4.191 -0.039 0.081 1.862
1.53 -3.491 -0.005 0.006 1.886
2.15 -2.557 -0.000 0.000 1.901
3.14 -1.507 0.007 0.004 1.915

In Fig. 7.1, we plot the behavior of the only negative eigenvalue with respect to the
shift ;. In order to ensure the best possible approximations, we have chosen N = 160
Hermite test functions to compute the corresponding eigenvalues.

-3 -2 -1 1 2 3

Fig. 7.1 Red dots: Variation of the negative eigenvalue of . with 8 =1, a = 0.5 and z; varying from -3 to 3. All
negative eigenvalues are between -1 and -5. The blue line corresponds to a best polynomial fit of the data. The small

upward bump appearing near the center is believed to be error of numerical origin.

A second test seeks for the description of the eigenvalues for a higher oscillatory
breather, with a = 1.5. For this case, we obtain the results described in Table 7.2 and Fig.
71.2.

Table 7.2 The first four eigenvalues of . for 8 =1, a = 1.5, and x; varying. All computations were made with

N = 164 test functions. The third and fourth columns represent the approximate kernel of .Z.

x1 Isteig. 2nd 3rd 4th

0.00 -22.067 -0.031 -0.000 10.043
0.99 -22.571 -0.000 0.000 10.086
1.57 -22.423 -0.007 0.002 10.247
2.51 -22.354 -0.003 0.007 10.222
3.14 -22.571 -0.000 0.000 10.084
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Fig. 7.2 Red dots: Variation of the negative eigenvalue of .Z with 5 = 1, a = 1.5 and z; varying from -2.6 to 2.6. All
data is below -22.05 and above -22.6. The blue line corresponds to a suitable best polynomial fit of the data, and

distance of numerical negative eigenvalues (red points) to this curve are of relative error ~ 1072,

For o = 2.5, computations become more difficult to perform, due to the oscillatory
behavior of the breather solution, and NV > 160 is probably needed; an example is the case
where 1 = 0.05 and x; = 2, where we performed computations with N = 166. Our
results for the first four eigenvalues are, respectively,

{-71.66, —0.043, 0.003, 28.090}, {-"72.335, —0.050, 0.055, 27.926}.

We conclude from numerical simulations that x; = 0 represents a critical point for the
negative eigenvalue A; (o, 1), either a maximum or a minimum, depending on the size of
the oscillatory scaling . Additionally, when computing A; numerically, some additional,
unexpected positive error appears at 1 = 0 (see e.g. Fig. 7.2), that we have not yet fully
understood.

Finally, we look for the behavior of the minimal eigenvalue with respect to the
oscillatory parameter a. We fix ;1 = 0 and 8 = 1, and we plot the resulting minimum
eigenvalue and the second eigenvalue as a function of a. We get the results shown in
Figure 7.3. Note that the larger « is, the less accurate is the second eigenvalue (believed to
be zero), but up to o = 2, the relative error stays bounded below 10~

Min_2nd_Eig
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0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Fig. 7.3 Two first minimal eigenvalues of the linearized mKdV operator around the mKdV breather (4.1.1) with
z1 = 0 and 8 = 1 while « is varying from 0.5 to 2.0. A simple log plot reveals that the absolute value of the minimal

eigenvalue depends approximately on the second power of a.

7.4 Conclusions

We can conclude, from the previous numerical analysis, that the rigorous description
obtained in [AlMul3] is certainly recovered in a satisfactory way.

lAdditionally, as far as IV is large, the continuous spectrum is also discretely approximated on compact intervals.



Chapter 8
The Gardner model

8.1 Introduction

There is a second KdV-like model with explicit breather solutions, and in some sense more
general than the mKdV breather (4.1.7) presented in Chapter 3. It was already introduced in
Subsection 3.2.2, but in this chapter we will further describe its breathers and their main
properties.

This model is a mix between the KAV and mKdV nonlinearities, and is usually referred to
as the Gardner equation

0w +0,(0%w + pw? + w?) =0, @.1.1)
pw>0, w(tz)eR, (tz)ecR> o

The Gardner equation (8.1.1) is the prototype of integrable model counterexample to
several desired properties in nonintegrable models. Indeed, the key characteristic of the Gardner
equation (8.1.1) is that it contains a nonlinear part composed of a Korteweg-de Vries (KdV)
quadratic term (w?)_ and a positive modified KdV (mKdV) cubic term (w?) . The competition
between this nonlinear part and the linear dispersive term w,,, allows the existence of intricate
soliton, multisolitons as well as exact real-valued breather solutions (see (8.4.1)).

The Gardner equation (8.1.1) is a well-known completely integrable model [GKMG6S,
AbCI91, Lam80], with infinitely many conservation laws. As a physical model, (8.1.1)
describes large-amplitude internal solitary waves, showing a dynamic which can look rather
different from the KdV form. Solutions of (8.1.1) are invariant under space and time
translations. Indeed, for any tg, g € R, w(t — tg, 2 — o) is also a solution. Note that (8.1.1) is
not scaling invariant. Moreover, (8.1.1) is closely related to the modified Korteweg-de Vries
(mKdV) equation already studied in (4.1.1), through the search of L*-solutions. In fact, it is
easy to see by substitution, that the following property holds:

Lemma 8.1.1. Let u be a solution of the mKdV equation (4.1.1) with a nonvanishing boundary
value or condition (NVBC) p € R\ {0} at +00. Then

2
w(t,z) :=u <t,x—|— H—t) _E
3 3

is a solution of the Gardner equation (8.1.1).

Lemma 8.1.1 provides a useful tool, since this relationship between these two models will
appear several times. For this reason, we will shortly explain each result on the Gardner model,
leaving the reader the main details in the bibliography.
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Fig. 8.1 Comparison between the mKdV soliton (full line, u = 0,c = 1) and the Gardner
soliton (dashed) (8.2.1) with u = 0.25,¢c = 1.

8.2 Solitons

As well as mKdV, Gardner has solitons and breathers, but their description is more
complicated. The profile of the soliton solution (see also Section 2.10) is explicitly given by:
w(t,z) = Qculz—ct), c,pu>0,
c

Qepuls) = : (8.2.1)
B4 & 4 £ cosh (y/cs)

The reader can also check that Q. ,, > 0 satisfies the nonlinear elliptic equation

Qlcl,p, —C QC,/L + ;U’Qz,,u, + Qg,,u = 0’ QC,H > 07 QC,,U 6 Hl(R)'
In fact, in the limit 4 — 0, one recovers the classical mKdV soliton.

8.3 Conserved quantities

In the case of the Gardner equation (8.1.1), the mass has the same definition as in mKdV
and the energy is given by

B, [w)(¢) ;:% /Rwi— . /ng—%/Rw‘l:Eﬂ[w](O). (83.1)

As well as mKdV, one has a third conserved quantity, given by

1 5 5
Fu[w](t) = /w?m_ EM/waz—i_ 1—8112/Rw4

.—5 =
5 1

——/w2w§+ﬁ/w5+—/'w6— F,[w](0).
2 Jr 2 Jr 4 Jr

This conserved quantity is key for the stability proof, as well as in mKdV.

(8.3.2)

8.4 Gardner breathers

For the Gardner equation (8.1.1), the breather solution can be obtained by using different
methods (e.g. Inverse Scattering (ISM), Hirota method, etc), and it is characterized by the
introduction of the parameter y previously shown.



Definition 8.4.1. Let o, B, u € R\ {0} such that A = a? + 82 — QT“Z > 0,and 1,2 € R.
The real breather solution of the Gardner equation (8.1.1) is given explicitly by the formula

~ Gapu(t,z
Bogu(t,z) :=0,B := 2v2 8, (arctan (£ )) ) (8.4.1)

Foppu (t,z)
with
Blasin(ay1) — Beos(ay1))  v2uB(cosh(Byz) + sinh(By»))
Ga,ﬁ,#(t,m) = - )
a\/Z_ 3A
Foppu(t,z) = cosh(Bys) — N cos(ayy),

with y; and y» defined in (4.1.8).

Note that Gardner breather solutions (8.4.1) are periodic in time, but not in space.

Additionally, every Gardner breather satisfies Definition 3.1.1 with T = a(ii 5 > 0 and

L = —~+T'. Another interesting fact is that in the formal limit 4 — 0, one recovers the standard
mKdV breather (4.1.7). Moreover from (8.4.1) one has, for any k € Z,

km
Baﬁ,(*l)k“ (t, o+ E ’m2> - (_1)kBa75,u(t’ m;ml’wZ)’

which are also solutions of (8.1.1). This identity reveals the periodic character of the first
translation parameter x;, coupled this time to the parameter (—l)k,u, keZ.

B,
3

Fig. 8.2 Comparison between the mKdV breather (full line, 8 =1,a = 5, u = 0) and the
Gardner breather (dotted) (8.4.1) with 8 =1, = 5, 4 = 0.5.

Gardner breather solutions have also been used in [Alel2d] to prove the ill-posedness for
the Gardner equation (8.1.1) in the line, showing that solutions cannot depend on a uniformly
continuous form on their initial data in the Sobolev spaces H*(R) for s < 1/4.

Gardner breathers were discovered in [PeGr97]. A more detailed version can be also found
in [Alel12c¢]. Both results use the ISM. Finally note that spatially periodic Gardner breathers can
be obtained from periodic mKdV breathers with NVBC, through Lemma 8.1.1. See Chapter
11.11 for further details.

Remark 8.4.2. The Gardner breather is a four-parametric solution, with two scalings (a, 8) and
two shift translations (z1, z2). Note that we impose a? + 5% — %uz > 0, since we deal with




real-valued solutions. Therefore p € (0, f4maz ), Where

a? + (2
max +— 3\/ .
a 2

Remark 8.4.3. Note that we can formally take the limit when o — 0 inl (8.4.1), obtaining the
so-called double pole solution for the Gardner equation (8.1.1), which is a natural generalization
of the well-known double pole solution of mKdV:

Fig. 8.3 Comparison between the Gardner breather (8.4.1) (dotted, 8 =1,a = 5, u = 0.75)
and the double pole (full) (8.4.2) with 5 = 1, u = 0.75.

Definition 8.4.4. Let 3, u € R \ {0} such that Ay = 5% — %,u2 > 0, and 1, o € R. The real-
valued double pole solution of the Gardner equation (8.1.1) is given explicitly by the formula

Bg . (t,x) :=8,B :=2v20, (arctan <M )) , (8.4.2)

with

By1 V2uPleosh(Bys) + sinh(Bys)]

NN 34 ’
V2ull —

Fp,(t, ) := cosh(By2) — M,

3v/ Ay

and where now y; = ¢ — 38%t + 1 and yp = = — 8%t + 5.

Gﬂ>/‘(t7 x) =

The Gardner double pole, as well as the mKdV double pole, are still not well-understood
from a rigorous mathematical point of view. Being naturally unstable, constructing a manifold
where the solution is stable is an interesting open problem.

8.5 Stability of Gardner breathers

Following the ideas from [AlMul3] (with no big changes), it is possible to prove that
Gardner breathers are H 2-stable. Specifically, we present here a proof on the stability in H?(R)
of Gardner breathers, showing that this stability is independent of the value of the parameter p,
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which controls the strength of the quadratic nonlinear part or KdV term w?, in its existence

interval for real Gardner breathers.
Theorem 8.5.1 (H2-stability of Gardner breathers). Let «a,(,u € R\ {0} such that

A=a’+p%— 27“2 >0 and let B, = B,g, be any Gardner breather (8.4.1). There exist

positive parameters 1, Ao, depending on o, 8 and p, such that the following holds. Consider
wo € H2(R), and assume that there exists n € (0,m0) such that

|[wo — B#(t =0;0, O)HHZ(R) <n.

Then there exist x1(t),z2(t) € R such that the solution u(t) of the Cauchy problem for the
Gardner equation (8.1.1), with initial data u, satisfies

sup lw(t) = Bu(t; 21(2), 22(0) | ey < Aom.
teR

Precise estimates on the derivatives of the parameters x(t) and z,(t) are easy to obtain
using modulation theory. Since the proof is similar to the mKdV case, we highlight the most
interesting steps in the proof.

8.6 Elliptic equations satisfied by Gardner breathers

For the Gardner case, one has the following result [Alel8]:

Theorem 8.6.1. Let B, = B, g, be any Gardner breather (8.4.1). Then, for any fixed ¢ € R,
B,, satisfies the nonlinear stationary equation

Gu[Bu] := Bua — 2(% — @®)(Bpuza + uB2% + B3) + (o + §2)°B,,

+5B,B> +5B%B +335+E B?
K= p,x [V 202 2 1 3 M sT (861)
10 10 2 3 5 4
+?:U’B#BM,1'-T + 9 H B, + E”BM =0.

Notice that one recovers the mKdV case (see (4.2.1)) whenever u approaches zero.

Corollary 8.6.2. Any Gardner breather B,, is a critical point of the functional

A [w)(t) = Fulw](t) +2(8* — a®)E,[u](t) + (a® + 57)" M[w](2),

where M is the mass (L* norm), E, is given in (8.3.1), and F), as in (8.3.2).
Note that (8.3.1) reduces to (4.2.1) when p = 0.

8.7 Linear analysis

As a consequence of Theorem 8.9.1, one is led to the study of a linear operator. In the
mKdV case, this is of order four. In the Gardner case, the situation is more complicated because
of new terms.

Definition 8.7.1. Let z € H*(R), and B, be any Gardner breather. We define .%,, as the
linearized operator associated to B, as follows:



Lz = 24 — 2(82 — @) 2ge + (02 + ﬂ2)2z (8.7.1)
+5Bizm +10B,B,, ; 2,
+ (533@ +10B, B,z + ?B;ﬁ —6(8% — a2)B§> z
10 10
+ 3 uBzer + 3 uB 2z,
10 10

+pu (1032 —4(B% —a®)B, + 3 Buaa + 5 uBi) z.

Figure 8.4 numerically shows the spectrum of .Z), (8.7.1). It naturally shows the presence
of a unique negative eigenvalue, two elements in the kernel, and a suitable spectral gap. This
behavior will be rigorously proved in forthcoming sections.

1=0.01
A 2L A A 4 a

Fig. 8.4 The graph of the negative eigenvalue, the double zero kernel and the fourth
eigenvalues for the linearized operator %), (8.7.1) around a Gardner breather, for
B=1, a=0.5 and two differents 4 = 0.01 and p = 0.1, while z; varying between -0.4
and 0.4. Computations were made with N = 50 test functions.

8.8 Nonlinear identities and Weinstein conditions

The aim of this section is to get stability tests by computing generalized Weinstein
conditions for any Gardner breather B, (8.4.1). We begin with the simpler case of the Gardner
soliton (8.2.1), where the mass and the energy are given by the quantities

2v/2 (3\/2)

M[Q.,] :=2vc— —— parctan —

and

2 4 42 3v/c
EuQcu] == —§c3/2 + 5u2\/5— 2—7,u3 arctan ( 7 ),
7’

which reduce, when u = 0, to the well-known mass and energy of the mKdV soliton solution
[AIMul3, eqn. (2.1)]. From these expressions we see explicitly the coupling between the soliton
scaling ¢ and the parameter p in the computed mass and the energy. Note that the Weinstein
condition [Wei86] is now, for ¢ > 0, u € R\ {0},

B

0:M(Qcp] = ——— >0. (8.8.1)
c+ —pu

©o |



This inequality guarantees the nonlinear stability of the Gardner soliton (8.2.1). Moreover note
that the same condition for the energy of the Gardner soliton 0.E,[Q.,] = — cfziﬂ does not
9

vanish either.

Lemma 8.8.1. Let B, = B, g, be any Gardner breather, for o, B, v as in definition (8.4.1).
Then, the mass of B, is

M[B,|(t) =48+ 27\/5 W arctan < 2\g2AMﬂ ) . (8.8.2)

Remark 8.8.2. Note that as we could expect, after the Gardner soliton case, the mass of any
Gardner breather depends on the scalings «, £, and the parameter . This dependence slightly
differs from the exclusive dependence of the mass of any mKdV breather on the second scaling
parameter 3 (see (4.1.11)).

From the involved integral in (8.8.2), we can define the partial mass of any Gardner
breather as follows:

Definition 8.8.3. Let B, = B, g, be any Gardner breather, for o, 3,  as in definition (8.4.1)
(such that A = a? + 32 — % w? > 0). Then, we define the partial mass associated to any
Gardner breather as:

Myt ) = Mapu(t, )

1 x
= — / BZ(t,s;xl,xg)ds
2 J-w

242 Gapu(t, z)
+ Fog,ﬁyu) (t,z) — Tuarctan (L . (8.8.3)

= 26 +09,log ( G2
( FayﬁJ—L(t’ x)

a,Bp

A direct consequence of the above results are the following generalized Weinstein
conditions:

Corollary 8.8.4. Let B, = B, g,, be any Gardner breather of the form (8.4.1). Givent € R
fixed, let

AQBM = 6aB,u, and AgBu = aﬁBu.

Then ¥ p € (0, fimqz) both functions Ao, B,, and AgB,, are in the Schwartz class for the spatial
variable and they satisfy the identities

16u%Ba

0.MB,|=| B A,B,=——— <
[ H] ‘/R 13 12 9A2+8/,L2,32

0, (8.8.4)

and

9A? + 2u2A 4 8u*B?
a wo >0, (8.8.5)

osMI|B,| = | B,AgB, =4
B [u] /Ruﬂu < 9A2 + 8232

independently of time.



Proof. By simple inspection, one can see that, given a fixed ¢, A,B, and AgB, are well-
defined Schwartz functions. The proof of (8.8.4) and (8.8.5) is consequence of (8.8.2). o

Consider now the two directions associated to spatial translations. Let B, g, as introduced
in (8.4.1). We define

Bl(t; T, .’132) = 6m1Ba,ﬁ,p(t; L1, CCQ),

8.8.6
Ba(t;w1,22) i= By Bapultizs,az). (8.:8.6)

It is clear that, for all t € R, and «, 8, p as in definition 8.4.1 and z1, x5 € R, both By and B,
are real-valued functions in the Schwartz class, exponentially decreasing in space. Moreover, it
is not difficult to see that they are linearly independent as functions of the x-variable, for all
time ¢ fixed.

Lemma 8.8.5. Let B, = B, g, be any Gardner breather of the form (8.4.1). Then we have

() B, = EWC, with Bu = Ea,ﬂ,u given by the smooth L™ -function

~ Ga
B,(t,x) = 2v/2 arctan ( e ) (8.8.7)

Foppu
(2) For any fixed t € R, we have (E u), well-defined in the Schwartz class, satisfying
Byea + Byt + uB: + B3, = 0. (8.8.8)

(3) Let A, be defined by (8.8.3). Then
2 1oy, 2 s ol
Blo+ 5 Bit 3Bl + 28,8 = 2M,), = 0. (339)
(4) Finally, let By and B, as in (8.8.6) and B, = 8zi§#, §ij = 8mi8$j§u, 1,7 =1,2. Then

T
/ (Bis — BuBx») = — (% + B,L)Bu +8?,0, log (Giﬁ,ﬂ + ij). (8.8.10)

—00

Proof. The first item above is a direct consequence of the definition of B, = B, g, in (8.4.1).
On the other hand, (8.8.8) is a consequence of (8.8.7) and integration in space (from —oo to x)
of (8.1.1). To obtain (8.8.9) we multiply (8.8.8) by B/, , and integrate in space. Finally to prove

(8.8.10), since we are working with smooth functions, one has B, = B + B,, and also

Bl = Bll + Elz, and Bz = §12 + 522.

Now, since Eé = B% + E%l — 231§11 and EQQ =By — B+ §11, we get

(B2, — BuBx) = B? + B}, — 2B1B1; — Bui(B; — By + Bu)



= B? — B11(B1 + B3) = B} — B11 8,(B1 + By) = B — B;1B,,,.  (88.11)

Now integrating (8.8.11) in z, we obtain:
T x

(B}, — BuBy) = / (B} — BiiBy..)

—00 —00

_ / B2 - (Bﬂéuy””oo— / BHBH>.

Using that B, B = 831 (%Bi) — B2, the last integral above simplifies as follows:

/ B2 - (BMB'HF”OO— / B,LBH)
z SR @ 1
:/ B% — (BuBll|oo —/ (0§1<532> — B%))

~ |z 1 ~
= _BNBHLoo —1—631/ 532 = _BNBH +8§1///N[t,:r:}.

Now, using (8.8.3), we get

02, M), = 02,0, 10g (G2

2 F =
afu T Fa,ﬁ#) B EBH'

Finally, substituting this derivative in the last equation above, we obtain the desired
simplification. The proof is complete. mi

We compute now the energy (8.3.1) of any Gardner breather solution.

Lemma 8.8.6. Let B,, = B, g, be any Gardner breather, for a, B, pu as in definition (8.4.1).
Then the energy of B, is

V2 Néuﬂ). (8.8.12)

4 8, 4V2
E.[B,] = Eﬂ’y—i— 55;1, + 7y arctan A

Remark 8.8.7. Note that in the Gardner case, in comparison with the mKdV case (4 = 0), the
sign of the energy is dictated by a nonlinear balance among the velocity « and the u terms.

Proof. First of all, let us prove the following reduction

1

EB(t) = 5 /R ((///u)t(t, z) — %Bi(t, m)) daz. (8.8.13)

Indeed, we multiply (8.8.8) by B, and integrate in space: we get

2 _ o) 3 4
/RBW —/RB#BW—HL/RBM —i—/RBu.

On the other hand, integrating (8.8.9),

1 2 ~
2 4 3 =
/B“’”” E/B"JrEN/B“jLz/B”B”’t_z/(///”)t .
R R R R R



From these two identities, we get

. 4 ~ 10 3
/RB/JZ E/R(//{ﬂ)t_Q/RBuBu,t_ EH/RB;M

and therefore

2 4 =3 K 3
BM@ = E (%ﬂ)t - BHBNJ - 6 BH'
R R R R

Finally, substituting the last two identities into (8.3.1), we get (8.8.13), as desired.
Now we prove (8.8.12). From (8.8.3), we have that

Mt 2) = 28+0,10g (G2 5, + F2,) géﬂ,

and hence,

(M) (t,7) = 00,108 (G2, + FLp,.) — = B

a,B,u

Now substituting in the energy (8.8.13), remembering the identity (8.8.8) and the explicit
expression for ./#,[B,] in (8.8.2), we get

mwmwzééQﬂu@m—gﬁ)w

1 P
— 9 9 ;
= g\/R (8:[8)5 IOg (Ga,ﬂ,u + Fa’ﬁ“u) - §B,u,t — EB[L> dw
= % fR <6xat log (Gi”&’u + Fo%,ﬂw,) —+ % [Bu,xa: + )LLB%/, + Bz] . %Bz> dz
% fR <6xat log (Gi,,@y + Fj’ﬂ’#> + %B,u,mc + “;BZ) dr
+00 9
= (50010g (G2, +F25,) + §Bua) |+ % Ju Blde

4 pro4v2 o, 2v/2pp
= gﬁﬁ’-i- 8,5? + —7 K arctan A .

Corollary 8.8.8. Let B, = B, g, be any Gardner breather. Then i
4pt
- 1-
OaBy|By] = 8ap ( B1A2 + 72422 ) ’

(8.8.14)

8 <9A2 +2u2A + 4u2ﬂ2>
5 .

Remark 8.8.9. Note that the condition a = (3 is equivalent to the identity

72“2/34

aﬁEu[Bu] = M,



which is always positive, on the contrary to the mKdV breather case (i = 0). On the other hand
the similar identity (8.8.1) for the energy of Gardner solitons can not vanish for any .

8.9 Nonlinear stationary equation for Gardner breathers

Our aim in this section is to prove that any Gardner breather solution B, satisfies a suitable
stationary, elliptic equation, similarly as in the mKdV case.

Theorem 8.9.1. Let B, = B, g, be any Gardner breather (8.4.1). Then, for any fixedt € R,
By, satisfies the nonlinear stationary equation

JulBu] = Buas —2(8* — a®)(Byza + pB2 + B3)
+(a? + 8B, + 5B,B2, + 5B2B, 1
3 - 5 10 0 ,. 5
+EB” + g“Bu,z + ?#BuBu,m + Y B, + E”Bu =0. (89.1)
Remark 8.9.2. This identity can be seen as the nonlinear stationary equation satisfied by any
Gardner breather profile (8.4.1), and therefore it is independent of time and translation
parameters z1,z2 € R. One can compare with the Gardner soliton solution Q. ,(z — ct — x¢),
which satisfies the standard elliptic equation (2.10.2), obtained as the first variation of the H'!
Weinstein functional (2.10.4). Moreover note that (8.9.1) and (8.4.1) reduces to [AIMul3, eqn.
(5.2)] and (4.2.1) (up to translations) when p = 0.

Although the shift parameters x1, x2 are chosen independently of time, a simple argument
ensures that the previous Theorem still holds under time-dependent, translation parameters
:I?l(t) and Zg(t).

Corollary 8.9.3. Let B? B = B? ﬂu(t’ z;0,0) be any Gardner breather as in (8.4.1), and

z1(t), z2(t) € R two continuous functions, defined for all t in a given interval. Consider the
modified breather

Bagu(t,z) = Bﬂ,ﬁ,u(t,m;wl(t),wz(t)), (cf. (8.4.1)).

Then B, g, satisfies (8.9.1), for all t in the considered interval.

Proof. A direct consequence of the invariance of the equation (8.9.1) under spatial translations.
O

8.10 Variational characterization of Gardner breathers

In this section we introduce a new H2-Lyapunov functional for the Gardner equation
(1.4.2). Consider wo € H?(R) and let w = w(t) € H*(R) be the associated local-in-time
solution of the Cauchy problem associated to (1.4.2), with initial condition w(0) = w,. We first

remember the H 2-functional introduced before (8.3.2)
1

5 5
— = 2 _ 2 2 4
F,w|(t) = 5 /%wmda: 3,u/waxdx+ Tl /Rw dz

5 1 1 (8.10.1)
——/w2w§dm+—u/w5+—/w6dw.
2 Jr 2" Jr 4 Jr

Lemma 8.10.1. Let w be a local (in time) H*-solution of the Gardner equation (1.4.2) with
initial data wy. Then the functional F,,|w|(t) (8.10.1) is a conserved quantity. Moreover, w is a
global (in time) H?2-solution.




The existence of this last conserved quantity is a deep consequence of the integrability
property for the Gardner equation. In particular, it is not present in a general, nonintegrable
gKdV equation. The proof of Lemma 8.10.1 is an easy computation, that we partially leave to
the reader.

Moreover, and notably, we are also able to compute (8.10.1) at B,,, namely

Lemma 8.10.2. Let B, = B, g, be any Gardner breather, for o, B, p as in definition (8.4.1).
Then we have that

F,B,] := i <3ﬂ(ﬂ4 —108%a?% + 5a*) — %;ﬂﬁ (52 —3a% - E,tﬂ))
(8.10.2)

15 3
8v2 | 2v/2u8

+ —— p° arctan .
243 3A

Using the functional F),[w] (8.10.1), we build a new H 2_Lyapunov functional specifically
associated to the breather solution. Let B, = B, 3, be any Gardner breather, and ¢ € R, and
M[w] and E,[w] given in (4.1.4) and (2.10.3) respectively. We define

Aul() = Fulul(t) + 208 - 0?)Buul(t) + (0 + 82 Mlul(t).  (8.103)

Therefore, 5%, [w] is a real-valued conserved quantity, well-defined for H 2-solutions of (1.4.2).
Note additionally that the functionals J¢],— (4.9.24) and 7], for the mKdV and Gardner
equations are surprisingly the same.

Lemma 8.10.3. Let B, = B, g, be any Gardner breather, for o, B, ju as in definition (8.4.1).
Then we have that

2v/2 2v/2
J€,[B,) = hi+ h - W arctan ( 3AM5> ,

with

5 3

2
hy = ((a2 + 8%+ %,uQ <,32 —a’+ %))

Proof. Collecting the mass (8.8.2), the energy (8.8.12) and F, at B,, (8.10.2), and substituting at
(8.10.3), we get (8.10.4). o

hi = ?—ﬂ <4ﬁ4 +20a%p% + %,uz (5ﬂ2 —3a? + 3u2>>,
(8.10.4)

Let z € H4(R), and B,, be any Gardner breather, with shift parameters z1, . We define
Z, as the linearized operator associated to B, i.e. the bilinear operator obtained after a
linearization of the Lyapunov functional (8.10.3) at the Gardner breather B,,, as follows:

Lozi= 24y — 2B — %) zge + (0 + £2)°2 (8.10.5)
+5B2 24 + 10B, By 22,
2 15 4 2 2 2
+ (5B, +10B,B, 2 + ) B, —6(8" —« )Bu z

"
10 10
+ ? /'LB;szz + E IU‘B;L,zzx



10 10
+p (1032 —4(8* —a?)B, + ) B2z + ?,U,Bi> 2.

Let us also define
1
2, = 3 /zfuz. (8.10.6)

The following concept, associated to a bilinear operator like 2, (8.10.6), is standard and it will
be useful for us.

Definition 8.10.4. Any nonzero z € H? is said to be a positive (null, negative) direction for 2,
if we have 2,,(2] > 0 (= 0,< 0).
One has the following

Lemma 8.10.5. Gardner breathers B,, (8.4.1) are critical points of the Lyapunov functional F,
(8.10.3). In fact, for any z € H*(R) with sufficiently small H?*-norm, and B, = B,g, any
Gardner breather solution, then, for all t € R, one has

HulBut 2] =~ HIBL) = T 2,0 + Al

with 2, being the quadratic form defined in (8.10.6), and N,[z] satisfying
| Aul2)] < Kl|2]1 5o -

Proof. Exercise. O



8.11 Spectral properties around Gardner breathers

Essential for the proof of the main result of this section, Theorem 11.7.1, is the spectral
study of the associated linear operator .Z), appearing from Theorem 8.9.1 and particularly,
equation (8.9.1). Hence, in this section we describe the spectrum of this operator. More
precisely, our main purpose is to find a suitable coercivity property, independently of the
nature of scaling parameters. The main result of this section is contained in Proposition
8.11.11. Part of the analysis carried out in this section has been previously introduced for
solitons by Lax [Lax68], Maddocks-Sachs [MaSa93] and for mKdV breathers by Alejo-Muiioz
[AIMul3], so we follow their arguments adapted to the Gardner breather case, sketching
several proofs.

Lemma 8.11.1. %, is a linear; unbounded operator in L*(R), with dense domain H*(R).
Moreover, £, is self-adjoint.

A consequence of the previous result is the fact that the spectrum of %), is real-valued.
Furthermore, the following Lemma describes the continuous spectrum of .Z,.

Lemma 8.11.2. Let a, B, p as in definition (8.4.1). The operator £), is a compact perturbation
of the constant coefficients operator

Loz = 24y — 2(B> — 0z + (@® + B°) 2.

In particular; the continuous spectrum of %), is the closed interval [(a® + ﬂ2)2, +00) in the
case B> a, and [4a?B%,+0) in the case B < a. No embedded eigenvalues are contained in
this region. The eigenvalue zero is isolated.

Proof. This result is a consequence of the Weyl Theorem on continuous spectrum. Let us note
that the nonexistence of embedded eigenvalues is consequence of the rapidly decreasing
character of the potentials involved in the definition of .Z),.

The isolatedness of the zero eigenvalue is a direct consequence of standard elliptic
estimates for the eigenvalue problem associated to .Z),, corresponding uniform convergence on

compact subsets of R, and the nondegeneracy of the kernel associated to .Z),. ]

Now, remembering the definition (4.9.4) of the two directions associated to spatial
translations B, By, it is easy to see the following:

Lemma 8.11.3. For each t € R, one has
ker %, = span {Bl(t; z1,x2), Ba(t; x1, :132)}

Proof. From Theorem 8.9.1, one has that 8,,J,[B,] = 0;,J,[B,] = 0. Writing down these
identities, we obtain

,SfuBl(t;:I:l,azz) :,S,”HBQ(t;ml,mg) :0, (8.11.1)

with %), the linearized operator defined in (8.10.5) and By, By defined in (4.9.4). A direct
analysis involving ordinary differential equations shows that the null space of %) is spawned
by functions of the type



e cos(ax), e*PTsin(az), a,B >0,

(note that this set is linearly independent). Among these four functions, there are only two L2-
integrable ones in the semi-infinite line [0, 4o00). Therefore, the null space of &), Hi(R) 18
spanned by at most two L2-functions. Finally, comparing with (8.11.1), we have the desired
conclusion. o

We consider now the natural modes associated to the scaling parameters, which are the
best candidates to generate negative directions for the related quadratic form defined by .Z,.
Recall the definitions of A,B,, and AgB,, introduced in (4.9.1). For these two directions, one
has the following

Lemma 8.11.4. Let B,, = B,, 3, be any Gardner breather. Consider the scaling directions
AoB,, and AgB,, introduced in (4.9.1). Then, given o, f > 0 and ¥ pi € (0, fimaz), we have

/AB‘%AB 3202 (14 — 24 >0 8.11.2
@ @ - o A9 1 o .900 ) 1.
R R 9A2 1 81232 ( )
and
/AﬁBuguAﬂBu
R
2 9AZ + 202 A + 4p? B2 (8.11.3)
-1 2 g2 2, 32, % 2 '
6,3<a g+ (o +,6’+9u>< T <0

Proof. From (8.9.1), we get after derivation with respect to « and S,

ZuNoB, = —4a[Byos + Bl + uB. + (o® + B°)B,),

LuNgBy, = 4B[Bae + B + uB. — (o + B)B,).

We deal with the first identity (8.11.2). Note that from (8.8.4), (2.10.3) and (8.8.14),

/ AoB,%,A.B,
R

= —4da / [Buza + BZ + NBZ + (a® + 52)Bu]AaB#
R

= 4a 0,E,[B,] — 4a(a’® + %) 8. M[B,]

4 4 ) 2 Ol2+ 2
=32a28(1- — a + pla” +5) = (8.11.2).
9 9A2 4 8u282 | QA2+ 8u2p32

Following a similar analysis, we have
/ AsB, %, AgB,
R

=48 [ (Byus + By + 4B} + (a7 + ) BB,

= —4B03E,[B,] — 48(c® + B*) O3M[B,)]



= 48 l4(a2 — B+ §#2 <1+ M)]

9 9A2 + 8u2p?
2u*(A - 25%)
—4B(a® + 32 4<1+ —) = (8.11.3).
Blat 4 g (14 g n D ) = 611y
o
A direct consequence of the previous identities and Corollary 8.8.4, is the following:
Corollary 8.11.5. With the notation of Lemma 8.11.4 let
B algB, + BAB,
= . 8 1 1 4
YT 8aB(a? + B) 114
Then By, is Schwartz, satisfies £,Bo, = —B,, and ¥ p € (0, fimaz)
1 A% + 22 A + 45212
/ BO,MB[L = s s > 0. (8115)
R 26(a? + £?) OAZ 1 8262
Moreover,
1
— / By, %,By,, < 0. (8.11.6)
2 Jr
Remark 8.11.6. In other words, from Definition 8.10.4, we can see By , as a negative
direction of 2, V u € (0, thmaz ). Besides that, By, is not orthogonal to the breather itself.
Note additionally that constants involved in (8.11.5) are independent of time.
Proof. Using (8.11.4), we are lead to understanding the sign of the function
1
By,B, = ——————— alAgB, + BA.B,)B
/R O,uu 8aﬂ(a2—|—ﬁ2) /R( BPu 5 u) M
1
= —— (@ 0gM|B,| + B0, M|B
8af(a? + B2) (a 8sM[B,] + B [Bu])
1 2u2A 16p*af’
o (whs 1 B p B
8af(a? + B?) 9A? + 8u?p? 9A2 4 8u2p?
= (8.11.5),
where 03 M [B,,] was computed in (8.8.5). o

Now, in order to prove that £}, possesses, for all time, only one negative eigenvalue, we

follow the Greenberg and Maddocks-Sachs strategy [Gre91, MaSa93], applied this time to the
linear, oscillatory operator .Z,,. More specifically, we will use the following

Lemma 8.11.7. (Uniqueness criterion, see also [Gre91 MaSa93]) Let B, = B, g, be any
Gardner breather; and By, By the corresponding kernel of the operator Z,,. Then £, has

Z dim ker W[Bj, Bs](t; x)

zeR



negative eigenvalues, counting multiplicity. Here, W is the Wronskian matrix of the functions
B 1 and BQ,

WiB Bile) = | &) (59| o) &1L

Proof. This result is essentially contained in [Gre91, Theorem 2.2], where the finite interval
case was considered. As shown in several articles (see e.g. [MaSa93, HPZ11]), the extension to
the real line is direct and does not require additional efforts. We skip the details. ]

In what follows, we compute the Wronskian (8.11.7). The surprising fact is the following
greatly simplified new expression for the determinant of (8.11.7) and which generalizes the
Wronskian for the mKdV’s breather case (1 = 0) (see [AIMul3, Lemma 4.7]):

Lemma 8.11.8. Let B,, = B, g, be any Gardner breather, By, By the corresponding kernel

; _ 2 2
elements defined in (4.9.4) and D,, = Fa,ﬁ,,u + Ga,ﬁ,u' Then

AR+ )19 + D) — 4pP(a? — )]
det W[By, Bs|(t; z) = 9A3D?2
. 45%u? cosh(28y2)
h
(Sm (28y2) + 9(a2 + B2)% — 4p2(a? — p2)
_BAOE + 8 — 2’ (@’ — B) sin(2am)
a(a? + 52)(9(a? + £2)” — 4u2(a? — u?)
4822 A cos(2ay1) )

(8.11.8)

(a2 + B2) (9(a? + B2)° — 42 (a2 — p2))
Proof. We start with a very useful simplification. We claim that

det W[Bl,Bz](:IZ)
w ~ (8.11.9)
— —2(a2 -+ 52) <_ (g —+ B/J,)Bll +8§181- log (Gi,ﬂ,ll + F‘iﬂ:#))’
with B, = B, (t, z; 21, z2) defined in (8.8.7), and B;, B;j, i, = 1,2, as in (8.8.6). In order

to prove the above simplification, we start from (8.8.8), and taking derivative with respect to
x; and x5, we get

(B2):I:a: + (‘§2)t + 3BzB2 + 2'U'BUB2 = 0_

Multiplying the first equation above by B, and the second by — B, and adding both equations,
we obtain

(Bl)chZ - (B2)mxB1 + (El)th — (EZ)tBl — (),
that is,

((B1),B> — (B3),B1), = (B3),B1 — (B1),Bo. (8.11.10)

On the other hand, since we are working with smooth functions, one has B, = B 1+ B 2,



By = By + Byy, By= B+ By,
and
(B1); = 6B11 +vB12, (B:); = 6B1s+vBxn.
Substituting into (8.11.10), we get
((B1),Ba — (Ba),B1), = (6 — 7)(BY, — Bi1Ba).

Now, integrating in « and using the nonlinear identity (8.8.10) we get

det W[Bl, BQ](.%)

— —2(a? + B2) (— (5 +Bi)Bu +020:10g (G2, + F iﬂ,u)) '

Finally to prove (4.9.9), we write explicitly the two terms involved at the r.h.s. of equation
above. We will follow notation
G:=Gaopu, G1:= Gy, Ga:=Gy,, G3:=Guy,, G4 :=Gp0yy Gs5:= Guppay and
F:=Fop,, F1:=F,, Fo:=F, , F3:=Fy; , Fy:=F,, , F5:= Fy; . . Hence we get,

(4/3)Dy — 2v2(~F1G + FGh)

- 2v2
11— —5~
D;,
X [— G2(F4G — 2F2G2) — F2(F4G + 2F2G2)
+F3G4 + FG(2F22 — 2G% + GG4)] ,

and finally

- M,

_(H/3+BM)BH:—2\/2F’ (8.11.11)
I

with

M = ((N/?’)Du —2V2(-F,G + FGI))

x (— G2 (FyG — 2F5Gy) — F2(F,G + 2F5G)
+F3G, + FG(2F2 — 2G2 + GG4)>.

Similarly, for the second term in (8.11.9) at the r.h.s. we have

M,
2 2 2 —
02,0: 108 (G2, + Fls,.) = D

(8.11.12)

with



M; := 16(FF; + GG,)(FF; + GG;)?
—4Du(FF1 + GGl)(F22 + FFy + G% + GG4)
_SDi(FFQ + GGQ)(F]_F2 + FF5+ G1Go + GGg)
—|—2Di(2F2F3 + IhWFy+ FFs + 2G2G3 + G1Gy + GG5).

Therefore putting together (8.11.11) and (8.11.12), we get

= —2v2M + M,
~(u/3+ Bu)Bu +02,0,10g (G35, + F25,,) = .
m

Indeed, it is possible to see that the above numerator reduces to
—2v2M; + M, = 2D, Ms,

where M3 is given by
M := F2[— 2F,F3 — F1F; + 2G2G3 — 3G1Gy

+GGs5 + V2(u/3)GFy + 2v/2(u/3) F2 G

+F3(Fs — V2(1/3)Ga)

—|—F[F5G2 +2F,GG1 — 4F3GGy + 4F5G1 Gy
—4FGG3 — V2(u/3)(2F2G — 2GG3 + G*Gy) (8.11.13)
+2F(F} — G} + GGy)

+G[~ 3F1F4G — 2F}G1 + 2G1G} — 2GG2G3 — GG1Gy
+G2G5 + \/5(#/3)F4G2
+2F,(F3G + 2F1G> — v/2(u/3)GGy)).

We verify, using the symbolic software Mathematica, that after substituting F’'s and G's terms
explicitly in M3 and lengthy rearrangements, (8.11.13) simplifies as follows:

—28%(a + B*)(9(a® + B2)" — 4p*(a® — p?))
9A3
- 4/8214? cosh(28ys)

x <s1nh(2ﬁy2) + 9(a? + 82)% — 4p(a? — p2)

BA(9(a? + B7)” — 2u*(a? — B7)) sin(2ay:)
a(@ + )02+ 8 — 4 (a? — 1))

4632 A cos(2ay1)
(a2 + B)(9(a? + B2)° — 4u*(a® — u2))

2M; =

Finally we get

. —2v/2M; + M

~(u+ By)Bu +02,0,10g (G35, + F2,,) = Dy,
_ 2D,M;  (8.118)
D} 202+ 8%

Proposition 8.11.9. The operator %), defined in (8.10.5) and for every p € (0, fimaz) has a
unique negative eigenvalue —)\% < 0, of multiplicity one, and Ao = Ao(ev, B, 1, 1, T2, t).

Proof. The proof is very similar to the mKdV case. ]

We consider now some standard remarks. We can reduce the spectral problem to another
independent of time. Indeed, after translation and redefinition of the shift parameters 1 and x»
we can assume that



21
B,u = Ba,ﬁ,u(o)x;wl’o)’ A |:07 _:| .
(8%

In what follows we assume that B, is given by the previous formula.

Let B_; € &\ {0} be an eigenfunction associated to the unique negative eigenvalue of
the operator .%,,, as stated in Proposition 8.11.9. We assume that B_; has unit L%-norm, so
B_, is now unique. In particular, one has .£,B_; = —A%B_l. It is clear from Proposition
8.11.9 and Lemma 8.11.3 that the following result holds.

Lemma 8.11.10. There exists a continuous function vy = vy(a, B, p), well-defined and
positive for all a, B > 0, with p € (0, fmaz ), and such that, for all zo € H?(R) satisfying

/ZOBl :/ Z(]Bl :/ ZOBQ = 0,
R R R

then
2u[z0] > voll 20|32y (8.11.14)

Proof. The existence of a positive constant vy = vy(a, B, u, 1) such that (8.11.14) is satisfied
is similar to the mKdV case. Moreover, thanks to the periodic character of the variable z, and
the nondegeneracy of the kernel, we obtain a uniform, positive bound independent of =1, z2
and t, still denoted vq. The proof is complete. |

Since B_; is difficult to work with, we look for an easier version of the previous result.
We can easily prove, as in [AIMul3, Proposition (4.11)], that the eigenfunction B_; associated
to the negative eigenvalue of %), can be replaced by the breather itself, which has better
behavior in terms of error controlling, unlike the first eigenfunction. This simple fact allows us
to prove the nonlinear stability result as in the standard approach, without using scaling
modulations. Recall that using the first eigenfunction as orthogonality condition does not
guarantee a suitable control on the scaling modulation parameter, because the control given by
this direction might not be good enough to close the stability estimates. However, the breather
can be used as an alternative direction, and all these previous arguments remain valid, exactly
as in [AlMul3], provided the Weinstein’s sign condition

/ By,B, >0 <or equivalently / By, %, By, < 0), (8.11.15)
R R

do hold. Note that this precisely is what happens in (8.11.6) when p € (0, fimaz)-

Proposition 8.11.11. Let B, = B, g, be any Gardner breather, and B, By the corresponding
kernel of the associated operator £,,. Let a, B > 0 and p € (0, fimaz ). There exists og > 0,
depending on ., B, p only, such that, for any z € H*(R) satisfying

/Blz:/Bgz:O,
R R

one has



2
1
2,2 > ool|2l Fpaqmy — P (/RZB;!> '

Proof. The proof follows a similar strategy as stated in [AIMul3]. ]

Theorem 8.11.12 (H 2-stability of Gardner breathers). Let a, 3 € R \ {0} and

1 € (0, tmax). Moreover let B, = By g, be any Gardner breather (8.4.1). There exist positive
parameters 1y, Ao, depending on a, B and p, such that the following holds. Consider

wo € H2(R), and assume that there exists n € (0,m0) such that

lwo — Bt = 0;0,0)]] oz < 7

Then there exist x1(t),z2(t) € R such that the solution w(t) of the Cauchy problem for the
Gardner equation (1.4.2), with initial data w,, satisfies

sup |lw(t) — B, (t;21(t), 22(t) | ey < Ao,
teR

with

sup |z (¢)] + [5(t)| < KAon,
teR

for a constant K > 0.

Proof of Theorem 8.11.12. The proof of this result is completely similar to the proof of the
H?—stability of mKdV breathers [AIMul3, Theorem (6.1)], after following the same steps, and
once we guarantee coercivity of the bilinear, form 2, (see Proposition 8.11.11 and Lemma
8.11.10), and the nonvanishing of the denominator [ By, B, + 2,,[bo] appearing in (4.9.21).
o

8.12 5th order Gardner equation

In this section, we shall quickly review some recent results concerning the focusing 5th
order Gardner equation

wi + wsy + 10p2ws, + ), (w) =0, peRT,
Ky (w) == 20pwws, + 10w?ws, + 120p3ww, + 180pw?w, (8.12.1)
+120pwiw, + 10w3 + 40pw, Wy + 40WW,wee + 30whw,.

This higher order Gardner equation can be obtained from the corresponding Sth order focusing
modified Korteweg-de Vries equation (shortly, 5th mKdV)

up + (uaz + 10un? + 10uuy, + 6u’), =0, (8.12.2)

when one formally considers mKdV solutions of the form u(t, ) = p + w(t, z), with o € R
and a suitable spatial translation. When p < 1, equation (8.12.1) can be seen as a perturbed
model of the Sth mKdV (8.12.2). See [Ka69, KiO192, MaSm90, Olv84] and references therein
for further details on physical applications.




The 5th order Gardner equation (8.12.1), as well as the Sth mKdV equation, is a well-
known completely integrable model, with infinitely many conservation laws and well-known
(long-time) asymptotic behavior of its solutions obtained with the help of the ISM [GSP10].

Concerning explicit solutions of higher order mKdV and Gardner models, Matsuno
[Mat80] proved the existence and built explicitly the N-soliton solution of the focusing mKdV
hierarchy of equations by using inverse scattering techniques and the bilinear Hirota
decomposition. Gomes et al. [GEZ11] dealt with the defocusing mKdV with NVBC and the
associated defocusing Gardner hierarchy, showing multisolitonic structures. Unfortunately,
many of the solutions they obtained are singular solutions (up to the kink which is in L°).

The 5th order Gardner equation (8.12.1), as a completely integrable system, has an infinite
set of conserved quantities. Indeed some of the (first) standard conservation laws of the
(8.12.1) are the mass

Mluw](t) = % /R wA(t, z) dz = M[w)(0), (8.12.3)

the energy

E,[w](t) ::/R(%wi — 2pw® — %w4> (t,z)dz = E,[w](0), (8.12.4)

and the higher order energy, defined respectively in H?(R)

Baful(t) = [

= Es,[w](0).

We are interested in the regularity properties of the Sth order Gardner equation (8.12.1) and
long time behavior of H? global solutions to (8.12.1), in particular, local and global existence
of solutions for the 5th order Gardner equation (8.12.1), together with a characterization of its
weak-ill-posedness properties, and the orbital stability result for new solutions discovered for
this model.

1
(— w?, — 10pww? + 10p?w?* — 5w?w? + 6uwd + w6> (t,z)dx
2 (8.12.5)

8.12.0.1 Well-posedness theory

The nonlinearity of (8.12.1) consists of several terms which break the balance with the 5th
order linear dispersive part of (8.12.1). The notion of the well-posedness, which is taken into
account in this paper, is as follows:

Definition 8.12.1 (Well-posedness). We say that the Sth Gardner equation (8.12.1) is local-in-
time (or locally) well-posed in H*(R), if for any R > 0 and any

wo € {f € H*(R) : || f|| g- < R}, there exists a local time T' = T'(R) > 0 and a unique
solution u to (8.12.1) in C([0, T']; H*(R)) N X, for some auxiliary space X7. Moreover, the
solution map wy — w(t) is continuous from {f € H*(R) : ||f|| z. < R} to C([0,T]; H*(R))

. The local result is extended to the global one, if 7" > 0 is independent of R.

The 5th order Gardner equation (8.12.1) is locally well-posed in H? via the classical
energy method in addition to the short time Fourier restriction norm method. We state the local
well-posedness result as follows:

Theorem 8.12.2. The 5th order Gardner equation (8.12.1) is locally well-posed in H*(R),
s> 2.

The proof of Theorem 8.12.2 uses the short-time Fourier restriction norm method in a
frequency dependent time interval. This is introduced by Ionescu, Kenig and Tataru [IKTO08] in




the context of KP-I equation. The global well-posedness follows immediately from the above
local result and the conservation of the second order energy (8.12.5).

Theorem 8.12.3. The 5th order Gardner equation (8.12.1) is globally well-posed in the energy
space H%(R).2

Does the flow map from data to solutions fail to be (locally) uniformly continuous for all
regularities? As an immediate answer, we have the following (weak) ill-posedness result,
which extends Alejo-Cardoso’s recent result [AaCalS8] to all regularities:

Theorem 8.12.4. The 5th order Gardner equation (8.12.1) is weakly ill-posed in H*(R), for
s > 0 in the following sense: there exist c,C > 0,0 < T < 1, and two sequences w,, and v, of
solutions to (8.12.1) such that

sup [|wn(t)|g: +sup [[on(®)ll - < C, ¢ €[0,T]
n n

and initially

lim  {|w,,(0) = vn(0)[| o = 0,

n—o0

but for every t € [0, T

lim inf ||w,(t) — va(t)|| g > c|sint| ~ c|t].
n—oo

Theorem §8.12.4 can be expected from the classical observation in the linear local
smoothing effect

—tHd
Haﬁe ! “”on e S Jwoll £

compared to the three derivatives in the quadratic nonlinearity.

Corollary 8.12.5. The 5th order Gardner equation (8.12.1) is (weakly) ill-posed in H*(R), for
s € R, in the sense of the statement given in Theorem 8.12.4.

8.12.0.2 Orbital stability for 5th order Gardner breather solutions

Another interesting topic in the theory of PDEs is to study the global dynamics of a
solution to a given equation, in particular, the stability theory for a special solution. In this
paper, we shall focus on a special type of “wave packet” solution, defined as follows:

Definition 8.12.6 (Breather solutions). We shall say that a nontrivial global strong solution
w = w(t,z) of (8.12.1) is a breather solution if w is periodic in time (up to translation) and
localized in space.

In this case, we have the following example.

Definition 8.12.7 (5th order Gardner breather). Let o, 5 € R\ {0}, p € R™\ {0} such
that A = o + %2 — 4u® > 0, and 21, zo € R. The 5th order breather solution B, =B, 5 of
the 5th order Gardner equation (8.12.1), is given explicitly by the formula

(8.12.6)



G, t,x
B, =Bagus(t,z;x1,22) =20, [arctan (ﬁ)] ,

Fa,57ﬂ,5 (t’ a")
where
? 2 2 h inh
Gaﬁwb(tam) = % sin(ay;) — pBlcos (ﬁyQA)+ sinh(Bys)] ,

2uBlo cos(ayr) — Bsin(ayi)]

oyair VA

with y; and y»

y1 =T+ 05t +x1, Y2 =T+ st + o,
and with velocities
85 := —at +10a%6? — 56* + 10(a? — 38%)u?,
v5 := —B* + 10262 — 5a* + 10(3a? — §%)u’.

The well-posedness results in H? are needed in advance of the study on the breather’s
stability theory, as follows:

Theorem 8.12.8. Let o, 8 € R\ {0} be given. Breather solutions (8.12.6) of the 5th order
Gardner equation (8.12.1) are orbitally stable for H? perturbations, whenever the parameter

ue (O 7Va2+’32)

2

The proof of this stability result is based on two main ingredients: the first one is a
particular nonlinear identity, satisfied as far as we know, only by 5th order breather solutions
(8.12.6). On the other hand, the second ingredient is the universal fourth order ODE satisfied
by (8.12.6). Using the nonlinear identity obtained from the first step, we prove that breather
solutions (8.12.6) of the 5th order Gardner equation (8.12.1) satisfy a fourth order ODE (see
[AIMul5, Theorem 3.5] for the same as the one satisfied by classical Gardner breather
solutions). To complete the proof of Theorem 8.12.8, we introduce an H? Lyapunov functional
as the linear combination of the energy (8.12.4), the mass (8.12.3) and (8.12.5) in the following
form:

Hfw)(t) = Bsu[w](t) + 2(8° — a?) Bu[w](t) + (o + 62)° Mw](#).

The rest of the proof uses perturbation of the functional ¢, [w|(¢) and the spectral properties
of the linearized operator £, defined as (12.7.7) corresponding to the quadratic form arising in
the small perturbation of the functional ¢, [w]|(t). The spectral properties, in particular the
coercivity property of the quadratic form and existence of a unique negative eigenvalue for the

linearized operator around the breather solution, ensure the H2-stability of the Sth order
Gardner breathers (8.12.6).

8.13 Exercises

(8.1) Prove Lemma 8.1.1, i.e. the connection between mKdV and Gardner solutions.
(8.2) (Gardner Transform [AMV13]) Check the Gardner transform

.3 3
V=1——W, + —w” + pw.
V2 2



Namely, prove that if we assume that w is a solution of the Gardner equation (8.1.1), then
v is a solution of the KdV equation (2.7.1).
(8.3) Obtain the double pole solution in Definition 8.4.4 from the Gardner breather (8.4.1).
(8.4) Prove that F,[w](t) (8.3.2) is a conserved quantity, explicitly, that F, [w|(t) = F,[w](0).
(8.5) Prove by hand Lemma 8.8.1. (See [Alel8] for some help.)
(8.6) Prove by hand Lemma 8.10.5. (See [Ale18] for some help.)
(8.7) Obtain the coefficients A, B in the transformation

v = Aiu, + Bu?®

such that if u is a solution of the 5th mKdV equation (8.12.2), then v is a solution of the
5th KdV equation

vt + (Veger + 10004, + 502 + 101}3)m =0.

lActually to a phase transformed of (8.4.1), namely, with

By + pZsin(ay) v/2uB(cosh(Byz) + sinh(By2))
Gaﬁ’#(t, .”L‘) = —

avVA 3A ’
V2pB(a cos(ay,) — Bsin(ay))
Fopu(t,z) := cosh(Bys) — Saval L FVA .

2The persistence of regularities ensures the global well-posedness in H*(R), s > 2.



Chapter 9

Breathers and their stability in the sine-Gordon equation

9.1 Introduction

Recall the sine-Gordon (SG) equation, already introduced in (3.2.3):
O?u —02u+sinu =0, u=u(t,z)eR, (tz)cR%: 9.1.1)
This equation is one particular case of the big class of one-dimensional scalar field equations
O2u —02u + f(u) =0, f(0)=0,

appearing in Quantum Field Theory [JKW14]. Along this chapter we will use the convention that the
speed of light in the model is ¢ = 1. This will be clarified when talking about Lorentz boosts.

From this general class of nonlinearities f(u), maybe the most important example is the ¢* model
appearing in the formulation of the Standard Model of quantum particles:

fu) == —u+ub,

which can be recast as the third order approximation of — sin u, up to a dilation to hide the coefficient
1/3L

In order to make sense of the Cauchy problem, it is necessary to think about SG as a matrix system
for the variables u and J;u included in the vector U := (u,atu)T, in such a way that

_ u | _ [Ow) _ oru B
o.U =0y (&:u) - <6fu> - (('ﬁu—sin u) = LU+ F(U),

0 1
L = <82 0) and F(U) := (s(i)nu)'

Written in this form, it is clear that SG represents an order one (in time) dispersive model. Additionally, it
reveals clear that, in order to put a good initial data space for solving this equation, it is enough to take
(u(0),0;u(0)) € H* x H** for some suitable s. Even better, since the nonlinear term sin u is uniformly
bounded independently of the size of u, one can find a satisfactory H' x L? global well-posedness
theory, see e.g. Bourgain [Bou99].

where

The SG equation shares many similarities with the mKdV equation (4.1.1), but it differs in many
others. These differences will be very important when trying to exemplify the main results in this chapter.
For the moment, let us talk about similarities. SG is also completely integrable, with a (matrix) Lax pair
formulation very similar to the mKdV one.




9.2 Invariances in SG

Solutions of SG are invariant under space and time translations. Indeed, for any tg,x¢ € R,
u(t — to,z — xp) is also a solution. Furthermore, an additional (and very important) feature of the SG
equation is the invariance under Lorentz transformations:

Definition 9.2.1 (Lorentz boost). Given any v € (—1,1), and u solution of (9.1.1), we say that

uy(t, ) = u(y(t —vz),y(x —vt)), y:=(1- 1;2)71/2, 9.2.1)

is a Lorentz boost of u by a velocity v. Moreover, u, is a new solution of (9.1.1).

Notice that when considering a physically relevant speed of light c, the term ¢ — v makes no sense
unless one writes explicitly c. Naturally, this invariance of wave-type equations has to be taken into
account when describing the family of breathers.

9.3 Conserved quantities

Additionally, because of the integrable character of the equation, SG has infinitely many conserved
quantities. For the purposes of the exposition, we will only need the first three, or the low order ones. In
order to avoid too much notation, we will use the simplification 8;u =: uy, O,u =: u, and so on. At the
H'! x L2-level of regularity, we have the energy

Elu,u)(t) := 1 /R(ui—é—u?)(t,m)dm—i—/(l—cos u(t, z))dz

2 & (93.1)
= Elu, u](0),
and the momentum
1
Plu,uil(t) = /R wilt, @) (t, @) dz = Plu, ur)(0). 932)

Precisely, the momentum will be zero in the case of a static solution (in a sense to be made precise
below), and not zero for non static solutions.

Now we consider data with better regularity. Let (ug,u1) € H?(R) x H}(R) and
(u(t),u(t)) € H3(R) x H'(R) be the corresponding local-in-time solution of the Cauchy problem
associated to (9.1.1), with initial condition (u(0),u:(0)) = (ug,u1) (cf. e.g. Bourgain [Bou99]). There is
a second order conserved quantity for (9.1.1), given by

1

Fluud(t) =5 [ o+ a6 0o~ — [ (i +ud)(t,o)de

- uz(t x)u2(t $)dl‘
t\" T\
R

16
5 2

+ = / us (¢, z) cos u(t, z)dz
8 Jr
1

+ 3 /(sin2 u(t, z) + ui(t,z) cos u(t, z))dz. (9.3.3)

R
As one may expect, this quantity is key in the variational stability problem.

9.4 A quick review on Kinks

SG equation (9.1.1) has soliton solutions usually referred as kinks. Indeed, given v € (0,1), zg € R
and -y defined as in (9.2.1), SG (9.1.1) has kinks of the form

9.4.1)
u(t,z) = p(y(x — vt — xp)), ¢(s) :=4arctane’.



It is not difficult to see that these solutions can be associated to a well-known functional defined in the
H' x L? topology. Kinks solutions of (9.1.1) are orbitally stable in the energy space H' x L. Indeed,
the energy (9.3.1) is a conserved quantity and kinks can be viewed as relative minimizers of a suitable
energy functional. In this case, the situation is somehow easier and the required functional is given by

Elu, ug](t) + cPlu, ug)(t),

for a suitable constant ¢, and E and P conserved quantities as in (9.3.1) and (9.3.2). For the proofs of this
result for the SG case and more general equations, we refer to the works by Henry-Perez-Wreszinski
[HPW82], Grillakis-Shatah-Strauss [GSS87]. An alternative proof, involving the 4-norm

(Blu,wi](8))* = (Plu, ul](t))?,
can be found in [KMMZ21].

9.5 The sine-Gordon breather

As we already introduced in (3.2.4), there is an explicit breather solution for SG (9.1.1);
remembering its definition:

Definition 9.5.1 ([Lam80], see also Fig. 9.1). Letv € (—1,1),v:= (1 — v2)71/2

x1,x2 € R. Any breather solution of SG (9.1.1) is given by the expression

,8€(0,7) and

cos(a
B := Bg,(t,z;x1,22) := 4 arctan E ﬂ , 9.5.1)
a cosh(Bys2)

with

yri=t—vzx+z1, Y=z —vt+ze, a:=4/72—p% (9.5.2)

The parameters 8 and v correspond to the scaling and velocity of the breather, and the case v =10
represents a standing SG breather.

sG Breather

B[x,t]

Fig. 9.1 Evolution of a sine-Gordon breather moving rightward in space as time evolves (blue color to
green color).

Note that the SG breather (9.5.1) satisfies Definition 3.1.1 with T' = ﬁ >0and L =oT € R.

Also, the Definition 9.5.1 takes into account the velocity v of the breather via a Lorentz boost, therefore it
is slightly different to the one written in [Lam80]. However, after redefining the parameters in (9.5.2) and
reverting the Lorentz boost, it is not difficult to check that they represent the same solution.



Additionally, note that in the SG case the two parameters a and [ are not independent, unlike the
mKdV case. The parameter 8 corresponds to the scaling of the breather. In order to make sense for a
suitable Cauchy theory, our previous definition requires an additional description of the time derivative of
a breather solution. Since we are going to work with several time-dependent parameters, it is certainly
necessary to give a precise definition of this second nonlinear mode.

Definition 9.5.2. For any 1, z> € R fixed, we define the time derivative of B, denoted by B; = (Bg,,),,
as follows

By(t, 2 20, 22) = —daf asin(ay) COSthByQ) — B cos(ayy) sinh(Bys) ' ©53)
a? cosh?(Bys) + B2 cos?(ay1)

Note that B; can be identically zero at some particular time. However, unless the initial data is
exactly zero, the pair (B, B;) cannot vanish.

Along these pages we will show that SG breathers satisfy the same rigidity properties as mKdV
breathers. We will also describe a numerical method allowing us to understand the spectral properties of
the cumbersome linearized operators appearing in the stability analysis of SG breathers.

9.6 Energy identities

In the next lines, we summarize some well-known identities for the energy and momentum of a
fixed breather. For the sake of completeness, we give full proofs of these results. Recall the definition of
breather (B, B;) in (2.5.1)-(9.5.3).

Lemma 9.6.1. Let (B, By) be any SG breather, with parameters for > 0, v € (—1,1), and z1,z2 € R.
Let P|B, By] be the momentum of a breather defined in (9.3.2). Then

P[B, BJ](t) = —8w. (9.6.1)

Proof. Exercise. O

We compute now the energy of a breather. See Lamb [Lam80] for a similar result in the case where
v=0.

Lemma 9.6.2. Let (B, B;) be any SG breather of parameters for 8 > 0, v € (—1,1), and z1,z2 € R.
Then

E[B, By|(t) = 168. (9.6.2)

Moreover, this result does not change if we replace x1 and x5 by time-dependent parameters.:
Proof. This is a classical result. From (9.5.3) and (9.7.4), we have
1o 2
8a2p?

(o cosh?(Bys) + B2 COS2(Oéyl))2

((1 + v2)a? cosh?(By, ) sin?(ay1) + (1 + v?)B% sinh?(By, ) cos?(ay:)

— dapusin(ay; ) cos(ayy ) sinh(By2) cosh(ﬁy2)> .

On the other hand, from (9.7.7),



8a23? cosh?(Bya) cos?(ay)

1—cosB= 5
(@ cosh?(Byz) + B2 cos?(ay1))

Therefore using double angle formulas, we have

1 8o’ 27Lt,m
E(Bt2+B§,)+(1—cosB): Fhit,e)

)

2. 32 : 2 2
(a ;rﬂ + %2 cosh(28ys2) + % cos(2ay1))
where

h(t,z) = %((1 S = )+ 1) + = ((1+ o) (@? + ) + 1) cosh(2us)

~

—afvsin(2ay;) sinh(28y,) — % (1 +v¥)(a? + B%) — 1) cos(2ay)

: (1 +v*)(B? — a®) + 1) cosh(2Byz) cos(2ay;).

+ —
4

Now with the relation among a, 8 (4.1.9) a direct computation shows that

Sl

= g(he)w — hege,

where he(t,z) := 2;—ﬁ[oz sinh(28y2) + Busin(2ay;)] and g is a given explicit function. From this

identity we obtain

E[B,B;] = 8a2ﬂ2/ (%) = 164.
R

T

O

Remark 9.6.3. The reader may compare (9.6.2) with a similar result for the mass of the mKdV breather,
see (4.1.11) and [AIMul3, eqn. (2.4)], where M[B] = 4. In that sense, both results reveal that the mass
(or energy) does not depend on the oscillatory parameter, but only on the main scaling /. This property
seems inherent to aperiodic breathers.

9.7 Variational characterization

We introduce now some useful notation. Let v € (—1,1), vy = (1 — v2)_1/2 > 1, and B € (0,7).
Define the parameters

a:=— % + B2+ (2t =2+ 6?), b:=dv(y* — B?). 9.7.1)

Note that a + % > 0 and b € R. The reader may observe that whenever v = 0 (the static breather), we
have

1
at 7 =p%€(0,1), b=0.



Theorem 9.7.1. Let (B, By) be any SG breather of parameters v € (—1,1), g € (0,7), and a,b as in
(9.7.1). Then, for any fixed t € R, (B, By) satisfy the nonlinear equations

1 . 3 1 b
Btzz + gBt + ngBt - ZBt cos B — CLBt - EBI = 0, (972)

and
3 3 3 5 . 5
By, + — BﬁBM + — B;B;, B, + —B,?BM + —Bﬁ sin B— — B, cos B
8 4 8 8 4
1 1 b
+ 1 sin B cos B — §Bt2 sin B — a(B,, —sin B) — EBm =0. (9.7.3)

Proof of (9.7.3), assuming (9.7.2). Taking time derivative in equation (9.7.2), and replacing By; using
(9.1.1), we have

3 3 3 1 1 b
0 = (Btt)zz + gBttht + ZBtBEBm- + gBi‘Btt - ZBtt COS B+ ZB? sin B — aBtt — EBtm
= (Bgy — sin B) —|—EBz(B —sinB)—i—iBBB +EBQ(B — sin B)
TT TT ) t T 4 tDzx Dtz ) T TT
1 1 b
-7 (Bgz — sin B) cos B + ZB? sin B — a(B,, — sin B) — EBM
_ By, - Spp. _ 3 3 Spp _3py
By, — (By cos B), + 5 B;B,, 5 B?sin B+ 1 B;B_B;, + 5 B:B,, 2 B:sin B
1 1 1 b
- ZBM cos B+ " sin B cos B + ZB? sin B — a(B,, — sin B) — EBm
By, + 5 B:B,, + 1 BBy, B, + 5 B;B,, + 5 B:sin B 1 B, cos B
1 1 b
+ 1 sin B cos B — 5 B?sin B — a(B,, —sin B) — EBtI = Lh.s. of (9.7.3).

Proof of (9.7.2). We use the specific structure of the breather. From (9.5.3) and (9.5.1) we have

5 asin(ay;) cosh(Bys2) — Bu cos(ay:) sinh(Bys)

Bt = —4a
a2 cosh?(Bysz) + B2 cos?(ay)

)

and

vasin(ayy) cosh(Byz) — B cos(ayy) sinh(Bys)
a2 cosh?(By,) + B2 cos?(ay;)

B, = 4ap . (9.7.4)

Hence

3 g2,
8
—240f° . . 2
= 3 [va cosh(Bys2) sin(ay1) — B sinh(Bya) cos(ayi)]
(a2 cosh®(Bys) + B2 cos?(ay1))
[ cosh(By2) sin(ay1) — B sinh(Bys) cos(ayy)]
—24aB3hy(t, z)

(a2 cosh?(Byz) + 52 cosz(ayl))g ,

with



hi(t,z) = a®v? cosh?(Bys) sin®(ay;) — Bv sinh®(Bys) cos®(ay;)
— (2 + v?)a?B sinh(By2) cosh?(By2) sin?(ay;) cos(ay:)
+ (1 4 2v?)aB? sinh?(Bys) cosh(Bys,) sin(ay;) cos?(ay;).

Similarly,

1 —8aB3hy(t,
_sz Bha(t 2)

8 (@ cosh?(Bys) + B2 cos?(ay1))’

?

with

h2 (t7 33)
:= a? cosh®(Bys) sin®(ay;) — 3a2Bv cosh?(By:) sin?(ay; ) sinh(Bys) cos(ay:)
+ 3af%v? cosh(Bys) sin(ay; ) sinh?(Bys) cos?(ay;) — B2v® sinh®(Bys) cos®(ay: ).

We compute now the term By,,. From (9.5.3) we have

_4055 hs (tv m)

(a? cosh?(By,) + B2 cos2(ay1))2

Btw =

where

hs(t,z) = [aB(1 — v?) sin(ay;) sinh(By2) — vy? cos(ay1) cosh(Bys)]
x [a? cosh?(Bys) + B2 cos?(ay1)]
—2af[a sin(ay:) cosh(Bys) — B cos(ay:) sinh(Bys)]
X [asinh(Bys) cosh(By2) + vB sin(ay) cos(ayz)]. 9.7.5)

Similarly, after a long computation,

_4048 h4(t7 IE)

B T —
t (a2 cosh?(By,) + 52 cos2(ay1))3

where

ha(t,z) = [a® cosh?(Bys) + B2 cos?(ay1)|(hs),
— 4apf]a sinh(By2) cosh(By2) + v sin(ay;) cos(aysz)|hs. 9.7.6)

On the other hand, using the well-known formulae

tan2 0

cos(40) =1 — 8sin® 0+ 8sin* 9, sin’ 0 = Ty
+ tan

we have

s2—2s—1)(s2+2s—1 st — 65+ 1
cos(4arctans)=( ) 5 ): —» scR
(1+ s?) (1+s?)

Therefore, from (9.5.1) we obtain

9.7.7)



B B* cos?(ay;) — 6a?B? cosh?(Bys) cos?(ay;) + a? cosh?(Bya)
cos B = 5

(@ cosh?(Byz) + B2 cos?(ay1))’

and thus
apf

(a2 cosh? (Bys) + B cos(ay1))’

[a cosh(Bys) sin(ay;) — Bv sinh(By2) cos(ay)]

[8* cos?(ay1) — 60262 cosh?(Bys) cos?(ay1) + a* cosh?(Bys)]
aB hs(t,x)

(a? cosh?(Bys) + B2 c0s2(ay1))3 ,

1
——B;cos B=
4

where

hs(t,z) = af?*sin(ay;) cos*(ay;) cosh(Bys)
—a*Bv cos(ay; ) sinh(Bya) cosh?(By2)
+a® sin(ay; ) cosh®(By2) — B°v cos®(ay; ) sinh(Bys)
+6a2B%v cos®(ay; ) sinh(By2) cosh?(Bys)
— 60342 sin(ay; ) cos?(ay;) cosh®(Bys).

Collecting the above identities, we get
By, + L B3+ 5 BB ! B B
— — — — B, cos
g Tt g et o

=

ﬂ [—4h4 — 80(2,32]12 — 240(2,32]11 —+ h5} (978)
(a2 cosh?(By,) + B2 cos2(ay1))3 ‘

In the following lines, we simplify the numerator in the previous expression. In order to carry out this
computation, the key point will be the denominator, denoted by g:

g(t,x) = a® cosh®(Byz) + B cos® (ay).
First of all, note from (9.7.5) that h3 obeys the unique decomposition
hs =: h31g — h329z, gz = 2aB[asinh(By:) cosh(By2) + vBsin(ay; ) cos(ayi)].

Therefore, from (9.7.6),

hs = glh319 — h329z], — 29:[h319 — h329s]
=g%*(hs1), + 9lh319z — (h3292), — 2h3192) + 2h32g2
= ¢%(hs1), — (h319e + (h32gz),)g + 2h32g3. 9.7.9)
On the other hand,
—8042,32(h2 + 3h1)
= —8a°B2(1 + 3v?) sin®(ay; ) cosh®(Byz)
+8a2B%v(3 + v?) cos® (i ) sinh®(Bys)
+24a*B%v(3 + v?) sin?(ay; ) cos(ay; ) sinh(Bya) cosh?(By2)
—240364(3v% + 1) sin(ay; ) cos?(ay; ) sinh?(Bya) cosh(By:).

Therefore, after some simplifications,

hs — 8012,32(h2 + 3h1) — Shgzgi



= g<a3(1 — 32%) sin(ay: ) cosh®(By2)

—a?Bu(1 — 32/8%) cos(ay; ) sinh(Bys) cosh?(Bys)
—B3v(1 + 32a%v?) cos®(ay:) sinh(Bys)

+aB%(1 + 32a%v?) sin(ay; ) cos?(ay1) cosh(Bys)
+24a36%(1 — v?) sin(ay; ) cosh(Bysz)

—24a%B3(1 — v?) cos(ay; ) sinh(ﬂy2)> . (9.7.10)

On the other hand, we consider the second term in (9.7.9). We have

4(h319z + (h3292),)9
= 8afyg (2a2ﬂ(2 — v2) sin(ayi) cosh?’(ﬁyg)

—3a?B(1 — v?) sin(ay; ) cosh(Bys)

—2av(B% 4+ ?2) cos(ay; ) sinh(Byz) cosh?(Bys:)
+3aB?v(1 — v?) cos(ayy ) sinh(By2)
+2ap%v(2v* — 1) cos®(ay; ) sinh(By»)

—26v%(a® + v?) sin(ay; ) cos?(ay1) cosh(ﬁy2)> . (9.7.11)

Collecting the last two estimates, we obtain

(9.7.10) + (9.7.11) = ¢?[a(1 — 168%v?) sin(ay; ) cosh(Bys)

—Bu(1 + 16a?) cos(ay; ) sinh(Byz)]. 9.7.12)

We finally add the first term in (9.7.9), such that

—4g%(h31), + (9.7.12) = aBg?*[a(1 + 4a’v? — 8B%v? — 4%) sin(ay; ) cosh(By2)
— vB(1 + 8a? — 48% + 4av?) cos(ay; ) sinh(Bys)].

Comparing with (9.5.3) and (9.7.4), in order to obtain (9.7.2) we have
b
(9.7.8) = aB; + EB“

provided a and b are chosen as in (9.7.1). The proof is complete. m|

Remark 9.7.2. The structure of equations (9.7.2)-(9.7.3) is inherent to solutions of SG (9.1.1). For
example, the static kink solution (¢(z),0) defined in (9.4.1) is also a solution of the same set of
equations, no matter what a and b are. In some sense, the proof of (9.7.2) is independent of the breather
itself, but the proof of (9.7.3) explicitly involves the structure of the breather.

9.8 Linear operators and stability tests

Some essential consequences of the identities (9.7.2)-(9.7.3) are the following stability conditions,
which will be useful when dealing with coercivity estimates in Subsection 9.10.

Corollary 9.8.1. Let (B, B;) be any SG breather of the form (9.5.1)-(9.5.3). For t € R fixed, let

AB:= 03B, AB;:= 0gB:. 9.8.1)

Then (AB, AB;) are Schwartz in the space variable, and the following identities are satisfied

(9.8.2)



85E[B,B;) =16 > 0, 03P[B, B;] = —8v,

independently of time.

Proof. By simple inspection one can see that for each time ¢ one has that AB and AB; are well-defined
Schwartz functions. The proof of (9.8.2) is consequence of (9.6.2) and (9.6.1). m|

Now, we introduce the following two directions associated to spatial translations. Let (B, B;) as
defined in (9.5.1)-(9.5.3), with main parameters 8 > 0 and v € (0, 1). We define

BIEt§ Ty, -’L‘zg 1=3z132t; T1, z2gy
{32 t;z1, o) :=0,,B(t; x1, T2). (9-8.3)
Similarly, we introduce the terms involving time derivatives

{(Bt)l(t;$1;$2) :=0q, By(t; 1, 2) (9.8.4)

(Bt)o(t; 1, 2) := 04, By(t; 21, T2).

It is clear that, forall t € R, 8 > 0 and 1, z» € R, both B; and B are real-valued, Schwartz functions.
More explicitly, (9.8.3) read

—4a?Bsin(ay;) cosh(Byz)
a2 cosh?(Bys) + B2 cos?(ay:) ’
—4a3? cos(ayi) sinh(Byz)

B, = .
a2 cosh?(By,) + B2 cos?(ay:)

(9.8.5)

Now we introduce the main linear operator associated to the breather (B, B;). As it will be clear
below, this matrix operator will be of fourth order in one component .#;, and of second order in the
second one .%. Two nontrivial nondiagonal terms Z; and %5 couple the two previous components in a
nontrivial fashion, which is never zero in general, even in the case v = 0.

Definition 9.8.2. Let . be matrix linear operator

AL B
Zlzw] = (93; i%) (;) (9.8.6)
where
.,2”12
3 5
= Zyy — (a iy (B2 + Bt2) + 1 cos B) Zza

+ 3BB +SBB +5'BB
4zzz 4tta: 4SlIl z | Rz

5 5 . 1 2 .2 1o
+|acos B+ gBmcosB—l— ZBms1nB+ Z(COS B —sin® B) — §Bt cos B |2,(9.8.7)

1 3
Low := —Wgy + 1 (4(1 + cos B — 3 (B? + Bi)) w, (9.8.8)

(9.8.9)



1

1
PBrw = 1 <3Bt$Bw + 3B;B;, — B; sin B) w+ 1 (3Bth — 2b) Wy,

and finally

1 3 1
Bz = 3 (b EBth> Zy — ZBt sin Bz. (9.8.10)

In order to ensure a correct definition for £ (9.8.6)-(9.8.7)-(9.8.8)-(9.8.9)-(9.8.10), we will set &
on the Hilbert space L2(R)?, with dense domain H4(R) x H2(R). Note additionally that %; and %, in
(9.8.9)-(9.8.10) do not vanish even if the speed v is zero.

A simple consequence of Theorem 9.7.1 is the following partial kernel description.
Corollary 9.8.3. Let a, b be defined as in (9.7.1), and By, Bs given in (9.8.5). We have

1By, (B.),] = Z(By, (B),) = (8)

Moreover, (By,(By),)" and (Bay, (By),)" are linearly independent in R.

Now we consider the natural directions associated to the scaling parameters. First of all, we define
the quadratic form associated to ., namely

2z, w] = —/R(z,w),?[z,w]. (9.8.11)

A more detailed version of 2 is the following expression, obtained after integration by parts:
2|z, w]
= /{zflz + 281w + wPBaz + wLrw}
R

3 5
:/z§x+/wi+/ a— —(B:+B?)+ — cos B |22
R R R 8 4

® 5 . 1 2 L2 1o 2
+/ gBmcosB+ ZBmsmBJr Z(cos B —sin B)ngtcosBJracosB z
R

4

3 1
+/ ((b — —Bth> zzw — — By sin Bzw) . (9.8.12)
R 2 2

Recall the following definition:

1 3., ., 3 3 1 ,
+/ a+ — |cos B— —(Bf + B;) + — BBy + — BBy — — Bysin B |w
R 4 8 4 4

Definition 9.8.4. Any nonzero pair (z,w) € H* x H? is said to be a positive (null, negative) direction
for 2 as in (2.8.12) if we have 2[z, w] > 0 (= 0,< 0).

Recall the definitions of AB and AB; introduced in (9.8.1). For this direction, one has the result
below.

Corollary 9.8.5. The following are satisfied:



(1) Let (B, By) be any SG breather. Consider the scaling direction (AB, ABy) introduced in (9.8.1). Then
(AB, ABy,) is a negative direction for 2. Moreover,

ZQ[AB,AB;] = —32(1 + 3v*)B < 0. (9.8.13)
(2) The quadratic functional 2 is bounded below, namely

2[z,w] > —cpyl

(2, w)||§{2(R) x H1(R)> (9.8.14)

for some nonnegative constant cg,. Moreover, £ has at least one negative eigenvalue, and therefore a
minimal one, which is simple.

Proof. The proof of (9.8.14) is standard. On the other hand, from (9.7.3), we get after derivation with
respect to 3,

1
LAAB+ B2AB; = o' (B)(By, — sin B) + 3 b'(8) Bz, (9.8.15)
and from (9.7.2),
! 1 !/
LABy + $1AB = —d'(B)B; — Eb (8)B;. (9.8.16)

Integrating against AB and A B, respectively, we get from (4.9.3),

1 1
Q[AB,AB;] = — Ea’(ﬂ) 85/ (B2+4 B?+1—cos B) — 3 b'(B) 35/ BB,
R R

= —d/(B) 03E[B, B;] — b'(B) 05P[B, B
= —32(1 +v%)B — 6402
=—-32(1+3v*)B <0,

where we have used (9.7.1) to obtain a’(8) = 2(1 + v?)8 and ¥'(8) = —8vB. This last identity proves
(9.8.13). o

From the previous result we conclude the following useful identity:

Corollary 9.8.6. Let (By, By) denote the following direction

~ 1
(B()?BO) = _% (AB7 ABt)

Then

t

ZL[Bo, Bo] = (1+%) <sm BBf Bmm) +2v (_Bgz>, (9.8.17)
and

(1+30v%) > 0. (9.8.18)



Proof. A direct consequence of (9.8.15) and (9.8.16). O

Remark 9.8.7. The previous result states that (B, Bj) is a very good candidate to replace the first
eigenfunction of . coming from Assumption 2 below. This idea, originally coming from Weinstein
[Wei85], has been recently used in several works (see [AlIMul3] for example) where no knowledge of the
ground state is at hand.




9.9 Lyapunov functional in the SG case

Now we present some important consequences of Theorem 9.7.1. These results imply that
there is a suitable Lyapunov functional that describes the local H? x H! dynamics of SG
breathers. Indeed, define the functional S# as the following linear combination of F' in (9.3.3), the
energy F in (9.3.1) and the momentum P from (9.3.2):

Hlu, u) = Flu, us] + aEu, ug| + bPlu, uy),

where a and b are the constants previously introduced in (9.7.1). Clearly the functional ¢ is
conserved along the flow, thanks to

Lemma 9.9.1. Given (u,u;)(t), local H?* x H*-solution of (9.1.1) with initial data (ug,u,) in the
same vector space, the functional F[u,u](t) is a conserved quantity. In particular, (u,u;) is a
global-in-time H* x H'-solution.

At this point we make use of the integrability of the equation, since a quantity such as F is not
present in a general, nonintegrable scalar field equation. The verification of Lemma 9.9.1 is a
tedious but direct computation.

Lemma 9.9.2. Let (z,w) € H*(R) x H'(R) be any pair of functions with sufficiently small
H? x H'-norm, and (B, By) be any breather solution, with corresponding parameters 3 > 0 and
€ (—1,1). Then, for all t € R, one has

HB + 2B+ ul(t) — HB, BIE) = 2Lzl + ]zl

with 2 being the quadratic form defined in (9.8.11), and N[z, w| a small, nonlinear term
satisfying

| A [z, w]| gp(H»zHHZ(R), HwHHl(R))7

where p is a positive, third order monomial on its corresponding variables.

Proof. We compute:
%[B + z, Bt + ’UJ]

:%Ag3+”2+wHWﬁ%j%A$&+wf+w+@j

3 5

T R(Bt+w)2(B+z)i+g/R(B+z)iCOS(B+Z)
1 2 2

+§/R[sm (B+ z) + (B; +w)” cos(B + 2)]

a 2 2 b
+5/R[(B+z)z+(3t+w) ]—l—a/R[l—cos(B—i—z)]—i— 5/]R(Bt+w)(3+z)w_

Expanding every term above, as is done in [AIMul3], we get

%[B—FZ,Bt*l-U)]:%[B,Bt]"‘/

1
RQMV—AQMW+EQMM+WMM,

where 2 is defined in (9.8.11). The second and third term in the r.h.s of the above equation vanish.
Finally, the term N[z, w] is given by



1 1
Nz,w] =— — Byw?® + B,22 + — (w* + 2%) + 3Byw22 + 3B, z,w?
8 Jr T 4 T T
5 . .9
+ —w?z2 + — cos Bz222 + 5 sin Bzz2 — — sin® Bz?
2 2 4
1
+sin Bcos Bz® + 5 cos Bw?2? + Bywz? + sin Bzw2> .

Therefore, from direct estimates one has A/[z, w] < p([|2]| g2(r), [|w| 1)), Where p is a positive,

third order polynomial in its variables, and where the constant is independent of the size of (z, w)
and the time, provided the former are chosen small. i

Corollary 9.9.3. For initial data in H* x H', the functional 5 is conserved along the flow.
Moreover, breathers are critical points of F.

The main consequence of previous results is the possibility of proving stability, independent of
how complicated breather dynamics can be. First of all, we assume two conditions:

Assumption 1: (Nondegeneracy of the kernel) For each v € (—1,1), z; € R and 8 € (0,7), ker &

is spanned by the two elements (By, (B;);)” and (B, (B:),)"; and there is a (uniform in z1) gap
between the kernel and the bottom of the positive spectrum.

Assumption 2: (Unique, simple negative eigenvalue) For each B¢ (0,7), ve (—1,1) and
z1 € [0,2ma 1], the operator . has a unique simple, negative eigenvalue A\; = A\1(8,v,z1) < 0

~ ~T
associated to the unit L? x L2?-norm eigenfunction (B, B) . Moreover, there is A < 0 depending
on (3 and v only, such that Ay < \? for all z;.

Theorem 9.9.4. Under Assumptions 1 and 2, SG breathers are stable under small H> x H'

perturbations. More precisely, there are g > 0 and K > 0, only depending on B, such that if
0 <n<noand

H(’U,(),’U,l) - (Bﬂ,vy (Bﬂ,v)t)(t = 0’.;0’0)”H2 « H1 <, (991)

then there are real-valued parameters x1(t) and xo(t) for which the global H? x H!-solution
(u, ut)(t) of (L) with initial data (ug,u1) satisfies

Stg]]g I (u’ut)(t) - (Bﬂ,m (Bﬁ,v)t)(tﬁxl(t)7w2(t))”H2 wm < Kon,

with similar estimates for the derivatives of the shift parameters x1, T2.

Below we present compelling numerical evidence revealing that Assumptions 1 and 2 do hold

for any breather solution, regardless of its size, initial velocity or position, see Figs. 9.2, 9.4 and
21

Remark 9.9.5. Looking for previous contributions to the stability problem we have found the work
by Ercolani, Forest and McLaughlin [EFM85], where a sketch of the stability proof is presented. To
be more precise, their argument states that, by using the inverse scattering theory applied to a small
perturbation of the breather, the corresponding solution to (9.1.1) must remain uniformly close in
time to a modulated breather solution. However, it is important to stress that any rigorous argument
involving the inverse scattering method requires a nontrivial amount of decay on the initial data, an
assumption that is not needed in our case.

The purpose of the next Section is to give the main ingredients for the proof of Theorem 9.9.4.
In a first subsection, we prove some energy and momentum identities, allowing us to show that, at




least formally, there is only one negative direction, and moreover, it is possible to control such a
bad direction by using only the breather (B, B;) as replacement.

9.10 Spectral analysis

Let z=2(z) and w=w(z) be two functions, to be specified below, and let
(B, B:t)(t, z; x1,2) be any breather solution, with parameters 1, z2 possibly depending on time.
In this section we describe part of the spectrum of the operator .£. We start with the following
result.

Lemma 9.10.1. .Z is a linear, unbounded operator in LQ(R)Q, with dense domain
H4(R) x H*(R). Moreover, £ is self-adjoint.

Proof. Exercise. O

A consequence of the above result is the fact that the spectrum of % is real-valued.
Furthermore, .Z is a compact perturbation of a constant coefficients operator. Now we look at the
kernel of £. Let us fix t € R, v € (—1,1) and S € (0,7). It is not difficult to check that any
breather (B, B;) can be seen as a function independent of time, by considering the profiles

(B, Bt)(t, T;Ty, 932) = (B, Bt)(O, T; T, gg), T1:=t+x1, To:= —vt+ x9,

—. (B, By)(z; 51, 7). ©-10.1)

Moreover, it turns out that if2
(2(x; %1, F2), w(; 1, Ta), AN(F1, T2)) € H' x H? xR

satisty the eigenvalue-eigenfunction problem %[z, w] = A(z,w)” with (B, B;) as in (9.10.1), then
the new function

(2, 1’6)(3@;%1,352) = (Z, w)(w — %2;%1,%’2)

will satisfy the same spectral equation with (B, B;) replaced by (B, B;)(z;T1 — T2,0). After
redefining Z1, we can assume without loss of generality that (B, By) is only depending on z, 3, v
and Z1, and therefore (Z, @) will also depend on the same variables. We will have A = (8, v, Z1)
only. Finally, since the breather was periodic in the variable x;, with period 27/a, we can also
assume

2
1€ (0,— ], a= 2 — B2,
1 ( a) \/’Y B

In conclusion, with no loss of generality we set through this section (B, B;) = (B, By)(0, z; z1,0),
with 2, lying in the interval [0,27/a] and each breather-like potential periodic on that variable.
The same property applies for the functions (Bi, (B:);) and (B2, (Bt),)-

In Section 9.12 we perform numerical computations that reveals that both conditions are
naturally correct for every set of parameters that we numerically tested. The main consequence of
the two preceding assumptions is the following direct coercivity property (recall the quadratic form
2, associated to &, and defined in (9.8.11)):

~ ~T
Lemma 9.10.2. Let (z,w) € H*(R) x H*(R), and (B, B;) be any SG breather, and let (B, B)
be the first eigenfunction from Assumption 2. If (z, w) are such that they satisfy the orthogonality
conditions



/R(z, w)(B1, (B1),)" =/(z, w)(By, (Ba),)" =0, (9.10.2)

R

then there is po = po(B,v) > 0 such that

2

[ewEs

2[z,w] > poll(z,w)|1 52 o o — ™ (9.10.3)
0

Following a similar strategy as in [AIMul3], we must use a different orthogonality condition
in order to ensure a good control on the scaling parameter 3, in such a form that we can run a
stability argument without using modulations, which are very difficult to estimate for breather
solutions.? Indeed, consider the new direction

(%) = (1+?) (Sin BB_t Bocm) + 20 (Bg ) € H?x H'. (9.10.4)

Note that from (9.8.17), we have

T
We must have in mind that (A, A) is a sort of generalized negative direction (see (9.8.18)), that

will replace (E, E) in (9.10.3). The advantage of taking this new set of orthogonality conditions

T

comes from the fact that (A, A) are naturally associated to the energy and momentum
conservation laws, which are only H' x L? based, and therefore, low-regularity conserved
quantities compared with the H? x H! global dynamics. Indeed, we prove the following

Lemma 9.10.3. Let (z,w) € H? x H?! satisfying the orthogonality conditions (9.10.2), and (A, A)
the direction defined in (9.10.4). Then there is vy = vo(B,v) > 0 such that
2

1 ~ T
2z, 0] > voll (2, 0) 3 » s — V—O\ /R (2, w) (4, A)

Proof. We follow a similar strategy as stated in [AlMul3]. It is enough to prove that, under the
orthogonality conditions (9.10.2), and the additional constraint

(6 ()

we have
Q[Z,U)] > V0H(27w)”§{2 x H1*

‘We write



(z,w) = (2,@) + 8o(B, B), (Bo, Bo) = (bo, bo) +70(B, B).

Note that
/ (By, By)(B1, (By),)" = / (Bo, Bo)(B2, (Bt),)" =0,
R R

and we can assume

Therefore,

9z,w] = 2z + 8B, @+ 6B

-~ = (9.10.5)
= 2[z,0| + 622|B, B] = 2[z, ] — §2)2.

Now we must replace &g and A\ by suitable expressions. First of all,
0= [cw) D' = [ welBoBi = [ (B B2l 0l
Since 2|z, w] = |, ] — 5602(B, B) and (Bo, Bo) = (b, bo) + 7o( B, B), we obtain
/R(bo,i)o)f[»?, @] = 70003 (9.10.6)

This last expression involves 7g, g and Ag. We want now an expression for 9. We have
/R (A, A)(Bo, By)" = /R (Bo, Bo)-Z|Bo, Byl
— /R ((bo, bo) + Yo (B, E)) (.Z[bo, bo) — Yo M2(B, B)T>
= 9[bg, by] — V2L

Note in addition that from (9.8.17) and (9.8.18),

~ ~ T ~ ~ 8
[ A DB = [ (Bo, B L1B0, il = - (1 +302).
R R B
Therefore,
242 7 8 2

Replacing this last expression in (9.10.5), and using (9.10.6), we get
(9.10.7)



9|z, w] 5ox2)°
_ ,@[2,’[17] B (’YO 20 20)
Yo Ao

2
</}R(bo,go)-§f[2a ﬁﬂ)

Q%ﬁd+%ﬂ+&ﬁ

= 9[z,@) -

Note that the denominator above is always positive. If now (2, @) = A(bg, by), for some A # 0, we

have
(/R(bo,gﬂ)-g[éyﬁo = </R(5a@)$[27@> (/R(boago)g[bﬂ,goo

= 2[3,@)2[bo, bo),

and therefore,

(AmﬂMmeo P
= 12, 21bo, bo = p2|z, ),

Q[bo, 50] + % (1 + 3’02) a@[bo, Bo] + %(1 + 31)2)

with p € (0, 1) independent of (z, w). We have then,
2z, w] = (1 - p) 2[2, @].

Now if (Z,@) lies in the orthogonal vector space spanned by (bg, o), (B, E), and the kernel
(B1,(B1),), (B2, (B2),), we have that 2%, @] defines an internal product, for which the Cauchy-
Schwarz’s inequality holds:

(/R(bo,i)o)i”[iywo < Q[%, @] 2[bo, bol,

(note that there is no equality since (b, b) and (Z, @) are not orthogonal). We conclude now that

( [ i) 22 fv’]) o
R Q[Z, w]g[bo,bo]

5 < 3 = p2|[z, ]
Qmjd+5u+mm Qm£d+gu+&m

with p € (0,1). We conclude that

|z, w] > (1 — p)2[z,w] > 0.



Therefore, in (9.10.5) we get
[z, > AL

Finally, we have

2]z,w] > (1 — p)2|z, T

1 1
= 5(1_/7)’@[27@] + 5(1—p)g[2,ﬂ§]

1 s =2 1 232
> S @ Al D) e+ 5 (- 2)EN

(2 = = 2 2
2 Z @) 52 g + (B Bl gz o g 2 12 W) 32 o -

9.11 Proof of stability

In this subsection we prove Theorem 9.9.4. This proof follows similar lines as in [AlMul3].
Assume (ug, u1) satisfy the hypothesis (9.9.1), for some 1 < 79 small. Let (u, u;) be the associated
H? x H" solution to (9.1.1) with initial data (ug,u1). Given K* > 1 to be chosen later, we denote
T* =T*(K*) > 0 as the maximal time for which, for all time T' € (0,T"],

SEII;] [ (w, ue) (t) = (B, Bt) 5, (0,5 Z1(8), Z2(t)) | o, 0 < K
telo,

is satisfied for some choice of modulation parameters Z(¢) and Z»(t), not necessarily unique. For
the sake of simplicity, and if no confusion arises, we denote

(B, Bt) = (B, Bt)ﬂ,’u'

If we assume that T*(K*) is finite, we can choose (assuming 7y smaller if necessary), using the
Implicit Function Theorem, special parameters 1 () and z5(¢) such that

/ (2w)(By, (Br),)" = / (2 w)(B1, (B1),)" =0,
R R

where

2(t,z) = u(t,z) — B(t, z;21(t), z2(t)), (9.11.1)

w(t,z) = u(t, z) — Bi(t, z;21(t), z2(t)), (9.11.2)

and Bji, B> are given in (9.8.3)-(9.8.4). These conditions are well-defined since the matrix with
coefficients



/ (B% + ((Bl)t)2) / B1B; + (B1)(Ba2);
R R

/ B1Bs + (By),(B2), / B+ ((B2),)?
R R

has nonzero determinant everywhere (cf. Corollary 9.8.3). Moreover, thanks to (9.9.1), we have

1(z w) (Ol 2 s g1 < 5

with constant independent of K *.

Consider now the decomposition (2.11.1)-(9.11.2), with (B, B;) depending on the modulation
parameters z1(t) and x2(t). A simple argument reveals that J#[B, B;|(t) is still independent of
time (see [AlMul3] for a similar proof). Therefore we obtain

2[z,w|(t) < 2[z,w](0) + S[;l%} Nz w)(t) S 7° + (K*)*n’,

Now, from Proposition 9.10.3 we have

2
12 w) @)l o S 7+ (K7 + / (2 0) (4, D) (8)] | 9.113)

Recall that (A, E) was defined in (9.10.4). Finally, using the energy and momentum conservation
laws (9.3.1)-(9.3.2), evaluated at two different times, we obtain a good control on the term

2

/R (zw)(4, D) (1)

Indeed, we have
1 2 2 o
5 /R((Bx%—%) +(By+ w) )(t)—l—/R(l—cos(B+z))(t) _
_ _/ ot 22)? (Bt+w)2)(0)+/R(1cos(B+z))(0),

from which

/ 2(sin B — Bg)(t) + /Btw :/Rz (sin B — Bg.)( 0)—|—/RBt'w(0)

2
+0< sup |[(z,w)( )||H1><L2>'
t€[0,7]

Similarly,

[ (Bt 2B wt) = [ (Be 2B+ w)0),
R R

so that



/(Btzz_Bacw)(t) _/(Btzz_wa)(0)+O< sup ||(Z’w)(t)||§1‘><L2)'
R R

te[0,7+]

Consequently, reconstructing (4, A) as it was defined in (9.10.4),

[eo@ad’ o) 5| oD o)+ s ek

te[0,77*]
< K*)n?

Finally, substituting in (9.11.3), we get

(2 w) (D)2 w11 S 0° + (B*)’n.
Taking K * large enough, and then n(K*) > 0 small, we have

2 1 *\2 2
) O < )P

so we improve the original estimate on (z,w), which contradicts the finiteness of T*. Therefore,
for all K* large enough, T* = +o0.

9.12 Numerical analysis

The purpose of this paragraph is to give strong evidence of the fact that Assumptions 1 and 2
in page 145 do hold. We have run a similar numerical scheme as in the case of the mKdV and
Gardner breathers, but now it is important to mention that the resulting linear system is no longer a
scalar valued one; instead, we have to deal with a vector valued linear system, which formally
implies that we need twice as many test functions as usual, compared to the mKdV case.

First test. Recall that we can always assume z2 =0 and z; € [0,27/a). We have run a
primary test with v = 0.7, different values of 8, and x; varying between -0.4 and 0.3. It seems that
the SG case is numerically simpler than the mKdV one, because of the fact that the SG breather
requires one derivative less for its definition. Therefore, with N = 25 (that is to say, 50 test
functions), we have obtained the results summarized in Fig. 9.2, in agreement with Assumptions 1
and 2 up to two significant digits. We also check the expected oscillatory behavior of the minimal
eigenvalue of the linearized operator .£ around a SG breather for variations of the shift ;. We
show this result in Fig. 9.3 where in that example, we consider 8 = 0.5 and v = 0.7 and shift
parameter x; varying from —3.0 to 3.0.
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Fig. 9.2 The graph of the four minimal eigenvalues (from the first negative eigenvalue (blue circle), to the double zero kernel
(purple box and brown diamond) and the first positive eigenvalue (green triangle)) of the SG breather with 5 = 0.5,0.6,0.7 and
0.8, with z; varying between -0.4 and 0.3. The velocity of the relativistic breather is taken as v = 0.7. Note that two numerical

eigenvalues are placed near zero, see also Fig. 9.1.
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Fig. 9.3 The graph of the four minimal eigenvalues of the SG breather case, with 8 = 0.5, v = 0.7 and with z; varying
between -3.0 and 3.0.

Second test. When f is fixed (e.g. 8 = 0.5), and we move the velocity v of the relativistic SG
breather from 0.0 to 0.7, we obtain the results written in Fig. 9.1 (table of eigenvalues). The
corresponding graphics are shown in Fig. 9.4.
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Fig. 9.4 The graph of the four minimal eigenvalues of the SG breather with 8 = 0.5 and the velocity v of the relativistic
breather varying between 0.0 to 0.7. The shifts z; = 0.1, z5 = 0 and we take N = 50 eigenfunctions (see also Figs. 9.5 and 9.1,
the table below left).
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Fig. 9.5 The graph of the logarithm of the absolute value of the minimal eigenvalue, plus one, for the SG breather with
B = 0.5 and the velocity v of the relativistic breather varying between 0.0 to 0.7. The shifts are ;7 = 0.1, z2 = 0. The
continuous curve is the set of straight lines that join each pair of points, and the approximate slope among two adjacent points

varies from 3.1 to 3.2.

Table 9.1 The first four eigenvalues of .Z: (left), for 8 = 0.5, 1 = 0.1, z2 = 0, and the velocity v of the relativistic SG
breather varying from 0.0 to 0.7, as corresponding to Fig. 9.4 (right), for 5= 0.8, v= 0.7, 2 = 0, and z; varying from —0.4
to 0.3, as corresponding to bottom right Fig. 9.2. All computations were made with N = 50. The third and fourth columns (left)
and eighth and ninth columns (right) represent the approximate kernel of . respectively.

v Ist eig. 2nd 3rd 4th T Ist eig. 2nd 3rd 4th
0.0 -0.3932 0.0020 0.0124 0.2783 -04  -5.555 0.0004 0.0011 1.658
0.1 -0.4246 0.0023 0.0107 0.2883 -0.3  -5.404 0.0003 0.0012 1.612
0.2 -0.5206 0.0040 0.0069 0.3191 -02  -5290 0.0002 0.0013 1.576
03 -0.6871 0.0037 0.0085 0.3698 -0.1  -5218 0.0001 0.0014 1.553
0.4 -0.9367 0.0023 0.0162 0.4292 0.0 -5.194 0.0001 0.0014 1.545
0.5 -1.2892 0.0026 0.0180 0.5143 0.1 -5218 0.0001 0.0014 1.553
0.6 -1.7724 0.0067 0.0094 0.6994 02 -5290 0.0002 0.0013 1.576
0.7 -2.4203 0.0036 0.0254  0.9489 03 -5404 0.0003 0.0012 1.612

Additionally, from the numerical tests we have found the following

(1)For v fixed, as long as 8 approaches zero, we see that the negative eigenvalue converges to zero,
a phenomenon that is in concordance with the convergence to zero in L norm of the breather as
B8— 0.

(2) As v increases to the speed of light 1, the quality and accuracy of the resulting numerical results
strongly decreases, implying that one needs to take N even larger to recover the desired spectral
stability.

In conclusion, our numerical computations reveal that, in any of parameters regime considered,
there is only one negative eigenvalue, as well as a well-defined two dimensional kernel, and a
spectral gap between the kernel and the continuum spectrum, supporting Assumptions 1 and 2 in
page 145.

9.13 Stability in the energy space

It turns out that the previous result can be improved to the level of allowing H! x L?
perturbations or namely, in the energy space for the sine-Gordon equation (9.1.1). However, now
the proof is not variational, since the H! x L2-stability will be a consequence of a dynamical
rigidity for small perturbations of breather solutions associated to the integrability of the equation.

Theorem 9.13.1 (Stability in the energy space). The SG breather is nonlinearly stable under
perturbations in the energy space H' x L*. More precisely, there exist Cy > 0 and ng > 0 such
that the following holds. Let (¢, ¢+) be a solution of (9.1.1), with initial data (¢, ¢1) such that




[(#0, ¢1) — (B, Bt)(0, - 58,0,0)|| g1, 12 <, (9.13.1)

Sor some 0 < n < ng sufficiently small. Then, there are shifts x1(t),z2(t) € R well-defined and
differentiable such that

sup [|(6(t), () — (B, Bi)(t, - 5 B, 21(8), 22 (D) 1 2 < Com- (9.13.2)

teR

Moreover, we have

sup |2} (t)| + [z3(t)| < Con.
teR

The proof of this result uses the Biacklund Transformations (BT) between two solutions (¢, )
for SG, and fixed parameter a:

R [P —¢
Yy — Pt = ; s1n<T> +as1n<T),
oo = Sain(PT2) asin (22

’ a 2 2

These two equations allow to describe the dynamics of breathers as in (9.13.2) using (9.13.1), and
the reduction of complexity induced by the BT. These ideas have been successfully implemented in
several contexts: Hoffman and Wayne [HoWal3] used BT to show a first abstract result for
stability, and applied this result to show in particular orbital stability of the SG kink solution, as
well as briefly discussing the case of n-kinks. Next, Mizumachi and Pelinovsky [MiPel2] showed
L? stability of the NLS soliton using this approach. The case in [AIMul5] was the first where a BT
was used in the case of breathers. In this paper, we will follow in spirit the Hoffman and Wayne
ideas for the SG case.

In order to fix ideas, let us consider the case of the SG breather. First of all, we will need to
work with complex-valued solutions. We will introduce the kink function (K, K;):

, 4iaeﬂz+iat
(K; Kt)(t, :D) .= | 4 arctan (eﬂazﬂat)’ e
1+ e2(Bz+iat)

This complex-valued SG solution is connected to zero via a BT of parameter 5 — ia. We have

K, = ! sin(5>+(,8—ia)sin<5),
38— ia 2 2

K: = ! sin<5>—(ﬂ—ia)sin<§>.
B —ia 2 2

On the other hand, the complex-valued kink is a singular solution to SG, in the sense that it blows
up (in L* norm) in a sequence of times tj, without accumulation point. The advantage of
introducing the profiles (K, K) in Theorem 9.13.1 is the following: this profile is connected to the
breather (B, B;) via a new BT of parameter 8 + ia:

1 ,<B+K> , ,(B_K> (9.13.4)
B, - K; = sin + (B +ia) sin — |

(9.13.3)

B+ia 2
B - K, 1 B+ K B—-K
= sin — (B+ i) sin — |

B+ia 2



The identities (9.13.3) and (9.13.4) are then perturbed using the Implicit Function Theorem. For
details, see [MuPal9].

9.14 Sine-Gordon breathers and rigorous integrability techniques

Recently, Chen-Liu-Lu [CLL20] presented fu// asymptotic stability results for solitons and
breathers of SG by using the nonlinear steepest descent approach to oscillatory Riemann-Hilbert
problems and under the condition of weighted initial data strictly included in the energy space.

By full asymptotic stability we mean convergence to zero with explicit decay rates of the
remainder in the solution, with norms taken on the complete real line, but with particular weights.
These weights precisely avoid the existence of breathers in the dynamics. This is contrary to the so-
called local asymptotic stability, which is proved in the energy space only, and not in the full real
line, because of the existence of possible breathers in the energy space.

In fact, Chen-Liu-Lu proved the soliton resolution for the SG case, giving detailed asymptotic
analysis for the Cauchy problem of SG. They proved that the solution of the Cauchy problem for
any generic data of SG can be written as a superposition of solitons, breathers and radiation in the
following explicit way:

N1 Nz
u(t,z) =Y Qi+ > Bi+ R(t,).
=1 =1

Here Q); are soliton-type solutions (in this case, kinks and anti-kinks), B; are breathers, and finally
R is the remainder. Consider the space of Sobolev type (but with associated weights)

2,8 1,s R _>_ . 2,8 1,s
H2(R) x HY(R) = {f—(fl,fQ) fEHYR), fy e H (R)},

where

H[R) :={fe L. (R):08if e L>*(R), 1<j<k, and sin(f/2) € L>*}

sin loc —
HEs(R) :=={f € L}OC(R) :00f € L>*(R), 0<j<k}
The precise statement for the soliton resolution for the sine-Gordon equation with generic data is
the following:
_>

Theorem 9.14.1. Let £(0) = (f1, f2) € HZ'(R) x HY(R) with s > 3 be given generic initial
data in the sense of the Definition 2.6 ([CLL20, p.21]). Let f be the corresponding solution of SG,
ensured by local and global well-posedness.

Then the solution can be written as the superposition of kinks, anti-kinks, breathers and

radiation as follows

N; N,
sin(f(t,z)) = Y _ sin(Qu(t,z)) + Y _ sin(Bi(t, ) + frsin(t, )
=1 =1
and
N1 N,

1- COS(f(t, CE)) = Z (1 - COS(Ql(ta x))) + Z (1 - COS(Bl(ta .CIJ))) + f?‘,cos(ta m)a

=1 =1



where 1 — cos(By(t, z)), sin(By(t,z)) and 1 — cos(Q,(t,z)) are given by explicit formulae (see
[CLL20J).

As for the radiation terms, fy sin(t,x) and frcos(t, x) by setting x = vt, one obtains explicit
formulae in [CLL20].

As a consequence of Theorem 9.14.1, a full asymptotic stability result for the sine-Gordon
equation can be obtained. To study the asymptotic stability, they first constructed general
reflectionless solutions, namely, solutions without radiation terms. Starting with the following
scattering data

_ K KM B BV 1,1 2N, 2N,
SD — {0, {Zo’k, Co,k}]qzl’ {ZO,jv CO’j}jzl} G H @C @(C 9

and assuming zg{k = pg{ki and zg” = pOB L€, denote

! 1 pp;
oh = . l=K,B,
0,j 1

L+ po,

with all U%)’j different. If N; =0, [ =1,2 then the corresponding set will be the empty set.

Therefore, one can construct a reflectionless solution N (¢, z) using the discrete scattering data (9.1)
and Proposition 2.9 (see [CLL20]). Moreover, this solution has the following asymptotics as
t — oo:

Ny N
sin(N(t, z)) = Z sin(Q;(t, x)) —I—Z sin(By(t,z)) + O(e™),
=1 =1
and
N, N
1—cos(N(t,z)) = Z (1 —cos(Qj(t, z))) + Z (1 — cos(Bj(t,z))) + O(e™),

where  sin(Qj(t,x)), 1 —cos(Qj(t,z)) and sin(Bj(t,z)), 1 —cos(Q;(t,z)) can be
reconstructed. Therefore by the continuity of the scattering data, we can also consider the stability
of the sum

Z sin(Q;(t, z)) + Z sin(B;(t, z)),
and
N N,
Z (1 — cos(Q,(t, z))) + Z (1 — cos(B,(t,z))),

provided the kinks, anti-kinks and breathers in these sums are sufficiently separated.



Corollary 9.14.2. Consider the reflectionless solution N (t,z) to SG. Assume that
%
1£(0) = (N (0),0:N(0) | g2 gria < &

— —
Jor 0 < e < 1 small enough. Let f be the solution of (9.1.1) with the initial data f(0), then there
exist scattering data

S= {?"(Z), {210 C1i 1 {ZLJ"CL]'};'V:ZI} c HY'(R) P g,

%
computed in terms of f(0) such that

N1 NZ

7l g+ (1200 = 214l + leog — enal) + Y (1200 — 214 + leos — ergl) S e
= =

Moreover, with the scattering data S one can write the solution f as follows

N N,
sin(f(t,2)) =Y _ sin(Qi(t, ) + > sin(Bi(t,2)) + frain(t, )
1=1 =1
and
1—cos(f(t,z)) = Z (1 — cos(Q(t, :c))) + Z (1 — cos(B(t, a:))) + freos(t, ),
=1 =1

where sin(Q;(t,z)), 1 —cos(Q;(t,z)) and sin(Bj(t,xz)), 1 — cos(Q,(t,x)) are reconstructed
using scattering data (9.4) respectively. Here, the radiation terms fy sin(t,x) and fy cos(t, ) have

the asymptotics given in Theorem 9.14.1 using the scattering data (9.4). The interested reader can
consult [CLL20, p.21].

9.15 Exercises

(9.1) Prove by hand Lemma 9.9.1.
(9.2) Prove that SG breathers (B, B;) are actually critical points of the functional J#.
(9.3) Prove by hand Lemma 9.6.1, namely that

P[B, B/](t) = —8pw.

(9.4) Prove by hand Lemma 9.10.1.
(9.5) Prove that B and K are related by a BT, namely prove (9.13.4).

1But now (B, By) ceases being an exact solution of SG.



ZAdditionally, we can express B; and B, in terms of B and Ba: we have
Bt = Bl - ’UBz, Bz = —’UBl + BQ.

iOf course, we also have a dependence on 3 and v, but it is not needed at this moment.

4In other words, we control the variations of the scaling parameter [ at least at the second order in the error term (z, w).



Chapter 10

Advanced topics in sine-Gordon and related
breathers

10.1 Uniqueness of sine-Gordon breathers

An interesting open question remains. Are SG breathers all of the form (9.5.1)?
This is not an easy question, and still unsolved. However, some interesting new results
have appeared during past years. For the sake of brevity, we shall review a nice result
here, and let the full domain of research to a chapter of our third book series.

Recently, Mandel [Man21] proved that the SG breather (9.5.1) is the only
quasimonochromatic breather in the context of nonlinear wave equations in RV, Indeed,
let us consider the more general nonlinear wave equations of the form (3.3.1), where the
space dimension IV € N and the nonlinearity g : R — R are arbitrary.

Definition 10.1.1. Let N > 1. We call the function v : RY x R > R a
quasimonochromatic breather if

u(t,x) = F(sin(wt)p(z)), zeRY, teR, (10.1.1)

for some w € R\ {0} and nontrivial functions F' € C*(R), p € C*(RY) such that
F(0) =0and p(z) — 0 as |z| — oo.

Mandel showed that in one spatial dimension the SG breather is, up to translation
and dilation, the only one for (3.3.1) and that no such breathers exist in higher
dimensions as long as g does not act like a linear function.

In fact, to rule out L*°—small solutions of linear wave equations, we assume that
g : R — R is not a linear function near zero, i.¢., that there is a nontrivial interval I C R
containing 0 with the property that there is no S € R such that g(z) = Bz forall z € I.

Theorem 10.1.2. Assume N € N and that g : R — R is not a linear function near zero.

(i) In the case N > 2 there is no quasimonochromatic breather solution of (3.3.1).

(ii) In the case N = 1 each quasimonochromatic breather solution of (3.3.1) is of the form
u(z,t) = ku*(x — xo,t) for xp € R,m,w,k € R\ {0} and u* as in (9.5.1). The
nonlinearity then satisfies g(z) = —(m? + w?)k sin(k ~12) whenever |z| < 2m|x|.

This result holds regardless of any smoothness assumption on g nor any kind of
growth condition at 0 or infinity. Moreover, our considerations are not limited to small



perturbations of w* or small breathers in whatever sense. Following the proof of
Theorem 10.1.2 one also finds that quasimonochromatic breathers of wave equations on
any open set 2 C RY with homogeneous Dirichlet conditions

Opu—Au=g(u), InOQxR, u=0o0n IN xR

with profile functions p € C%(£2) do not exist either (even if N = 1) provided that g is
not a linear function near zero. As a consequence, we find that C2([0,1] x R)-solutions
of the 1D wave equation from [Rab78, Theorem 1.6] are not of quasimonochromatic
type. This might be true as well for the solutions from [BCN80, Cor82], but here our
argument does not apply in a direct way since the solutions are not known to be twice
continuously differentiable up to the boundary.

For completeness we briefly comment on the linear case g(z) = 8z, B € R. Then
the profile function p of any given quasimonochromatic breather of (3.3.1) satisfies the
linear elliptic PDE

—Ap — (w2 +Bp=0, in RY.

For 8 < —w? there are positive, radially symmetric and exponentially decaying
solutions p, see [GNNS81, Theorem 2].

In the case 8 > —w?, N > 2 one can find radial as well as nonradial solutions of the
associated Helmholtz equation all of which have infinitely many nodal domains and
1-N
satisfy |p(z)| + | Vp(z)| 2 || in a suitable integrated sense, see [Swa79, Theorem
1] respectively [Kat59, Theorem 1a].

For > —w? N =1 all solutions are linear combinations of sin and cos so that
breather solutions do not exist. So we see that the picture is already quite complete in
the case of linear wave equations.

In the following let u(z,t) = F(sin(wt)p(x)) be a solution of (3.3.1) as in (10.1.1)
with g as in the Theorem. Plugging in this ansatz we get for all z € RY such that
p(z) # 0,

Opu(z,t) = —w? sin(wt)p( )F'(sin(wt)p(z))
+w? cos (wt)*p(z)? F”(sm wt)p(z))
=—w?2F'(2) + w(p(z)” — 2*)F"(2),

nd
’ Au(z,t) = sin(wt)Ap(z)F’ (sin(wt)p(z))
+ sin(wt)2| V p(x )]2F”(sin(wt)p(m))
— (@) 2F'(2) + ———— p(m)2 z°F"(2),
where z = sin(wt)p(z) € [—||p| ., +]pll o ]- This and (3.3.1) imply for z € R,z € R
such that p(z) # 0, and z € [ ([P, +[|Pllc ],
9(F(2)) + w?2F'(2) + w22 F"(2)

2 21 Ap(z /
= plafurF"() - 2 o) -

|V p(z)|?
p(z)?

(10.1.2)

22F"(2).



If F' was linear on [—||p| ., +||p||..]. then g would have to be linear on the nontrivial
interval I:={F(z) :|2| <|pl} as well. Since the latter is not the case by
assumption, we know that z — 22F"(z) does not vanish identically on that interval.

Multiplying (10.1.2) with p(z) and choosing z according to 22F"(z) # 0 we find
that p does not change sign. Indeed, if p(z*) # 0 and R > 0 is the smallest radius such
that p has a fixed sign in the open ball Br(z*), then Hopf’s Lemma [GilTru98, Lemma
3.4] implies | V p| > 0 on 0Bg(z*). But then (10.1.2) implies that Ap is unbounded on
OBpg(z*), which contradicts p € C2(RY).

Hence, p does not change sign and we will without loss of generality assume that p
is positive. So (10.1.2) holds for all z € RN and all z € [—||p||, +||p||.,] and standard
elliptic regularity theory gives p € C®°(RY).

Difterentiating (10.1.2) with respect to x; we get

Ap(z z)|?
8i(p(z)*)w’F" (2) —5i< l )>zF'(Z) —c%(%) ZF"(2) = 0.

p(z) p(z)

Since p? is non-constant, we infer that F satisfies an ODE of the form

" .
B2 = w? + p1 22

F'(2), |2 <|plles w1 €R, p2€R\{0}.(10.1.3)

Here, po # 0 is due to the fact that F' is not a linear function. Each nontrivial solution of
such an ODE satisfies F'(z) # 0 for almost all z € [—||p||, +|pll,].- Combining
(10.1.2) and (10.1.3) we thus infer

2 T T 2 2z
—3i(p($)2)ﬂ _&(Ap( )>z+3¢<|vp( ) ) p?’ =0.

w? + pq22 p(z) p(ar:)2 w? 4 p12?

Since (10.1.3) holds forall i € {1,..., N} and z € [—||p|| o0, +]|Pll o )> We get
A Vp(z)’
;. 31( p(w)) s a(' r@l\ _,

p(x) p(z)?
Ap(z)
- 81 p\x 2 _81' =0.
2 0i(p(z)?) ( e )
Since po # 0 we can find A1, Ao € R such that
Ap | Vp|® Ap
—p1—— + pr——— = —Aopi1 + Aipa, —pop” — — = —Aa.
p p p

This implies
(10.1.4)



|Vp|> = \p? — mp®, —Ap+ \op = pap®.

We now use (10.1.4) and the positivity of p to show that p is radially symmetric about
its maximum point py € RY. We concentrate on the case N > 2 since the claim for
N > 1 follows from the fact that z — u(zo + ) and z — u(z¢ — x) solve the same
initial value problem. Since p vanishes at infinity, we must have A\; > 0 and since p
does not change sign, As > 0, see [Swa79, Th.1]. Moreover, p attains its maximum at
some point zg € RY with p(zg) > 0,|V p(zo)| = 0, Ap(zo) < 0. This and (10.1.4)
implies Ay, u1 > 0 as well as o > 0. So we know that (10.1.4) holds for

)\1’/-1’1 > 07 )\27/-"/2 2 0.

In the case A2 > 0 from [GNNS81, Theorem 2] implies the radial symmetry about ¢, so
we are left with the case Ao = 0. So let us assume A2 = 0. Liouville’s theorem implies
that p2 = 0 is impossible, so we have us > 0 in this case.

Define a:=1—pjus € (—o0,1). In the case a € (0,1) the function
Y(z) = p(z)a satisfies

—p = —a(Ap)p®* ' — ala —1)| Vp/’p*? = aa — 1)A9.

In view of a(ar — 1)1 > 0 Theorem 1 from [Swa79] implies that 1) has infinitely many
nodal domains, which contradicts the positivity of . So this case cannot occur. In the
case a € (—o0,0) radial symmetry about z, follows once more from [GNNS8I,
Theorem 2], so it remains to discuss the case a =0, ie., p; = pus. Then

Y(z) :=log(p(z)) satisfies

~Ayp = —(Ap)p L + | Vp’p 2 = A\,

and we find as above that ¢ has to change sign, which is a contradiction. So we have
shown that p is radially symmetric about x( also in the case Ao = 0. So we have

p(@) = po(je —zol),  where pj(r)” = Aipo(r)* — mpo(r)*, py(0) = 0.
Solving this ODE gives

po(r) = Acosh(mr) where \; = m? u; = m?A472%

for some A > 0,m # 0. So — Vp + Aop = pop® can only hold for N = 1 as well as
Ao = m?2, us = 2m? A2, Plugging these values into (10.1.3) and solving the ODE we
get from F(0) =0,F #0

mz
F(z) = 4k arctan (A—> , for some k€ R\ {0}.
w



This implies that the breather solution is given by
u(z,t) = F(sin(wt)p(z)) = F(sin(wt)po(|z — zo|)) = ku*(x — 0, t)

for u* as in (10.1.1). So we have proved the nonexistence of such breathers for N > 2
from claim (i) and the uniqueness statement from claim (ii). To see that this solution
formula determines the nonlinearity g, we combine (10.1.3) and (10.1.4) to get

_Bp(@) ny | Vp(z)?
p(z) Fle) p(z)?
_ m?(m222 — A%w?)

m222 + A2w?

p(z)’w?F" (2) 22F"(2)

F'(2)z.

Therefore,
9(F(2)) = —w?2F'(2) — w?2?F"(2) +
_ (m? + w?)(m?2% — A%w?) Fi(2)2
4Amrw(m? + w?)(m?2? — A%w?)z

(m222 4+ A2w?)?

m2(m2z2 - A2w2)

m?2z% 4+ A%w?

F'(2)z

Plugging in z = % tan(% ) for |y| < 2n|k| we get F((z) = y and hence

4A%0%k(Mm? + w?)(A%w? tan (%)2 — A’w?®)tan(L)

9(y) =

= —2k(m? + w?) sin
= —k(m? + w?) sin (%)

Mandel [Man21] also proposed two interesting conjectures, deeply related with de
Giorgi conjectures. These are:

Conjecture 1.Let N € NN > 2and letp € C’Q(RN) be a solution of (10.1.4) for
some A1, Ag, i1, 2 € R that satisfies (8). Then there are v, m, z € R such that

Y
cosh(m(z; — 2))

p(z) =

Conjecture 2. Let N € N, N > 2 and let p € C?>(RY) be a solution of (10.1.4) for
some A1, Ag, i1, 2 € R that satisfies d1p(x)z; < 0 for all z € RY such that z; # 0.
Then there are v, m € R such that



2

p(z) = cosh(mz;)

Recently, Mandel’s idea has been extended to the case of generalized Korteweg-de
Vries, Kadomtsev-Petviashvilii and Zakharov-Kuznetsov models. See [FEMZ24,
ACM?24] for details.

10.2 The parabolic sine-Gordon model

There is an interesting problem concerning the parabolic version of SG (9.1.1), and
recently addressed by Gao and Xu [GaXu23]. Consider the following one-dimensional
parabolic SG equation posed on the domain T = [—m, 7]:

{8{& = H2Au - f(u)’ (t7 w) € (0’ OO) X T’ (1021)

u|t:0 = Uo,

where & is the diffusion constant, f(u) =—sinu = F'(u), and F(u) = cos u + 1 is the
usual double-well potential. The unknown function u: T — R represents the
concentration difference in the phase field context and typically takes the value in
[—, 7.

Concerning the SG equation (9.1.1), G.L. Lamb [Lam71] has shown that it admits a
solution of the following form

¢ = 4 arctan (X(JJ)/T(t)>

Based on the expression, we can easily find out that X (z) and T'(t) must satisfy
(X'(z))® = kX*(z) + mX2(z) + n,
(T'(£)* = —RT*(t) + (m — )T2(t) — n,

where k, m, n are arbitrary constants. For a special case, k = 0 and n = m, we can get

X(z) = sinh(mz), T(t) = — 1 cosh( (m — 1)t),

m —

and

(fysinh< wﬂc_%)\‘
\ cosh( 1'5_72)

¢ = 4 arctan

where

y=14/1—-1/m.



This solution has been already discovered, which was used to describe a collision
between two kinks in a centre-of-mass coordinate system, see [PeSky62] and reference
therein. It is natural to extend the study of SG (9.1.1) in high spatial dimensions.
Particularly, for two spatial dimensions, the equation reads as

¢wx + ¢yy - ¢tt = Sin(¢) (10.2.2)

which is invariant under the Lorentz transformation. Barone-Esposito-Magee [BEM71]
concluded that particle-like solutions of (10.2.2) occur only if the boundary conditions
at the origin are able to provide the gradient of

where u, is a unit vector in a radial direction. Similar conclusions also hold for high
dimensions. We refer the readers to [CKS03] for more background. The parabolic SG
equation (10.2.1) can be viewed as the parabolic version of the usual wave-type SG
(9.1.1) in the phase-field context. Recently, in the work of Li-Quan- Tang-Yang
[LQT22], they observe the symmetry breaking phenomenon in the typical high-
precision computation of the Allen-Cahn equation with very smooth initial data. It
happens due to the manifestation of the gradual accumulation of non-negligible machine
round off errors over time. In fact, this phenomenon also happens for the other equations
with double-well potential. In order to solve this issue, they proposed a new Fourier
filter method which worked successfully for a class of initial data with certain symmetry
and band-gap properties. Furthermore, they obtained several interesting results
concerning the one-dimensional Allen-Cahn equation with periodic boundary
conditions, including the complete classification of steady states, the monotonicity
property of the associated energy to the diffusion constant and the asymptotic behavior
of the profiles in [LQT21]. We will consider the same problem for SG, where the
nonlinearity term behaves similarly as the Allen-Cahn equation. Concerning the steady
state of the SG, Cheng-Li-Quan-Yang [CLQY21] established the maximum principle on
the torus for all dimensions and classified all bounded steady states in the one-
dimensional for (10.2.1).

To get a better understanding of the steady state, we shall consider the following
elliptic equation on the real line, i.e.

k*Au+sin(u) =0, zcR. (10.2.3)

Theorem 10.2.1. Let 0 < Kk < 1 and m, be the largest positive integer such that
myk < 1, then equation (10.2.3) admits exactly m, non-constant 2w periodic solutions
up to some translation and odd reflection.

In [CLQY21], Cheng-Li-Quan-Yang showed that any periodic solution of (10.2.3)
is bounded, i.e. |u| < 7. Expect for the trivial solutions u = =+, all the other nontrivial
solutions satisfy |u| < 7 and our interests are focused on these solutions. For equation
(10.2.3), the associated energy is




2 10.2.4
E,i(u):/(%[VU|2+cosu—l—1>dm. ( )
R

Based on the (10.2.4), it is possible to define the energy of the periodic functions

K> 5
E (u) = — | Vu|"+cosu+1 |dz.
T\ 2

Let

E. = inf By(u), (10.2.5)

where
F:={¢¢c HI(T)|¢(:1:) =¢(z+2m) and |¢| <, xR}

Usually, the 2m-periodic solution u, of (10.2.3) is called ground state if u, is odd and
achieves E,. For a fixed k € (0, 1), it can be obtained from [CLQY21, Proposition 3.2]
that the ground state solution is unique after translation and reflection if necessary. For
convenience, we introduce the notion of odd zero-up ground states U, which is odd and
the derivative at zero is positive (see Definition 3.1). For any 0 < xk < 1, defining m, to
be the unique integer such that

andeachj=1,...,m,,
Ur,j(z) = Ujs(jz),

then {ﬂm};n:“l are all the possible odd zero-up solutions to (9.1.1). In fact, the energy of
U j(x) satisfies

E,(y,5) :/]1‘<

Now we state the following theorem on the energy functional E(u) of the 2m-periodic
solutions.

Theorem 10.2.2. Let E,.(u) be defined in (10.2.5). Then it can be achieved for any
Kk > 0. Furthermore the following hold.:

| %,

(89317,;,]‘)2 + cos Uy, j + 1) dz = E;,(Uj).



(a) E, = 4w for k > 1 and it is only achieved by trivial solution u = 0.

(b) E, is achieved by U, whenever k € (0,1).

(c) If 0 < k1 < K2 < 1, then there is strict monotonicity property E,,, < E,,.
(d) The odd zero-up ground state U, satisfies

d

<Ce =

T
U,(z) — 2 arcsin tanh (— )

K

where C' > 0,d > 0, and

E,
Iim — =16 > 0.
k=0 K

(e) The 2m-periodic solutions of (10.2.3) have the following property: any 2m-periodic
solution of (10.2.3) which is not identically £ or 0 must coincide with u,, ;, where
j < 1/k. Furthermore Ey(u) = Epy(Ung)-

Moreover, it is possible to rigorously prove the convergence results of the solution
and identify the explicit profiles. In particular, if K > 1, u(z,t) converges to 0 with the
rate O(e~(""~D') while x = 1, the convergence rate becomes O(t~2). Furthermore,
they obtain the explicit profiles for k > 1 (see [GaXu23, Theorem 4.2]). Summarizing
the above discussion, they get the following precise and definite convergence results for
k> 1and 0 < k < 1, respectively.

Theorem 10.2.3. Let 0 < k < 1. Assume the initial data ug : R — R is 2m-periodic,
odd and nonnegative in [0, 7|, then we have u(z,t) — U, or 0 as t — o0o. Moreover, if
uo # 0 and E,(ug) > 4m, then u(x,t) — U, as t — oo and the rate of convergence is
exponential in time.

Theorem 10.2.4. Let k > 1. Assume ug is 2m-periodic, odd and bounded. Suppose u is
the solution to (10.2.1) corresponding to the initial data uy. If kK > 1, we have

u(t,x) = e (W Vg, sin(z) 4+ r(t), Vt>1,

where the constant a., depends on (uo, k), and ||r(t)|| g2(r) = o(e 3Vt gs t — +o0
. For k =1, we have

u(t,z) =t % By sin(x) + r1(¢),

1
where the constant B, depends on uo, and ||r1(t)|| g2(p) = 0 (t72) ast — +oo0.



10.3 On Boussinesq breathers

In this section we deal with the bad Boussinesq equation [39]:
3
Utt — Ugg — | Uge + —U =0. (1031)
2 rxr

Here u = u(t,z) is a real-valued function, and (¢,z) € R%. Bad Boussinesq is a completely
integrable equation, and it was first derived by Boussinesq itself [39] as an approximate model for
shallow water waves in the one-wave regime and is linearly ill-posed, as revealed by a standard
frequency analysis.!

For the rest of the section, we write the bad Boussinesq equation (10.3.1) as a wave system:

Ut = Vg,
{vt = Uz + (um + %u2)m (10.3.2)

Some lower order conservation laws for the bad Boussinesq equation (10.3.1) are

/Ru, /Rv, (10.3.3)

the momentum

Plu,v] :—/ uv, (10.3.4)
R
the energy
Elu,v] ::/ (ui —u?—0? - u3), (10.3.5)
R
and the H? conservation law
2 2 2 1 1
Flu,v] ::/ (—uiw — =02~ Zu? - 3uul fuw + —ut+ —u3). (10.3.6)
R\ 3 3 3 2 3

Following [196, eqn. (4)], the exact soliton solution of (10.3.2) is,
u(t,z) = Q.(z — ct — zo), (10.3.7)

where
Qc(z) == (*-1)Q (v c? — 1:v), Q(z) :=sech? (;) (10.3.8)

with g € R and ¢ > 0 fixed parameters. Moreover in this case, even if the equation (10.3.1) is
linearly ill-posed, it still does have breather-like solutions. Indeed, let o, 3 > 0 and z1,z2 € R be



fixed parameters. From [196, qn. (4)] we have that the breather (u,v) := (B, B) solves the bad
Boussinesq equation (10.3.2). Here, B and Bare given by the simplified expressions

B(t,z) :=408%log ¢(t, ), B(t,z) := 48y, log ¢(t,z), (10.3.9)
and where ¢ is the phase function
o(t,z) =1+ e”(2cosy; + pe”). (10.3.10)

Additionally, the variables y1, y2 and the parameter p have the form

B 5 B & —a’+4a
yr:=ax —0t+x1, ys:=Px—~t+xy, p:= m, (10.3.11)
where the speeds v, d are given by
b 1 1/2
§im —, oy (— (a+ a2+b2)) , (10.3.12)
2 2
and finally
a:=(B2—a?)+ (B2 —a®)? — 428, b:=2aB(1+2(8%—a?).  (103.13)

For the sake of completeness, the explicit expression for the breather B (10.3.9) is the following:

pB? — a2 + /p(B* — a?) cosh(§2) cos(y1) + 28 sinh(§2) sin(y1)
B(t,z) =4 - } (10.3.14)
(cos(y1) + v/p cosh(§2))

where ¢ = log(/p) and §2 = y2 + 9.

Remark 10.3.1 (Periodicity of the bad Boussinesq breather). Note that from (10.3.10) we have
that generically B is time periodic, up to a shift in space. Indeed, if b # 0, then after a time

T := 276! the breather becomes the same, but translated a distance YT'3~1. Assume y = 0, that is
to say, the speed of the breather is zero. Therefore, from (10.3.12) we have b =0 and a < 0. If b = 0,
then necessarily

1
2 2
at— (3= —.
p 2
This condition leads to a = —% — 4a8% < 0. Therefore, zero speed breathers, time periodic, are

naturally allowed in the bad Boussinesq model.

B/4
8-
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Fig. 10.1 The bad Boussinesq breather (10.3.14) % ,witha=3andf=1latt=0.

The breather (10.3.9)-(10.3.14) was explicitly found in [196], except for some minor misprints in
the formula. Here we recover the correct expression, which has only some minor modifications. In
[196], it was also argued that the good Boussinesq equation (¢ = —1) cannot have regular breather
solutions.

In this section, we prove that, contrary to what is expected, bad Boussinesq breathers still preserve
its first order variational structure, independently of the linearly unstable character of the equation.
The main result is an unpublished result worked by M. F. Cortez and the authors:

Theorem 10.3.2 (Variational structure of breathers in bad Boussinesq). Let (B, B)(t, ) be any
breather solution for the bad Boussinesq equation (10.3.2), with parameters a, 8 > 0, x1, x5 € R.
Then there are constants \,o € R, only depending on a, B, such that for allt € R

Brase + Bua+ B2+ 2 BB,y + 2B+ 2B+ S 3
4 2 4 4 2
3 3\ 3 = (10.3.15)
and
~ 3 - 3 - 3
B, + EBB_ EAB—F ZO’BZO. (10.3.16)

Moreover, each breather (B, ]§) is a critical point of the Lyapunov functional
Hu,v] = Flu,v] + AE[u,v] + 0 P[u, v], (10.3.17)

where the energy E[u,v| and momentum P[u,v] are defined in (10.3.5) and (10.3.4) respectively, and
Flu,v] (10.3.6) is the third conserved quantity for the bad Boussinesq equation.

Remark 10.3.3. Theorem 10.3.2 reveals that no matter the ill-posed character of the bad Boussinesq
equation, its breather follows a suitable variational structure. Of course, this structure is still unstable,
however, it corroborates the principle that every breather has a variational structure.

Remark 10.3.4. In the previous Theorem 10.3.2, the parameters A, o are not easy to compute, and
have some undesirable form. For the sake of completeness, we include them in (10.3.38), at the end
of this section.

Let us first define the following auxiliary function:
B(t,2) = 4;log(¢(t,2))
4 v/py(cosh(yz + v) + sinh(y2 + 9)) + v cos(ay1) — d sin(ay1) (10.3.18)
/B cosh(ys + %) + cos(ayy) |
which satisfies that B = 8, B, as easily checked. The following result is an intermediary but key step

to the proof of Theorem 10.3.2. Its proof is painful and complicated, for this reason we prove it at the
end of this section.

Lemma 10.3.5. Let (B, B) be a breather solution of (10.3.1) as in (10.3.9). Then

~ 3, 3 3 , 3., 3 . 3 . 3 _
By~ S B:+ BBy + — B>+ - B+ ~B*~ “AB,+ ~¢B=0, (103.19)
4 2 4 4 2 2 4

and

B, + ;BB — %AB’ + %O'B =0. (10.3.20)

Proof. See the end of this section for a detailed proof of this system of nonlinear identities. i



Proof of Theorem 10.3.2, assuming Lemma 10.3.5. First we prove (10.3.15). Note that (10.3.16) is
precisely the identity (10.3.20).

We have from (10.3.1) and the fact that B, = B,,

3 ~
waxw = Btt - (B + 532> = Btw - (B:m + 3333 + 3BBza:)

T

Hence, substituting this relation in (10.3.15) and having in mind the bad Boussinesq equation
(10.3.1), we rewrite (10.3.15) as follows
~ 9 9
By, — (Byy + 3B2 + 3BBy,) + By + ZBg + 5 BB
3 o 335, 3 _5 3 3 _, 3 =
+4B + 4B + 2B - 2>\(BM+B+ 2B)+ 4aB
3 o, 3 3 o, 3 3

where we have used the identity (10.3.19). We conclude.

~ ~ 3 ~ 3 =~
:Btz_ B2+ B3_§)\Bt+ZUB:07

Now, in order to see that the breather solution (B, E) is actually a critical point of the Lyapunov
functional (10.3.17), we consider @ = B + z, © = B + w, with (B, B) any type of breather solution
and (z,w) small H? x H' functions respectively. In what follows, we compute the linear
contribution of each conserved quantity above, expanded around a breather solution (B, E). We have

H[B+ 2,B+w| = F[B+2B+w| +AE[B+ 2z B+w|+0P[B+ 2B+ uw|
=|B, B]

4 4 2 2 D2
+ z[ngm + 5 Buo +3B2 + 6BB., + B + B
R

+2B% — 2\(Byy + B+ 232) + aE’]
+ /w [%B’m +2BB - 2\B + UB] + O(2%, w?, zw).  (10.3.21)

Here O(2%, w?, zw) denote quadratic terms in z,w and its lower order derivatives. Therefore the first
variation of the Lyapunov functional give us the system of ODEs satisfied by the bad Boussinesq
breather, previously proved. o
Proof of Lemma 10.3.5. Recall the breather functions (B, B, E) involved in (10.3.9) and (10.3.18).
We write them in the following short form:

F =~ G
B(t,:l?) = 4@, B(t,(l?) = _4W,

~

H
B(t,z) = —d=. (10.3.22)

Here
F(t,z) = Fi= (pB? — a®)+ y/A(5 — a?) cosh(ys + ) cos(ay1)
+2a8,/p sinh(yz + 1) sin(ayy),
G(t,z) = G := (pBy — ad) + /p(By — ad) cosh(ys + 1) cos(ay:)
+(ay + B8)/p sinh(yz + ) sin(ayn),
H(t,xz) = H := /py(cosh(yz + ¢) + sinh(yz + ¢)) + v cos(ay1) — d sin(ayi),
N(t,z) = N := /pcosh(ys + 9) + cos(ay). (10.3.23)
Then, with this notation, we can compute each of the terms in (10.3.19) and (10.3.20).
Specifically, in the case of the identity (10.3.19) we have:

- M
Btz = —(155
N (10.3.24)
M, = N2 [6NthG 4 N2Gyy — 2N(NoGy + Go N, + GNtz)] :
3 3 M
——Bi + _Bwa = —27
4 2 N (10.3.25)

My = _% [4NF(FmNz + N, F) + N}(F2 — 2FF,,) — sNgFZ],



3 3., 3 M; (10.3.26)
iy DR - R
17 TPy N6’
My = % [N2F? 1 2F8 + N2G?),
and
3.~ 3 - My 3,
—5ABi+ JoB= 5, Mi= N [JG —2A(NH, — HNt)] (10.3.27)
Similarly, with the identity (10.3.20), we have
- R
B, = FZ Ry = 6GN?2 — N(4N,G, + 2GN,, — NG,.,), (10.3.28)
3 - 3 - 3 Ry 3 ) )
° -2 2oB="2 == - . (10329
+5BB - GAB+ JoB= 17, Ry 4(2FG+0FN 2,\GN) ( )

Therefore, we rewrite the identities (10.3.19)-(10.3.20) in the following simplified way

1 4

(10.3.19) = — > M, (10.3.30)
i=1
1 2

(10.3.20) = ~i > R (10.3.31)
=1

Now, substituting the explicit functions F,G,H,N in M;, i=1,...,4 and R;, i=1,2 and
collecting terms, we get (with notation §; = y2 + 9))

4
Z M; = dy cosh (§2)* + dy cosh(§s ) cos(y1) + ds cosh (§2)  cos(y1)
=1

+dgcos (y1)? + ds cosh (72) 2 cos (y1)? + dg cosh () * cos (y1)?

+dy cosh(z) cos (y1)* + ds cosh (§2) % cos (y1)® + dg cosh (§2) % cos (y1)*
+dy cosh (§i2)* + di1 cosh () ? sinh (g ) sin(y1)

+d12 cosh(g2) sinh(g2) cos(y1) sin(y1)

+dy3 cosh () ® sinh(f ) cos(y1 ) sin(y1)

+d14 sinh(§s) cos (y1) % sin(y1)

+dy5 cosh () 2 sinh(7 ) cos (y1) % sin(y1)

+d 6 cosh(f2) sinh(g2) cos (y1) * sin(y1) + di7 cosh (§2) ° cos(y1)

+dy5 cosh(fa) cos (y1)° + dig cos (y1)* + dag sinh(ga) cos (y1) * sin(y:)

+da; cosh (§2) * sinh(F ) sin(y1 ), (10.3.32)
and
2
Z R; = e; cosh (§2) 2 sinh(§, ) sin(y; ) + ez cosh(§s ) sinh(fs ) cos(y1 ) sin(y;)
=1
+e3 sinh(§2) cos (y1) 2 sin(y1) + e4 cosh (72) * cos(y1)
e cosh (§i2) ? cos (y1)* + eg cosh(§2) cos (y1)* + e7 cosh (§2)*
+eg cosh(§s) cos(y1) + eg cos (y1)?, (10.3.33)
with coefficients d;, ¢ =1,...,21,and e;, i = 1,...9, as follows

di= 12p (— 4ab — %% +at (12p82 +1) + a2 (p <— 1284 — 68% + 4ﬁ’yg + 72913'3'34)

+ pB20 +pB (p (48" + 5 —77))),
d2 = 2P71/2d1:

d
f = p*? (— 24a® + 40?82 + 62 ((p— 6)B82 + 1) + 20%[— 6(2p — 3)B* — 3(p — 3)B*



+2(p — 3)[3’7% + py* + 362 + 5(2(;) —3)B25 —2(p+ 3)aBy + 3(26\ + acr))

+p (188° + 681 + 108%y2 — 3By0 — 623) + 6ﬂ262),

dy = pildla

ds = —6/)(26016 +2at (3(p—2)B% —4) + 2022 ((6p — 3)B* — (p+ 1)* — 46%)
+add(p + 1)y — 3(2%)\ +o)]
—p[268° + 8B + 287 (472 + 62) — 3o — 672N — 2,6262),

% = — (3a6 —3a* (1582 +1) + o? <45/34 +188% — 4&,2 +9%— 52)
0
—6 (2825 — 8Bary + 66X + 30) — 38° — 3B — B2 (v — 36%) + 3P0
+6y2),
4d—J_ = —(18a6 —4026% + 6a* ((6p —4)82 — 1) —2a%[3(6p — 1)8* + (9p — 3) 8
P

+2(1 — 3p)ﬁ’yg +92+36% +8(2(3p — 1)B%5 + 2Bay(3p + 1)

—3(20\ + ac)) — p (2480 + 684 + 262 (572 + 362) — 3By0 — 672)\)>,
ds = —6p%>(4a® — da* (158 +1) + da? <1554 +68% — 2,87%)

—5 (4525 — 8fary + 60X + 30a) — 485 — 4B + 48262 + 3P0 + 672>\),
do = p~'ds, 5 (10.3.35)
dio = p? (— 120 — 120044 + 160262 + 4a? (2154 + 126" — 887 72)

+6 (— 16825 — 8Bary + 66X + 3a0) + py (168%y — 380 — 6v)) + 12ﬂ252),
dy = 24p3/2(— 608 — B2 + (2(p + 1)a2® + 2028 — ad)

+8 (s (- 08 -2+ 12 422))),
dis = 2p12dyy,
di3 = 4p? (18a5ﬂ — 203 (30ﬂ3 + 68— 72) — 48(a’y — Bad) + a[188° + 1283

—2ﬂ27£ + 2B (v — 38%) — 37(2g,\ +0)] + 6 (4B8%y — 30 — 67)\)),
diy = 24p'/? (— 6a*B — 2882 + (2(p + 1)B3a? + 2Ba? — yad)

+8 (p ( 664 — 26 + fr— + 72> + 52)),
dis = 6p%/? (24a55 —4a3 (2053 +48 — 7%) —4a%5(y — 2ﬂg) + af24°

+1683 — 4ﬁ2'yg —8B6% — 37(2%)\ +0)] + 6 (4B8%y — 360 — 67)\)),

dig = pdis,

dir = p¥/?(4a28% — 4v(2Bas + ay) + & (— 4825 — 8Bary + 60X + 3a0)
+v (4% — 360 — 67))),

dig = p~2dir,

dio = (5 (1606 + 60X + 3a0) — p[84a’f? — da’® (30&4 +1282 — 8ﬂvg — 72>

+8B6(288 + ay) — 1285 — 4B% (442 + 36%) + 3By0 + 6’72)\}),



/2 (804275 +8085% +  (—84%6 — 8afy + 126X + 3ac) + 35&;) ,
do1 = p2dayo, (10.3.36)

and

e1 = 2p%% (2a®y + 6a2B0 + a (—68%y + 380 + 3yA) — 2836 + 3BN),

ez = 4p (2037 + 6a’B0 + o (—68%y + 380 + 3yX) — 2835 + 3B6)),

es = 2,/p (2037 + 60’88 + o (—68%y + 380 + 3y\) — 2835 + 3B5A),

es = p>/? (—4a38 + 3a%(4By — o) + 626 (282 — ) + B (—48%y + 380 + 671)),

es = 2p (—4a®5 + 3a2(4By — 0) + 6ad (282 — A) + B (—4B%y + 3B0 + 691)),

es = /p (—4a®8 + 3a2(4By — o) + 6ad (282 — A) + B (—4B%y + 380 + 67X)),

er=—p (a (16@25 + 3ao + 65)\) + pp (16627 — 380 — 67)\)),

es = —2,/p (a (1608 + 300 + 66)) + pB (168%y — 3B — 67X)),

eg = — (a (16026 + 3ao + 65X) + pf (168%y — 30 — 67X)). (10.3.37)
Now, with &, v, p as in definition (10.3.11)-(10.3.12) and A, o as in (10.3.38), we get, with the help of
the symbolic software Mathematica and after lengthy but direct computations that all
di=0,i=1,...,21,and alle; =0, i =1,...,9, and therefore 37 | M; =0 and 3>, R; = 0,
and we conclude. o

Explicit expression for parameters A and o. The variational parameters A and o are defined as
follows:

__aptaip+ 0292 + a3p3 + a4P4
bo + bip + bap? + bzp® + bap*
co + c1p + cap” + c3p” + cap®
bo + b1p + bap? + b3p3 + bypt’
with a;, b;,¢;, 1 =0,1,2,3,4 given by:
ap = —6 (3a2 — ) (27a6 —9at (382 +1) +a? (98" + 682 + 952) — 6ays
-8 (84 + 8 7)),
a) = —12[45a8 —3a® (1382 +6) + ot (6584 + 68 + 1852) — 120385
+a?B? (— 85B* — 308% + 292 + 66%) + 28334 + 28* (118* + 54% — 572)},
az = ~4[540% — 9a® (178> +3) + a* (~ 278" + 395° + 275%) — 420 By
3028 (498" — 5F% + 9 — 6%) + 66 + 1858° + T76° — T18%?)
ag = —4[90% — a® (7167 +6) +a* (1053" + 265 + 65%) — 2007819
—a?B% (538 + 2682 — 672 + 652) + 20085 + 6 (38° + B¢ — 5472)} )
as = —2(a? - 38?%) (a6 —at (1582 + 1) +a® (158* + 6% + 6%) — 6aByd
_3356 _ 9/34 + 9/3272),

(10.3.38)

g—; = (2705 — 9a* (382 + 1) + a? (98" + 6582 + 962) — 6aBvs — B2 (B* + B* — v?)),

;’—; = (45a6 —3a! (3582 +6) + 3a? (298* + 128% + 66%) — 368y — 1985 — 108*
+10ﬂ272),

% = (54a6 —3at (7082 +9) + 3a? (948" + 3087 + 96%) — 900Bv5 — 1584°
598 + 59[3272),

by = 6<9a6 —a* (538%+6) +a® (1078* + 28532 + 662) — 28a4vs — 878° — 308



+308%%),
b= 3(a®—a' (982 +1) +a? (278 + 682 + 62) — 6aBv5 — 9 (38° + B* — B%v?)),
and
co = —24 [81a75 —27a%By — 27a® (38%5 +6) + 9o’ (38° + B)y + 9a®5(3B8* + 2582
+36%) — 3By (36" + 26 + 96%) — 3af?5(B* + B — 3v) + B*y(B*
+8% - 72)},
c1 = ~24(63076 — 21a%6y — 3a° (T68° +9)8 + '8 (1728 + 9)y + 9a35(195"
+1082 4 362) — o?By(12158* 4 6287 + 996%) + af*5(148* 4 552 4 57+7)
+687y +98%y - 98%°),
% = — [15a75 —5a%8y — a® (10082 +9)6 + 3a* (608° + B)y + a*8(1555*
+545% + 96?)
—a?By (1858* + 8287 + 5782) + af?s (—508* — 174% + 99+?)
+36% (268" +98° — 99°) ]
c3= -8 [3a75 —a%By—3a® (88%0+6) + a* (568° + B)y + a35(1195* + 265°
+36%) — a?Bv(285B* + 6287 + 276%) + af?S(— 4651 — 1952 + 814?)
+98%y (268" + 982 - 97%),
ci= 24P (o + 8°) (367 — ad),
where p, &,  are given in definition (10.3.11)-(10.3.12).

As a final remark, we also notice that the bad Boussinesq equation (10.3.1) has suitable Biacklund
transformations, connecting soliton-like solutions. Some of these ideas will be worked in a
forthcoming book.

10.4 Exercises

(10.1) Show that the bad Boussinesq breather (10.3.14) goes to the soliton (10.3.7) at zero frequency,
namely

lim B(t,z) = Qc(t,z +x0), c=+p2+1, xo=1log(2).
a—0
(10.2) Prove that if B(¢, z) is a bad Boussinesq breather (10.3.14), then

u(t, @) = p+ (L+30)B (1430t /1+ 3uz), peR,

is also a breather solution of (10.3.1) with nonvanishing boundary value y at infinity.

(10.3) Prove that purely periodic (i.e., without spatial shift) localized bad Boussinesq breathers with
nonzero weighted mean cannot exist for any power of the nonlinearity, namely

Utt — Ugy — (uzav + %’U,p)zz = Oa p S N. (1041)

Hint. Use the function [, # x (10.4.1)dz.




INote that a more general model can be derived from (10.3.1), namely with p,q € {—1,1},

3
Ut — puzm - q(uzz + _U2) = 0.
2 rxr

For p =1, depending on the sign of g, above equations are referred with the prefix bad (¢ = +1) Boussinesq or good (g = —1)
Boussinesq.



Chapter 11

Zero mean periodic mKdV breathers

11.1 Introduction

Until this point we have essentially considered only non periodic functions in space
as possible breathers. The purpose of this chapter is to bring the attention of the reader to
a new class of breathers, which are not only (almost) periodic in time, but also in space.
These kinds of solutions are present in several models, like the mKdV equation, the SG,
and the NLS equation, among others. However, for the sake of simplicity, and in order to
clarify the main ideas and concepts, we will focus our attention to the case of the focusing
mKdV equation (4.1.1).

Recall that u = u(z) defined on R is periodic, with minimal period L > 0, if
u(x + L) =u(z), forallz e R.

Note that this condition does not include constant functions for which one can take L = 0
. This is done to avoid unnecessary complications in some results described below.
Usually, the above information is encoded in the notation

u=u(z), xze€lLTl, T:=R/Z.

Here T denotes the one dimensional torus of length one, or the interval [0,1] with
periodic conditions on the boundaries z = 0,1. We will use this notation along this
chapter.

Recall the focusing mKdV equation studied in the previous chapters, this time posed
on the torus of size L

Ou+0,(02u +u*) =0, wu(t,z)eR, e LT. (11.1.1)

Now we look for u periodic in x, with minimal period L > 0 (to be determined later
on). This means that we look for u(¢, z) solution of (11.1.1) with the property that

u(t,z + L) =u(t,z), forallteR,zeR.

For the purposes of this chapter, we will only need data in the periodic H'(LT)
space, to be defined in detail below.



11.2 Conservation laws

As in the non periodic case, the periodic mKdV equation (11.1.1) has conserved
quantities, actually, infinitely many. Here we recall the most interesting ones from our
point of view. One has the mass,

1 2
Myul(t) = 5/ u”(t, x)dz = M4[u](0), (11.2.1)
LT
the energy
1 2 1 4
Eful(t) = 5 /LTuw(t,a:)d:L' v LTu (t,z)dz = Ex[u](0), (11.2.2)

and a higher order energy or third conserved quantity
1
Fylul(t) = 5 [ wi(tz)do
LT

_5 uw?ul(t,z)dz + 1 uS(t,z)dz = Fy[u](0),
2 Jrr LT

(11.2.3)

which are formally preserved if u(t,-) € H?(T) is a solution of (11.1.1). Here,
H(T) := {v e H(0,L)

0(0) = v(L), v5(0) = vy (L), v5z(0) = vm(L)}.

(Note that we work on a bounded interval of R, and this fact will provide nice properties
in terms of spectral theory.)

The proof of conservation for the laws My [u|(t), Exlul(t), Fyulu](t) is straight-

forward if we work by density in a space of smooth functions and we note that
u(t,0) = u(t, L) and u,(t,0) = u, (¢, L) for all time imply

Ut (t, O) = U¢ (t, 0), Ut (t, 0) = Uyt (t, L),
and therefore using (11.1.1),

It seems nearly impossible to talk about periodic in space solutions of dispersive
models without talking about Jacobi Elliptic Functions. Here, we will concentrate our
efforts on the stability of breathers. However, we first recall some standard properties of
Jacobi Elliptic Functions.

11.3 Jacobi Elliptic Functions

We present here some basic notions and properties on the Jacobi Elliptic Functions
(JEFs hereafter) that we are going to use in the study of the periodic breather. For further
reading, see [AbSe81, ByFr71].



The JEF sn(-,r) with elliptic modulus 7 is defined as the solution of the following
ODE:
sn> = 1 — (1 —r) sn2+ rsn?,
sn” = —(1+r)sn+ 2rsn’.
Additionally, it is related with the following two JEFs cn(-,7) and dn(-,r) by the
algebraic identities
sn(z,r)? +en(z,r)? =1, dn(z,r)+risn(z,r)’ =1,

and by the derivatives with respect to x:

d

% sn(z,r) = cn(z, k) do(z, ), T cn(z,r) =—sn(z, k) dn(z, r),
e _ 2

7 dn(z,r) r“sn(z,r) cn(z, ).

Some special values when » = 0 or 7 = 1 are given by:
sn(z,0) = sin(z), cn(z,0) = cos(z),
dn(z,0) =1, sn(z,1) = tanh(z),
cn(z,1) = cosh(z), dn(z,1) = sech(z).
The nd(-,7) is defined as the inverse of the dn JEF, i.e. nd(z,r) = dn(l—”). It is also
characterized to be the solution of the following ODEs (here nd = nd(z, r)):
nd? = -1+ (2—7) nd?+ (r—1) nd?,
nd” = (2 — r) nd+ 2(r — 1) nd®.
It takes some special values when 7 = 0 or r = 1: nd(x,0) = 1, and nd(z, 1) = cosh(z).
Also,

nd(z,0) =1 nd(z,1) = cosh(z),

and by the derivatives with respect to «

d;dac nd(z,r) = r? sd(z,r) cd(z, ), % sd(z,r) = cn(z,r) nd*(z,r),
% cd(z,r) = —r? sn(z,r) nd?(z,r).

11.4 A first class of periodic mKdV breathers

The first class of periodic breather solutions was obtained by Kevrekidis, Khare,
Saxena and Herring (KKSH) [KKS04], proposing a well-tailored ansatz, by using JEFs
and matching of free parameters.

Definition 11.4.1. Given o, § > 0, z1, 22 € R and k, m € [0, 1], the KKSH breathers are
given by the explicit formula [KKS04]

B = B(ta T;Q, 57 ka m,Iq, :132)

e A Bt 9D B sn(ayi, k) (11.4.1)
:=8,B =220, [arctan (a —nd(ﬂy2,m) >] )

with sn(-, k) and nd(-, m) the standard JEFs of elliptic modulus k and m, respectively,

y1:=x+ 0t +x, y3:=x+yt+ xa,



and
§:=a’(1+k)+38(m—2), v:=3°A+k) +8(m—-2). (1142)

Notice that (11.4.2) converges to the mKdV values when k£ — 0, m — 1. Additionally, in
order to be a spatially periodic solution of mKdV (11.1.1), the parameters m, k, « and 3
must satisty the commensurability conditions on the spatial periods

gtk _ @
T K= K (11.4.3)

where K denotes the Elliptic function K, which satisfies

™
K[0] = — and lim K[k| = oo.
2 k—1-

Under these assumptions, the spatial period is given by

Note that conditions (11.4.3) formally imply that B (11.4.1) has only four independent
parameters. Additionally, if we assume that the ratio 8/« stays bounded, we have that &
approaches 0 as m is close to 1. Using this information, the standard non periodic mKdV

breather (3.2.1)
_ B sinfoy1)
B= 220, {arctan <a cosh(Bys) )],

y1=x+6t+z1, Y=+ Yt+ xo,
and
§=02-38, ~=3a%2-p,

can be formally recovered as the limit of very large spatial period L — +o0, obtained e.g.
if K — 0. In that sense, one can think of (11.4.1) as a nontrivial periodic bifurcation at
infinity of the aperiodic mKdV breather.

See Fig. 11.1 for a description of a KKHS breather solution. It is important to mention
that conditions (11.4.3) impose a particular set of restrictions on k and m. In terms of k,
one has k € [0,k"), with k* ~ 0.058, while m is decreasing with respect to k, with
m(k=0) =1 and m(k ~ k*) ~ 0. Fig. 11.2 describes the behavior of k and m more
clearly.




Fig. 11.1 The graph of the KKSH breather at time ¢t =0, for § =1, k= 0.001,
m = 0.999 and L = 12.398.

k
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Fig. 11.2 The graph of m as a function of k£ obtained solving conditions (11.4.3).
Although m runs from 0 to 1, not all values of k € [0, 1] are allowed, being the limiting
value of k ~ 0.05883626.

In what follows, we will use the convention that
m=m(k), a=a(Bk), (11.4.4)

obtained by solving m = m(k) in (11.4.3) numerically, and then solving for «
algebraically.

11.5 Stability analysis of the KKHS breather

An impressive result is the fact that KKHS breathers (11.4.1) do follow a variational
characterization.

11.5.1 Variational characterization

Very similar to mKdV posed in the real line, one has the following surprisingly
simple result:

Theorem 11.5.1. Assume (11.4.3). Let B be any KKSH breather (11.4.1). Define
(11.5.1)



a; :=2(f*(2—-m) - a*(1+ k) = — % (0+7),

and
. 4 2 2 02 4.2
az :=o (1 +k°—26k) +2a°B°(2—m)(1+ k) + 8"m". (11.5.2)

Then B satisfies the generalized nonlinear elliptic equation
2 2 3 5 3
By, +5BB, +5B"B,; + EB —a1(Bzz + B’) +a2B = 0. (11.5.3)

We emphasize that the first condition in (11.4.3) is essential for the proof of (11.5.3).
However, for the proof we do not need the second one. Note additionally that a; and as
converge to the corresponding constants for the aperiodic mKdV case when k£ — 0 and
m — 1, see (4.2.1). An important consequence of Theorem 11.5.1 is the following
characterization of KKSH breathers as critical points of a suitable conserved functional.

Corollary 11.5.2. KKSH breathers (11.4.1) are critical points of the functional
Hyu] = Fylul(t) + a1Ey[u](t) + aaMy[u](2),

defined in the space H?(T) and preserved along the mKdV periodic flow.

Corollary 11.5.2 must be taken with care. We emphasize that the existence of a
suitable elliptic equation does not imply stability. Indeed, probably all periodic mKdV
breathers are unstable under a suitable type of periodic perturbations, at least for L not so
large,! see the numerical results obtained by Kevrekidis et al. [KKS04].

In this case, the periodic character of the solution leads to nontrivial interactions
between adjacent breathers, which probably play an important role in the instability
character of this solution.

As in the previous chapters, the next step is the study of the nonlinear stability of this
solution. In fact, we present below compelling evidence that periodic mKdV breathers are
unstable under a suitable type of periodic perturbations, at least for L not so large. Our
theoretical results do agree with the numerical ones obtained by Kevrekidis et al.
[KKS03, KKS04], and our numerical computations below. In this case, the periodic
character of the solution leads to nontrivial interactions between adjacent breathers, which
probably play an important role in the instability character of this solution.

11.6 Spectral analysis of the periodic mKdV breather

11.6.0.1. Mathematical description

In this section we give further evidence of the stable-unstable character of the KKSH
breather solution (11.4.1) depending on the parameters phase space. First of all, let us
notice that, thanks to (11.5.3), the linearized operator for a KKSH breather is given by the
expression

Lulz] = 240 + (5B% — a1)242 + 10BB, 2, (11.6.1)



+ (ag + 5B§ + 10BB,; + gB‘l — 3alB2> z.

This operator is defined acting on functions in H2(T), T = (0, L), and it reduces to the
standard aperiodic mKdV breather operator (7.1.1) as the length of the interval tends to
infinity (or £ — 0). The constants a; and as were introduced in (11.5.1) and (11.5.2), and
we assume the convention (11.4.4).

In the following lines, we analyze the spectral stability of the KKSH breather, namely
the understanding of the spectrum of £y in (11.6.1). First, we prove some useful
expression for the mass of a breather. As a second step, we compute numerically the
spectrum of £, and conclude that it has the desired spectral properties. Then, we
analyze which property is mainly responsible for the KKSH stability.

11.7 Spectral assumptions

Spatial periodic breathers are harder than standard breathers. This affects the spectral
properties, that are more complicated to prove than usual. We will make use of a
combined theoretical-numerical approach to conclude why periodic breathers may not be
stable in some particular regimes. In order to obtain nonlinear stability, additional
assumptions will be needed:

Assumption 1: (Nondegeneracy of the kernel) For each k € (0,k*), 1,25 € R and
B > 0, ker £, is spanned by the two elements 0., B and 0, B; and there is a uniform
gap between the kernel and the bottom of the positive spectrum.

Assumption 2: (Unique, simple negative eigenvalue) For each k € (0,k*), 1,22 € R
and B > 0, the operator .Z4 has a unique simple, negative eigenvalue

A1 = Ai(B, k, z1,x2) < 0 associated to the unit L*-norm eigenfunction B_;. Moreover,
there is A(lJ < 0 depending on 3 and k only, such that A\; < /\(1) for all z1, zs.

Assumption 3: The following sign condition is satisfied: if M [B] is the mass of the
breather solution in terms of 5 and k, and a,, a, are “variational” parameters given in
(11.5.1)-(11.5.2), then

akal BﬁM# [B] —8ga1 3kM# [B]
8ka1 (950,2 —8ka2 8ﬁa1

> 0. (11.7.1)

(See eqn. (8.11.15) for more details.) This requirement is a sort of generalization of the
Weinstein’s sign condition for soliton solutions, but it is different from the former because
it also considers a certain variation of energy (and not only mass), which has been written
above in terms of the mass only. Additionally, this sign condition can be evaluated for non
periodic breathers such as mKdV and SG (see Corollary 4.9.1), and it is trivially satisfied,
see e.g. (9.8.18) for the corresponding computation in the SG case.

Assumption 3 is needed for ensuring that one can “replace” the first eigenfunction
appearing from Assumption 2 above, which is an instability direction, by the breather
itself. The advantage of this replacement comes from the fact that perturbative dynamics
lying in the L? orthogonal space to the breather allows us to control variations of the
scalings of the breather, and moreover, their dynamics has formally quadratic variation in



time, meaning that if the error in our initial data is of order 7, then any bad variation of
the scalings will be of order at most 12, and therefore negligible for the stability result.

At the rigorous level, the conservation of mass allows us to control the orthogonal
direction to the breather itself in terms of quadratic terms only. The procedure to replace
the first eigenfunction by the breather is standard, but needs to ensure that a certain
denominator is never zero, see e.g. (9.10.7). Under Assumption 3, such a denominator is
never zero. Recall that a similar result has been proved in [AlMul3, eqn. (4.24)], see
[DuMe08, Munl4] for more examples in the case of soliton solutions. Adding this new
assumption, our method of proof works as in the SG case and we are able to state the
following:

Theorem 11.7.1. Under spectral Assumptions 1, 2 and 3 above, KKSH breathers (11.4.1)
are stable for L-periodic H?-perturbations.

In Fig. 11.3 we describe numerically the meaning of Assumption 3. In particular, it is
inferred that for k£ small enough (depending only on (), Assumption 3 is satisfied.
Additionally, note that the condition & — 07 is equivalent to taking the spatial period
L — 400, and formally recovering the standard mKdV aperiodic breather.
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Fig. 11.3 The Weinstein’s condition HG(S, k) (11.9.4), for the periodic KKSH breather
(11.4.1), in the case g =1, for k € [0.0045,0.01] (above left), for k € [0.01,0.054]
(above right), k € [0.054,0.056] (below left), and k € [0.056,0.058] (below right). In
order to run our argument for a stability proof [AIMul3], we require HG(1,k) > 0,
which is only satisfied for k < k,, where k, ~ 0.0545 is the approximate point where
D(1, k) vanishes (see Fig. 11.5). Note also that the case k ~ 0.057 assumed in [KKS03],
that leads to instability, is not included in the stability region described in Theorem 11.9.1,
but in the region where HG(1, k) < 0.

Moreover, we believe that the lack or invalidity of Assumption 3 is precisely the
source of instability in KKHS breathers, in the sense that if this assumption is not
satisfied, then they should be unstable, as it happens in the soliton case in the regime of
supercritical nonlinearities (see [Munl4, Lemma 1.6] for example), and just in agreement
with the numerical computations performed by Kevrekidis et al. [KKS03], for which
(11.7.1) is not satisfied.

11.8 Mass calculations



Across this book we have always computed conserved quantities for breather
solutions. These are key elements for understanding the dynamical behavior of breathers.
Here, in the periodic case, there is no exception. However, computations are really hard
due to the periodic behavior of the solution.

We will express the mass of the KKSH breather (11.4.1) as a function of k and 8. And
this explicit function will be essential for the study of the nonlinear stability of the
solution.

One has that the mass of the KKSH breather (11.4.1) is [AMP17b]:
1 cd (gL,m) sd (gL,m) cn (éL,m) sn (gL,m>
3 / B? = 4P8m — 4Pm

0 nd (gL,m> L m)

(11.8.1)
—8aK (k) + 4a& (A(2K(k),k) 1488 (A ( L m> m)

where & denotes the complete elliptic integral of the second kind [ByFr71], defined as

/2 1
&(r) ;:/ (1 - rsin(s))"*ds :/ 1 -1 - r2)2at, (11.8.2)
0 0
and A is the Jacobi amplitude, that can be defined by

A(z,r) ::/ dn(s,r)ds. (11.8.3)
0
From (11.8.2) and (11.8.3), one has that some simple exact values for & are
™
£(0) = 5 and &(1) =
and for A are

T
A(0,7) =0, A(K(r),r)= R

Note also that &(A(2K(k),k),k) = &(A(0,k) + 7, k) = 2&(k). Using (11.4.3),
(11.8.1) simplifies as follows:

1 L
3 / B% = 48&(m) + 8a& (k) — 8aK (k). (11.8.4)
0

We are able to go one step further in the simplification of (11.8.4), using (11.4.3) again.
We have

(11.8.5)



Hence, with these relations, (11.8.4) simplifies to the neat expression:

M4[B] = % /0 B =48 <é"(m) +4%(é"(k) - K(k))). (11.8.6)

When k — 0, we have m — 1, and M4[B] — 4, which is the value of the mass of the
aperiodic mKdV breather solution in the real line (see [AIMul3, p.6, Lemma 2.1]).

For k # 0, m # 1, the dependence of the periodic mass (11.8.6) with respect to the
parameter m is computed in the following way: for each value of m, we solve
numerically the implicit equation (11.8.5) in k. We then substitute these two pairs of
values (m, k) verifying (11.8.5) inside the expression (11.8.6). The resulting plot of
(11.8.6) versus m is given in Fig. 11.4.

Fig. 11.4 The mass of the periodic breather M4 [B]/48 (1L.8.6) as a function of m. Note
that the resulting function is decreasing except for m 2> 0.98 (see zoom figure below),

corresponding to k < 0.025, a parameter region very close to the stable, aperiodic mKdV
breather.



11.9 Duality stability/instability

Now the main problem is to figure out where our nonlinear stability proof does/does not work.
For this purpose, the discriminant

D = D(B, k) :=0ka1 0sas —0kaz Opar (a1,as from (11.5.1) — (11.5.2)), (11.9.1)

is the key element to look at. In order to explain why this element is important, let us notice that
from (11.5.3) and (11.6.1), we readily have (compare with Corollary 9.8.5)

g# BkB = akal(B;m + BS) —akagB,

,g# BﬂB = 8/3&1(3353c + B3) —85(123.

Therefore, as soon as D # 0,

B(L# = (8ka1 BﬁB —8ﬂa1 BkB), (1192)

1
D
satisfies the equation
Z4Boy = —B,

see also [AIMul3, Corollary 4.5]. Using this fact, we can easily prove that the eigenfunction
associated to the negative eigenvalue of £ can be replaced by the breather itself, which has better
behavior in terms of error controlling, unlike the first eigenfunction. This simple fact allows us to
prove the nonlinear stability result as in the standard approach, without using scaling modulations.
Recall that using the first eigenfunction as orthogonality condition does not guarantee a suitable
control on the scaling modulation parameter, because the control given by this direction might be
not good enough to close the stability estimates. However, the breather can be used as an alternative
direction, and all these previous arguments remain valid, exactly as in [AlMul3], provided the
Weinstein’s sign condition

L

L
/ By4B >0 (or equivalently / By ZuBou < 0), (11.9.3)
0 0

do hold. Using (11.9.2), we are lead to the understanding of the quantity
L L
1
/ B(L#B = 5/ (6ka1 853 *6,3(11 6kB)B
0 0

= & (kM (Bl ~05010:M B]) =: HG(, ),

(11.9.4)

where M4 [B] was computed in (11.8.6). Recall that a; and ay are almost explicit from (11.5.1)-
(11.5.2). An exact expression for HG(f, k) has escaped to us, however, we can graph this new
function in some interesting cases. In particular, for the case considered in [KKS03], we assume
B = 1and we graph D = D(1, k) and HG(1, k), to obtain the results in Fig. 11.5 and Fig. 11.3. We
note that condition (11.9.3) holds provided k is small enough. However, the values for which
HG(B,k) >0 do not coincide with the values for which the standard Weinstein’s condition
(positive derivative with respect to the scaling), deduced from Fig. 11.4, holds true, and this is
totally natural for the case of breathers, as it was explained in [AlMul3, Corollary 2.2].

Now we can present a rigorous statement for Theorem 11.7.1.
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Fig. 11.5 The discriminant function D(1,k) in terms of k, as described in (11.9.1). Note that
D(1, k) changes sign (see zoom figure inside) for & > k, ~ 0.0545.

Theorem 11.9.1. Under Assumptions 1, 2 and 3 in page 188, KKHS breathers B (11.4.1) are
orbitally stable under small, L-periodic H? perturbations. More precisely, there are 1o > 0 and
Ky > 0, only depending on B and k, such that if 0 < n < ngy and if ug is L-periodic with

”uO - B(t =0,5 070)||H2(’]I‘) <,

then there are real-valued parameters x1(t) and x5 (t) for which the global H?, L-periodic solution
u(t) of (4.1.1) with initial data uy satisfies

sup [[u(t) = B(t,5 21(t), 22(t)) | r2ery < Kom,
teR

with similar estimates for the derivatives of the shift parameters 1, xa.

Proof. The proof of this result is completely similar to the proof of Theorem 9.9.4, after following
the same steps (see also [AIMul3] for a proof in the scalar mKdV case). Assumption 3 is used to
ensure that an expression like (9.10.7) has a nonzero denominator. |

Additionally, based on this numerical evidence, we conjecture the following alternative
stability theory for KKSH breathers:

Conjecture: Assume that HG(B,k) < 0. Then B (11.4.1) is unstable under small H?(T)
perturbations.

11.10 Numerical tests

As it is done in the case of mKdV and SG breathers, one can perform numerical computations
to check spectral properties associated to classical breathers. Given the complicated functions that
define the KKSH breather (11.4.1) and its related linearized operator, a rigorous description of the
spectra of Z4 has eluded us. We perform then some numerical simulations to get a good
understanding of these spectral properties. We could expect, given the instability results in
[KKS03], that the KKSH breather (11.4.1) should give rise to a very different spectrum, with
respect to the previous aperiodic breathers. However, as we will show later, this is not the case.

In the following lines we explain the main ideas of the numerical method used to compute the
eigenvalues of Z. The core of the algorithm is the same as in the previous sections, the main
difference being the required test functions, which must now be periodic on [0, L]. We have used
the classical orthonormal basis of L?(0, L):

e () (7))




where n € {1,...,N}. For the standard numerical computations, it is enough to take N = 40,
although when approaching the critical values k — k* (m — 0) or k — 0 (m — 1), more and more
test functions are naturally required.

First of all, we run a specific computation for the case described in [KKS03], which the
authors describe as numerically unstable. In this case, 8 =1, m = 0.5, k = 0.057, and L ~ 3.71
(see Fig. 11.6). Numerically, we have found that this breather possesses the same spectral structure
of all our previous breather solutions. To be more precise, running our numerical algorithm with

N = 40 test functions, we have found the following approximations of the first four eigenvalues of
f# .

Fig. 11.6 Periodic KKSH breather [KKSO03] at time ¢t = 0 for =1, m = 0.5, k = 0.057, here
L ~ 3.71. Although numerically unstable [KKS03], this breather leads to a linearized operator £
that possesses a “standard” one negative eigenvalue and a two dimensional kernel (11.10.1).

{—4.86, —1.23 x 10°®, 3.22 x 10, 35.35}. (11.10.1)

Clearly the two components of the kernel are recovered with high precision (recall that a second
negative eigenvalue but very close to zero is unlikely just by continuity arguments on the
coefficients of the original breather), and a distinctive negative eigenvalue appears, far from the
kernel itself. This behavior repeats for all cases we have studied.

As a second test, we perform several eigenvalue computations for the same parameter 8 = 1,
and k£ moving. For the most difficult case, the one where k approaches the critical value ~ 0.0588,
we obtain the results described in Fig. 11.7. Also, in Fig. 11.1, we exactly describe those
eigenvalues, that we obtain for different values of k. It is important to mention that we always get
one negative eigenvalue and a two dimensional kernel, as well as a clearly defined spectral gap.
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Fig. 11.7 The double zero kernel (purple box and brown diamond) and the first positive eigenvalue
(green triangle) of the linearized operator £, around a periodic KKSH breather for N = 40, 5 =1
and k increasing. Note that the numerical method returns only two eigenvalues very close to zero, as
expected from the conjectured linear spectral stability. Inside, the representation of the negative
(blue circle) and double zero kernel. We used the notation . 2242 = 0.058836242, z = 058836.

Table 11.1 The first four eigenvalues of £ for f=1, 1 =0.1 , 2o =0, and k varying from .2240 = 0.058836240 ,
x = 058836 to . 254 , as in Fig. 11.7. All computations were made with N = 40 test functions. The third and fourth columns
represent approximate kernel of Z .

k Ist. eig 2nd 3rd 4th
. 2240 -0.00008 —7.750-1071%  —1.565-107° 75490
. 2242 -0.00006 —6.449-1071% —1.561-107° 75.502
. 244 -0.00005 —5.952-107% —1.558-107° 75514
. £246 -0.00004 —6.333-1071 _—1.554-107° 75.528
. 248 -0.00003 —6.830-10710 —1.552-107° 75.544
. 250 -0.00002 —6.160-1071% —1.546-107° 75.563
L2252 —9.189.107% —6.774-1071% —1.541-107° 75.589
.x254 —3.463-1077 —1.135-107% —1.869-107% 75.640

In the intermediate case, for pairs (k,m), with k= 0.01,...,0.04, we obtain the results
described in Fig. 11.8. Also, in the Table 11.2, we describe the eigenvalues of £, that we obtain for
different values of k. Once again, we get one negative eigenvalue and a two dimensional kernel.

Min_Eig
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] B | B k )
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Fig. 11.8 For intermediate values of k: we plot the negative eigenvalue, the double zero kernel and
the fourth eigenvalue of the linearized operator £, around a periodic KKSH breather, for § =1
and k increasing from 0.01 to 0.05, as expressed before in Table 11.2. Note that the numerical
method returns only two eigenvalues very close to zero, as expected from the conjectured linear
spectral stability. Computations were made with N = 50 test functions.

Table 11.2 The first four eigenvalues of £ for =1, x; = 0.1, 2 =0, and k varying, as corresponding to Fig. 11.8. All



computations were made with N = 50 test functions. The third and fourth columns represent the approximate kernel of .Z% .

k Ist eig. 2nd 3rd 4th

001 -5343  1.023-10°° 0.0001 2.540
002 -6751 5.905-1071°  2.683-107% 3561
003 -8216 —2.651-107° 1.163-107%  s.067
004 -9623 3.997-107°  4.896-10"%  7.756
005 -9922 —2.173-1077 —1.143-107% 14329

Finally, for the case, with k small, i.e. k ~ 103, we obtain in Fig. 11.9 the description of the
discrete spectra for the first four eigenvalues for the linearized operator Zx.

Min_ Eig

4 & 8- & 8 B B 8 8 8 8 8 ®8 B 8 8 ® ® ® k o MinEig
0.002 0.004 0.006 0.008

= 2nd_Eig

« 3rd_Eig
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Fig. 11.9 For k small: the negative eigenvalue, the double zero kernel and the fourth eigenvalue for
the linearized operator £ around a periodic KKSH breather, for =1 and k increasing from
0.0005 to 0.0095, as expressed before in Table 11.3. Note that the numerical method returns only
two eigenvalues very close to zero, as expected from the conjectured linear spectral stability.
Computations were made with NV = 50 test functions.

Also, in the Table 11.3, we show the explicit numerical eigenvalues which correspond to these
small values of k. Once again, we get one negative eigenvalue and a two dimensional kernel.

Table 11.3 The first four eigenvalues for the linearized operator Zx around a periodic KKSH breather for
p=1, zy =0.1, 2z, = 0, and k varying in a sample of points of Fig. 11.9. All computations were made with N = 50 test
functions. The third and fourth columns (left) and eighth and ninth columns (right) represent respectively the approximate kernel
of L.

k Ist |2nd -107%| 3rd | 4th k Ist |2nd -107°| 3rd | 4th
eig. eig.
0.0095(-5.271| 1.265 0.00012.495||0.0045|-4.505| 1.531 |0.0017/2.040
0.0085(-5.127|  1.962 0.00022.405|0.0035|-4.327| 2.919 [0.0034|1.941
0.0075(-4.971| 1.248 0.0142/2.316/|0.0025/-4.127| 6.234 |0.0073|1.833
0.0065(-4.828)  5.092 0.0005/2.225|0.0015|-3.883| 16.47 |0.0198/1.708
0.0055(-4.671|  8.609 0.0009 2.134||0.0005|-3.497| 79.70 |0.0983|1.530

Therefore, we can certainly claim that there is strong evidence that, according to numerical
simulations, KKSH breathers (11.4.1) have standard spectrum, in the sense that they have only one
negative eigenvalue, and a nondegenerate, two-dimensional kernel.

11.11 Nonzero mean periodic mKdV breathers

11.11.1 Introduction



KKSH breathers (11.4.1) are periodic in space, but they have zero-mean. This property,
classical in mKdV-type breathers, is hard to avoid. Also, non periodic and nonzero mean breather
solutions of mKdV were already known, see [Alel2¢c, Alel2a].

We would like to see if nonzero mean periodic breather solutions may exist. Numerical evidence
of the existence of these solutions was given in [Alel2a], since these solutions are connected with
the (nonzero) curvature of the planar curve evolving according to a particular law. For more details
about this connection, see e.g. [Alel2a].

It turns out that these solutions do exist. More explicitly,

Definition 11.11.1. Given c1, ¢co, i > 0, p, g nonzero integers, with p, g coprime, such that the
following commensurability condition is satisfied

2u® —c¢ P
rma P (11.11.1)
2u?—c2  ¢?

(note that each c; is less than 2u?), we define the breather B = B(t, z; c1, c2, 4, P, q) by the formula

t, T
B := pu+ 22 8, arctan fit,) , (11.11.2)
9(t, z)
where,
o YAtV
C Va—ye
flt,z) == —v2up («a— Ve + 4/ 2p? —catanyy — 4/2p — ¢ tanyl),
and
g(t, ) =2p" + (\/2u2 —c1tany; — @) (\/2u2 —cytanyy — \/5)
Here

1 1
=Sy a@ =), y= 52— (- ), (11113)

and the speeds are
§:=p’+e, yi=p’+o

Note that condition (11.11.1) is imposed in order to obtain a truly spatially periodic solution,

see the formulae for f and g. The spatial period of this breather is given by L = \/% .
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Fig. 11.10 Periodic breather of (4.1.1) with nonzero mean as in Definition 11.11.1. The parameters
here are ¢; = 1.65,¢c3 = 2.95,p = 23, ¢ = 22, and the period L is ~ 35.7.

See also Fig. 11.10-11.11 for some drawings of different breather solutions, depending on the
parameters c1, ca, i, p and gq.
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Fig. 11.11 Periodic breather of (4.1.1) with nonzero mean as in Definition 11.11.1, for parameters
c1 = 20.65, ¢y =21.95, p =17, q = 16.

Recall that KKSH breathers (11.4.1) cannot have any admissible set of parameters k and m;
they are constrained by conditions in (11.4.3). Here, the only condition that we need to satisfy is
(11.11.1). Therefore, given nonnegative integers p and g, with p and ¢ coprime, and given c; < 2u2,
then there is a unique c5 solution to (11.11.1).

In that sense, u being fixed, the breather in (11.11.2) has three different degrees of freedom (in
addition to shifts), two of them being discrete. Finally, in terms of p and g, the larger these integers
are, the more oscillatory the breather solution is. Note additionally that this breather has not been
constructed by using JEFs, but only standard periodic functions, a fact that simplifies many
computations.

It is also relevant to mention that the construction of a breather solution with different patterns
as the usually required can be very involved. For example, a different class of periodic breather was
discovered by Blank et al. in [BCBI11]. This particular solution is constructed for the so-called ¢*
model, by assuming that the equation is no longer autonomous, but it has suitable, well-chosen
periodic coefficients.

11.11.2 Construction of the breather solution

Let us describe in a few lines the breather presented in Section 11.11. One uses the Backlund
Transformation for mKdV (see [AlMul3] for a rigorous setting of the computations below) to
construct this solution. Given a solution uq of the form uy = 8,%y of mKdV and fixed constants
a1,a2 € R, a; # as, we can construct a second u; = 9,U; and third solution us = 9,5 by setting




. [ U+ . [ U+
up — ug = aq sin , and wus — ug = as sin )
V2 V2

These two solutions can be combined to construct a fourth solution u through the permutability

condition [AIMulS5]:
17—170 a + as 172—171
tan = — tan — . (11.11.4)
2v/2 a1 — az 2v/2

Now we will apply these formulae to construct the breather.

Fix p > 0. Starting with the constant solution ug = p, @y = px and two constants a; = 1/2cy,
as = 1v/2cq, c1,co > 0, we have

U] — b = 4/2c1 sin (Wle),

Uy — b = 1/2¢cy sin (%)

Looking for a solution of the form u; = 8,u;, i = 1,2, we get

ﬂi(t,w) = —uzx
+2v/2 arctan (% <_\/2_Ci+ 4p? — 2c; tan <7‘ 4’;;; 2 (. — (p® + ci)t)>>()}'n'5)

The factor (u? + ¢;)t in the above solution appears as a constant of integration, and it is chosen in
such a form that u; is actually solution to mKdV.

Calling y1 =z +68t, ya=x+~t as in (1L.11.3), and p = Varve the desired breather

Va—ver?
(11.11.2) is obtained by using (11.11.4) with ug = u, w1, ug from (11.11.5):
B =1 +8,B,
B

= 2V/2 arctan ( —V2up(ver - yer + V2 — e tan(ya) = v/24® — ¢ tan(y)) )
2u% + (v/2p2 — c1 tan(yr) — Vver) - (v 2u? — ¢y tan(ys2) — Vc2)
The fact that this is a solution of mKdV is a tedious, lengthy but straightforward computation.

Note that a simple transformation, actually Lemma 8.1.1, leads to a (localized) periodic breather
solution of the Gardner equation (1.4.2), since for B as in (11.11.2),

2
B(t,x) :—B(t,w—i— %t) - %,

solves (1.4.2) with functions f, g and commensurability condition as in (11.11.2).

11.11.3 Final comments

We advance that nonzero mean periodic breather B (11.11.2) satisfies the elliptic ODE
B4w - (Cl +c2 — 4N2)(B;m + 3#(3 - H«)2 + (B - 'U’)3)
+(e1 — 201%)(cz — 2u) (B — )
3
+5(B — ) B} +5(B — )" Bua + 5 (B~ )’ + 5B}
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5 1(B = 1)* + 10u(B — 1) Byy + 104*(B — p)* = 0.

In particular, B is a critical point of the functional
Hp[w]()
= Fypl](t) + (c1 + c2 — 402) Epful (8) + (o1 — 20) (e — 2% M, p ] (1),

where M, and E,, are defined in the following way:

Myplul®) = 5 [ (0= )(t2)do = My ful(0),

Bolul) = 5 [ = [ -~ 5 [(@=w'=Blul0)

Fypfult) i= 5 [ wl,do 5 / (w=puide +50° [ (w=p)'do

——/(w p)?
1

S [+ g / (w — )°dz = Fp[u] 0),

and

is a third conserved quantity for the mKdV equation. Finally, it is interesting to note that we can
obtain an aperiodic mKdV breather with nonzero mean (see [Alel2c, Alel8] substituting in
(11.11.2) complex conjugate scalings /¢ = B + i, y/ca = B — ic. For the sake of simplicity, we
only show a picture of it in Fig. 11.12 and a geometric application, when considering these breather
solutions with complex conjugate scalings as curvatures of a curve. Integrating twice and following
the same procedure as in [Alel2a], we can obtain the curve depicted in Fig. 11.13. Note moreover
that with the same transformation as in Lemma 8.1.1, we get a (localized) non periodic breather
solution of the Gardner equation (1.4.2).

Fig. 11.12 Aperiodic mKdV breather with nonzero mean at t = 0.2 with =1, a =4, u = 0.5,
obtained from the periodic breather (11.11.2).
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Fig. 11.13 Right: the breather solution with complex scalings considered as curvature. Left: the
associated curve obtained from this breather curvature at t=0 with parameters
B =11.07,a = 10.09,p = 32,9 = 31.

11.12 Breathers with periodic background

Recently, it has been possible to construct breather solutions for defocusing mKdV (6.4.1),
KdV (2.7.1) and BO (11.12.20) equations, but and critical to their existence, raised on a periodic
background, and which accompanies its evolution. The key technique was to use Darboux
transformations [MaSa91] to explicitly obtain these raised breathers on a periodic background for
both models.

Note moreover that the defocusing mKdV (6.4.1), KdV (2.7.1) and BO (11.12.20) equations do
not admit conventional, regular breather solutions which are localized in space and periodic in time.
The proof of nonexistence of breathers in these equations was recently given in [MuPol9]-
[MuPo19bis]. The breathers presented in [HMP23] and [ChPe24] are obtained as a result of
periodic interaction of solitary waves and the traveling periodic wave. Both the KdV and BO
equations are the limiting cases of the integrable Intermediate Long-Wave (ILW) equation [Mil90].
Similar breathers are expected to exist in the ILW equation? but expressed in the Jacobi theta
functions. Only the BO equation (11.12.20) describes such wave interactions in elementary
functions. Let us explain a bit more such results.

11.12.1 The defocusing mKdV case

The defocusing mKdV equation
U+ (uge —20®), =0, u(t,z) €R,(t,z) € R xR, (11.12.1)

is a well-known canonical model which can be used to describe nonlinear phenomena in the physics
of fluids and crystals. Note that (11.12.1) as an integrable model, has a well-known Lax pair or Lax
system, written as follows

_fi( u
Pz = (u ZC) ©s

- 4i¢3 4 2i¢u? 4¢%u — 2iCug + 2u® — Uy,
Y=\ 4¢%u + 2iCu, + 2ud — ug, —43i(3 — 2i¢u? s

(11.12.2)

where ¢ is the (¢,z)—independent spectral parameter and ¢ = (p, q)T is the corresponding
eigenfunction. Remember that the defocusing mKdV equation (11.12.1) appears as a compatibility
condition @, = @y, of the Lax system (11.12.2) (see [AKNS74] for further details.)

In [MuPe24] breather solutions on a periodic snoidal sn JEFs background are obtained. In fact,
these breathers describe the periodic interaction of a dark soliton and a traveling periodic wave. As
a consequence of the periodicity of such interactions, they named this solution as dark breathers of
(11.12.1).

Periodic traveling wave solutions to (11.12.1) are written as




u(t,z) = ¢o(x +cot), ¢o(x) = ksn(z, k), co=1+ k2, (11.12.3)

with k € (0, 1) the elliptic modulus and sn, the periodic snoidal JEFs. Remember that ¢g(x) = 0 as
k — 0 and ¢¢(z) = tanh(z) as k — 1, this one called as the kink of (11.12.1). The main idea is to
use the one-fold Darboux transformation on the snoidal background (11.12.3) to construct breathers
of (11.12.1). A few preliminaries are in order: for instance, the following two Jacobi’s theta
functions will be used

0u(y) =23 (~1)" g1 sin((2n — 1)y),
=t (11.12.4)
0s(y) :=1+2 Z (=1)" ¢ cos(2ny),
n=1

K/ (k)

(
where q:=e %0 with K(k) being the complete elliptic integral and K'(k) = K (k') with
k' = +1— k2. It is well-known [Law13] that K (k) is a quarter period and iK' (k) is a half period
of the Jacobi elliptic function sn(z, k) with the correspondence

T

VoK

In fact, the authors in [MuPe24] used the notation

©'(z)
o(x)

H(z) = 0.(y), ©(x) = 04(y), Z(z) =

Remembering that from [Law13,2.1.1]

H(z)
sn(z, k) = —
VEO(z)
then, the traveling wave ¢ can be written as
$o(z) = —— :
O(K) ©(z)

Now, using the one-fold Darboux transformation [MaSa91] allows us to obtain a new solution 4 of
(11.12.1) from a previous solution u, in the following way:

~ 4iCpq
u=u-— 2C 5 (11.12.5)
p°—q
where ¢ = (p, q)T is a particular nonzero solution of the linear systems (11.12.2) associated with

the potential u for a particular value of the spectral parameter {. Note that @ in (11.12.5) is real if
g = p* is satisfied on the solution ¢ = (p, q)T of (11.12.2) with real w and real ¢. The main result in
[MuPe24] is the following:

Theorem 11.1. Let a € (0, K) be a fiee parameter with k € (0,1) and define 3,7 by




B (1 B 21+ k)2sn(a)22 >’y, " 0(2a) .
(1 + ksn(a)?)

Then, the new solution of (11.12.1) for the dark breather, is

H(K) H(E+20)e™ + H(E — 2a)e? + 28H(¢)
YT B(K) (¢ + 2a)e 21+ O(€ — 2a)e? + 290(¢) |

(11.12.6)

where £ = x + cot, with cg = 1 + k? and n = k(z + ct + x¢) with

k= Z(a)+ ksn(a)cn(a)d;l(a) ,
1+ ksn(a)
¢= o+ 2(1 +k)°(1 — ksn(a)”)sn(a)en(a)dn(a) o

(Z()(1 + ksn(a)?) + ksn(a)en(a)dn(e))(1 + ksn(oz)Z)2
forxy e R

Remark 11.1. The value of « is uniquely defined by the spectral parameter { from the
characteristic equation:

1+ k1- ksn(a)?
. 2 1+ ksn(a)? ,

and hence, if a € (0, K), then ¢ € (¢, {y) with {1 := %(1 + k).

Remark 11.2. The value « € (0,K) determines the phase shift of the solitary wave
propagating across the snoidal background because

lim u(t,z) = ksn(€ F 2a).

n—=+o00

Since the period of sn(&) is 4K, a suitably normalized phase shift can be defined by

2n(4a)  27a
= = — € (0,2m).
4K K

The inverse localization width of the solitary wave is defined by & and its velocity is defined by c.

Remark 11.3. In the limit £ — 1, the family of dark breathers (11.12.6) of Theorem 11.1
generates a two-soliton solution of (11.12.1) as follows

ot _ sinh(§ + 2a)e 2" + sinh(€ — 2a)e?" 4 2sinh(£)(1 — sinh (22)?) sech(2a) 127
ult,e) = cosh(£ + 2a)e™21 + cosh(€ — 2a)e?7 + 2 cosh(£) cosh(2a) €@LIZ7)

where £ = z + 2t, 7 = tanh(2a)(z 4 2t + 4t sech (2a)* 4 z¢), o € Rand a € (0, 00).

11.12.2 KdV case

The authors in [HMP23] started with the KdV model

(11.12.8)
vy + (Uzz + 3U2)z =0,



which, as it is well-known since XIX century (|[KdV95]), has cnoidal wave solutions in the form
o(t, z) = ¢o(z — ct), ¢o(z) :=a+ 2d°k2en(d(z + o), k)%, k€ (0,1), a € R]1.12.9)

with ¢ = 6a + 4d?(2k? — 1) the speed of the background cnoidal wave. In fact, they assumed the
simplest case, when d = 1,a = 0 to feed the Darboux transformation. On the other hand, as it is
well-known in integrability theory [Lam80]-[GGKMG67], every smooth solution v(¢, z) of (11.12.8)

corresponds to the compatibility condition® of the stationary Schrodinger equation with potential
v(t, x)

(—82—v) = My, (11.12.10)
with the time flow determined by
Y = (4X — 20)¢; + Vo9, (11.12.11)

and A the spectral parameter (independent of (¢, z)). In fact, (11.12.10) with the simplest cnoidal
wave (11.12.9) is known as the Lamé equation [Inc56, p.395]. It can be written as

P (€) — 2k?sn(€, k)*p(€) + mp(€) = 0,
77:)\+2k2, §::1:—ct. (111212)

It is easy to see, using JEFs basic properties (see [ByEr71] for further details), that (11.12.12) has
three  particular  solutions ¢ =1;,4=1,2,3 with sorted spectral parameters
A=Xi(k),i=1,2,3, Ai(k) < A2(k) < As(k) and written as follows:

A(k) = —k%,  1(§) :=dn(& k),

Ao(k) =1 —2k%, (§) :=cn(& k),

As(k) =1—Kk%,  3(¢) :=sn( k).

Actually there are only two linearly independent solutions of (11.12.12) for A # \;(k),i =1,2,3
and given by

H o
Yi(§) = % eT @ Z(a)

6(a)

Z(park), pa=am(a,k)(11.12.13)

with a € C satisfying the characteristic equation n = X + 2k? = k2 + dn(a, k)z, or equivalently
A=1-22+k%cn(a, k)’
Here the function H(z) is defined in terms of (11.12.4) as (remember that
oK' (k)

g=e "B, K'(k)=K(¥), ¥ =v1—k?)

LRI 255 )

o) =0 (30 )

After that, it is needed to get the time evolution of the corresponding eigen-functions of
(11.12.10). In fact, assuming wv(t,x) = ¢o(t,z) in the simplest case (11.12.9), and
Y(t,z) = 4 (t, z) independent solutions of (11.12.10)-(11.12.11), the time dependence of ¢ (¢, z)
can be found by separation of variables as:

and




H(zx —ct+ a)
Yo(t,z) = o —d) eF@=e)Z()Fw(@)t (11.12.14)

where w(«) has to be determined, by substituting it in (11.12.11), obtaining

B H'(¢+a) ,
o) = (e+ 41— n(©) | 200) £ 20 F 7 0 | F 40

Since the above equation is true for every x € R for the compatibility of (11.12.10)-(11.12.11),
taking ¢ = 4(2k? — 1) and = = 0, w(«) reads as follows:

w(@) = 4\ + k2 — 1) [9’(a) B H’(a)]

11.12.15
o)  Ha) (2
In fact, it is possible to see [HMP23, Prop.4], that w(a) € R if A € (—o0, A\1(k)) U (A2(k), A3(k))
and w(a) € C if A € [A1(k)), A2(k)]. Explicit expressions for the quotients (2)((2)) , I;((s)) can be
found in [HMP23, Prop.4] and [GradRyz07, 8.199-3].

From here, and it is possible to apply a Darboux transformation [MaSa91] for the KdV equation
(11.12.8). This is an iterative method to obtain solutions, starting with a suitable seed or simplest
solution of the corresponding PDE, like constants or traveling wave solutions. Namely for this KdV
case, by fixing A = Ag and obtaining a solution 1y of (11.12.10)-(11.12.11) associated with the
potential v(t,z) = ¢o(x — ct), an explicit periodic solution of (11.12.8), a new solution of
(11.12.8) can be obtained through the expression

o(t, z) = ¢o(x — ct) + 2 82 log o (t, ). (11.12.16)

This new KdV solution is non-singular if ¢(¢,z) # 0 everywhere in (¢,z) plane. Actually this
corresponds to the case Ag € (—oo, A1(k)). The main result for this kind of KdV breathers with
background is stated in the following theorem (see [HMP23, Th.1])

Theorem 11.2. There exists an exact solution v(t,z) to the KdV equation (11.12.8), called
bright breather, in the form

E(k

v(t,z) =2 (k2 -1+ Fk))) + 282 log(r(t, z)), (11.12.17)

with
T(t,x) = O(z — ct + ap)e™ @20 L Q(z — ct — ap)e @) - (11.12.18)

where xy € R is arbitrary and ky >0, ¢y > ¢, ap € (0,K(k)) are uniquely defined from
A € (=00, A1(k)) by

ap = F(‘P’wk)7
VI—X— k2 — k2
Y 1= s WA AL (11.12.19)

N 4vV1 — X — K2/ =\ — k2v/1 — 2k2 — )\

Kp

Cp =C )



VoK
VI—2kI-X
For plots of these breathers with periodic background, see [HMP23, Fig.6]. Finally note the
following:

with ¢~ € (0,7/2) obtained from sin(y.,) =

Remark 11.4. Equations (11.12.16) and (11.12.17) are related once we realize that function 7
is just a solution of the system (11.12.10)-(11.12.11) with potential (11.12.9) and the Jacobi cnoidal
function cn and the Jacobi theta function © are linked, in the following way:

2 E(k)
ken(z,k)* =k* — 1+ ——— +021og(©(z)), ke (0,1).

K(k)

See [HMP23, Prop.5] for further details. Finally note that E(k) := E (Z,k) with E(p,k) the
Elliptic integral of the second kind, defined as

©
E(p, k) :—/0 1 — k?sin (@) ’da,

and K(k) := F (%,k) with F(p, k) the Elliptic integral of the first kind, defined as

2
» da
Flo,k) = /

1 — k?sin (o)’

Remark 11.5. There exists a second family of breathers, called dark breathers on a cnoidal
wave background, when instead, the function 7(¢, z) is chosen as:

T(t,z) = 0O(x —ct+ ad)e*ﬂb(wfcdt+w0) +O(z —ct — ad)enb(zfcduxo),

with uniquely defined k; > 0,¢q < ¢ and a4 € (0, K(k)). See [HMP23, Fig.7] for further details
on these dark breathers.

11.12.3 The Benjamin-Ono case

Long internal waves of small amplitude can be described within the integrable evolution
equations, being the Benjamin-Ono (BO) equation the model which describes the case of deep
fluids [Gri81]. Recently, some authors [ChPe24] showed and contructed breather solutions with
periodic background for the BO equation

f(w)
y—

1
us + H(ug) + 2uu, =0, H(f) := ;p. v./ dy. (11.12.20)
R

This is a nonlocal integrable model, with explicit traveling periodic wave as follows:

k sinh(¢)
cos(k€) + cosh(¢) ’

u(t,z) = (11.12.21)

where £ = ¢ — ¢t — g, co =k cotanh(p), k,$ >0, zo € R. The solitary wave corresponds
to the limit ¢ — 0, and after the transformation £ — & + 7k~ !, the above periodic wave solution
reduces to the (algebraic) solitary wave solution



2c
u(t, ./I:) - m .
0

Moreover, in [ChPe24] authors constructed breathers with a background, namely the new exact
algebro-oscillatory solutions are (here A, =1+ 82 +c?n?, A_=1- 82+ c*n?)

B 2(c + kn) cosh(¢) + (kA + 28c¢) sinh(¢) + 2¢ cos(k§)
"~ A, cosh(¢) + 28sinh(¢) + A _ cos(ké) + 2B8cn sin(kE) ’

u(t,x (11.12.22)

where n=x —ct —mp, Mo € R and = ( 2ck where ¢ > 0 is the arbitrary speed of the

c—co)?—k2’

solitary wave defined in two different regions

* Bright Breather: ¢ > cg + k,
e Dark Breather: 0 < c¢ < ¢y — k.

In fact, in [ChPe24] breathers (11.12.22) are generalized to multi-breathers, in the following
result

Theorem 11.3. The BO equation (11.12.20) admits the following general multi-breather
solution on the traveling periodic wave (11.12.21) in the form

det(F") >,

u(t,z) :=10,log ( det(F) (11.12.23)
with
ikE+ 2k 2%k
1 + € k+co—cy e k+co—cn
2c1 w 1 2kcy 2c1
o k+ci—co et (co—e1)’—k2 77 c1—cN
2cy 2cy Zic 1 2ken
k+en—co cN—c1 e NN (co—cn)?—k?
and
ik~ 2%k 2%k
l+e k+co—c1 T k+co—cn
2cy Zic +1— 2keq 2¢1
, ktci—co 1 (CO*Cl)Zf_kZ N —cn
F' = )
2CN 2CN _ic + 1_ ZkCN
k+cn—co cN—c1 ' NN (co—cn)?—k?

where for 1 < j< N, mnj=x—cjt—x; with arbitrary x; € R and arbitrary distinct c; > 0
satisfying |cj — co| > k. Actually (11.12.23) is real-valued and bounded for every (t,z) € R x R.

Both (11.12.22) and (11.12.23) can be obtained following the multi-periodic solutions
constructed with the bilinear method [Sals79] and also by using Backlund-Darboux transformation
of the BO equation (11.12.20) (see [Nak79] for further details).

11.13 Exercises

(11.1) Prove that low order conservation laws (11.2.1)-(11.2.2)-(11.2.3), are actually conserved.
(11.2) Prove by hand Corollary 11.5.2.



(11.3) Is the aperiodic mKdV breather with nonzero mean from Fig. 11.12 equal to the mKdV breather
with NVBC in [Alel12¢]? Is the non periodic Gardner breather equal to the classical Gardner
breather (3.2.2)?

(11.4) Using the corresponding Miura transform (see exercise (6.3) for details), map the new defocusing
mKdV solution (11.12.6) to a (periodic) KdV solution.

Lie 1 is large it seems that the periodic breather is close in a certain topology to the aperiodic breather, which satisfies stability
properties in a very general open neighborhood.
Zgee [MPS20] for a proof of their nonexistence.

iNamely, Yat = Pto.




Chapter 12

Hierarchies of breathers

12.1 The KdV/mKdV and Gardner hierarchies

In this chapter we are concerned with the focusing Gardner hierarchyt

0 0
up = — — (—i— +2(p+ u))fn[zuz + (1 +u)?,
Oz Oz

u(t,z) € R, uweRT, n €N,

(12.1.1)

which we will call it hereafter as (2n+1)th-order focusing Gardner equations. Here %, are
the Lenard operators defined recursively by

0 < o 9 < 12.1.2
E n+1[’U]: %4-4’0% + 2v, n[’U], n € N. ( N )
For instance, starting with %y[v] = %, we get
31[’0] = v,
Lsv] = vy + 30, (12.1.3)

Ls[v] = vaz + 10004, + 5v2 + 1003,

and

L] = ver + 14vvg, + 28v,v3, + 2102, + T00%v,, + T0vv2 + 3504,
Z5[v] = vsy + 18vvgy + 54v,vs5, + 114v9,v4, + 1260704, + 6903,
+504vv,v3, + 420030, + 390vv§x + 6301}211%
+462v2v9, + 966v2v3, + 12600502 + 1260°.

(12.1.4)

This recursion relation (12.1.1) generates the whole focusing Gardner hierarchy.

Using the Lenard operators .%,, (12.1.2)-(12.1.3)-(12.1.4) and a suitable spatial translation
to remove linear terms, a first few members of the Gardner hierarchy are (see Section 12.8.1 for
9th and 11th order Gardner equations): the focusing Gardner equation

Ut + (Uge + 6pu’® + 2u®), =0, (12.1.5)

the Sth-order Gardner equation

U + Use + 10/,LQU3E + 20puus, + 10u?us, + 120/13qu

12.1.6
+180p2uu, + 120pudu, + 10ui + 30utu, + 40pu, Uy, + 40Uty = 0, ( )
and the 7h-order Gardner equation
wg + ure + 14p2us, + 28puus, + 14uus, + 70uus, + 280p uus, (12.1.7)

+420p2uus, + 280puus, + T0utus, + 840usuu, + 2100p4uu, + 28003 uu,



+420p%u3 + 2100p2utu, + 840puud + 840pulu, + 420u?ud + 140ubu,
+84pug,uy + 8duuyuy, + 140pusz,us, + 140uu,us, + 126u§u?,$ + 5603 U, gy
—|—1680,u2uuxum + 1680,uu2uxum + 182uxuﬁz + 560uluyug, = 0.

Note, moreover that selecting p = 0 in (12.1.1), we get the focusing mKdV hierarchy of
equations, defined by

9 9 ,
up=—— | —t— +2u | ZLliu, +u”], mneN (12.1.8)
Or x

This recursion relation (12.1.8) generates the whole mKdV hierarchy, recovering the one
depicted in [Olv77]-[Mat80]. Many previous works have shown explicit solutions of hierarchies.
For the mKdV hierarchy, Matsuno [Mat80] proved the existence and built explicitly the N-
soliton solution.

12.2 Breathers of the hierarchy

With respect to breather solutions for any member of the hierarchies already exposed, these
are defined as localized in space and periodic in time functions (up to symmetries of the
equation). For instance, in the Gardner case, they are shortly defined as follows:

Definition 12.2.1 (Gardner breather). Let o, 5 € R\ {0}, p € R* \ {0} such that
A = a? + 2 — 4u® > 0. A breather solution B, of the classical Gardner equation (12.1.5) is
given by the formula

e
avA

cosh(By,) — ha(t, x) ’

sin(ay) — hy(t, z)

B, = Bagu(t,z;21,22) =20, |arctan

where h1, hg are precise trigonometric and hyperbolic functions.

The main purpose of this chapter is to show that the breather solutions for the whole
Gardner and mKdV hierarchies (12.1.1)-(12.1.8) share the same functional profile for the whole
hierarchy, up to corresponding speed parameters, which will depend on the level of the hierarchy
considered (see (12.2.1) for a detailed definition).

Theorem 12.2.2 (Existence of Gardner hierarchy breathers). For all n € N there exists a
breather solution of the corresponding (2n + 1)-th order Gardner equation of the Gardner
hierarchy (12.1.1). More precisely

(1) Structure: All these breather solutions have the same functional structure, namely given
a,B € R\ {0} and p € R\ {0} such that A = a? + 8% — 4u® > 0, and 1,5 € R we have

ﬂ\/lj%rw sin(ayl) . 2#5[005h(ﬁy2A)+Sinh(ﬁy2)]

(o3

B, :=2 0, |arctan SBleeconlon)—Bein(om)] ; (12.2.1)
COSh(/ByQ)  2pBlacos(ay sin(ay;

ay/a2+B82VA
with

Y1 =T+ 0omi1ut + 21, Y2 =T+ Yony1ut + T2



(2) Velocities: The velocities Yon41,, and 62,41, are the only parameters depending on the level of
the hierarchy considered, in the following explicit form:

n
Yant1u = — — Re Z ap,n(ﬂ + ia)2p+1/‘2(np)] )
p=1
1 n
ont1y i=—— Im [Z apn(B+ ia)2p+1'u2(np)] ,
o prt
where
apn = coefficient of the term ,u2("_p)u(2p+1)m

in the (2n+1)th-order Gardner equation (12.1.1).

(3) Smoothness: FEach breather solution of the Gardner hierarchy above presented is smooth in
time and space, and belong to the Schwartz class in space.

(4) Convergence to mKdV: For alln € N, these breather solutions of the Gardner hierarchy
reduce to breather solutions of the mKdV hierarchy (12.1.8) as p — 0, namely

sin(«
B = By gn(t, z;z1,22) = 2 0, |arctan (E ﬂ) , (12.2.2)
o cosh(By2)

with y1 and yy given by
Y1 =T + dapp1t + 21, Y2 = & + Yont1t + T2,

and with velocities
. 1 . \2n+1 L 1 . \2n41
Ooni1 i= — - Im (8 + ia) , Voni1 = — E Re [(B + i) .

This is an unexpected and surprising universality property. The previous result defines and
characterizes regular breather and N-soliton solutions of the Gardner and mKdV hierarchies of
equations. In the periodic mKdV setting, it describes periodic breather solutions of the
corresponding 5th and 7th order mKdV equations.

12.3 Formulae for 1-solitons

As a consequence of the complete integrability of (12.1.1), and following Matsuno [Mat80,
(3.11)] and the ISM, it is possible to see that the Gardner hierarchy (12.1.1) has explicit 1-soliton
solutions. For the sake of completeness, since we have not found a formal statement of this result
in the literature, we include it here:

Definition 12.3.1. The higher order 1-soliton solution Q. = Q. of any equation member of the
Gardner hierarchy (12.1.1), i.e. of any (2n + 1)-th order Gardner equation is given by

Qll(t’ :L‘) = Q%C("B - U#,Ct)’
2
ch(z) — c , c>0, (12.3.1)

2u + \/4p? + ¢ cosh(cz)

with



n
Vpe = Z ap7nc2p,u2("7p), Vn eN,
p=1

and ay, , as in the Definition (12.2.1) above.

Moreover, it is easy to see that any 1-soliton solution @, . (12.3.1) of any equation member
of the Gardner hierarchy (12.1.1) satisfies the same nonlinear stationary elliptic equation:

Lemma 12.3.2. Any soliton solution Q.. = Q5 (12.3.1) of the (2n + 1)-th order Gardner

equation (12.1.1) satisfy the same second order stationary elliptic equation, independently of the
indexn € N,

Q, —cQu+6uQ; +2Q} =0, Q,>0, Q,€H'R). (12.3.2)
Proof. By substituting directly @, (12.3.1) in (12.3.2), foralln € N. O

Finally note that selecting the parameter u = 0 in (12.3.1) we reduce to the mKdV limit,
and we get from the 1-soliton solution of the Gardner hierarchy (12.3.1), the 1-soliton solution of
the mKdV hierarchy, as it was depicted by Matsuno [Mat80]:

Definition 12.3.3 (1-soliton solution of the mKdV hierarchy). The 1-soliton solution of the
(2n+1)th-order mKdV equation (12.1.8) is given by

Qu(t,z) = Que(x —vant), Quec(z) :=sech(cz), c >0,

with v,, := ¢?", foralln € N.

Aside from these higher order 1-soliton solution (12.3.1), we are also able to obtain
breather solutions of the Gardner hierarchy (12.1.1).

12.4 Higher order breathers. Proof of Theorem 12.2.2

Note that item (4) in Theorem 12.2.2 follows directly from proving items (1), (2) and (3).
On the other hand, item (3) is a direct consequence of item (1). Given the speeds in item (2), we
are only left to prove item (1) in Theorem 12.2.2.

First of all, we present the following identity valid for any solution of the Gardner hierarchy
(12.1.1), and that will be a key tool in the proof of item (1) in Theorem 12.2.2:

Lemma 12.4.1. Let

u(t, x) :iazlog(fu_—l.g“) = 2 0, arctan <g_u>
fu+lgu fu

be any solution of the Gardner hierarchy (12.1.1) for any t € R with the particular form stated
above. Then u satisfies

2
2 2
o2 log (f; +9;.) + 2uu = 0. (12.4.1)

Proof. We select a solution u of (12.1.1) in the form
. iy gt z)
u(t,z) := ¢, é(t,x) :=1ilog < £(t,2) ),
f::fu+igua g:fu_ig,u:f*-

First note that here f, and g, are not necessarily the same functions introduced in (12.2.1) but
generic ones for this ansatz. Note moreover, that the left part of the Gardner hierachy (12.1.1)



can be rewritten as a finite sum of terms like [ (uw)®, with wy = 8'u/8z' and

d;, 1 =0,...,L are nonnegative integers. Then, substituting the above expression in (12.1.1),
and using Hirota’s D-operators® (D;, D,), we arrive to the following conditions on g and f:

D2(gf) — 2iuD,(gf) = 0, (12.4.2)
and

=

Dy(gf) + @, D2 (gf) + Y b, D D" (gf) =0,
J

Il
o

where @, ,,, b, , are coefficients depending on p and associated to each member of (12.1.1).
Then, dividing by gf the first equation (12.4.2), and taking into account the following identity

Di(gf) ., g2
of = 07 log (gf) + (leog(?)) ,
we obtain:
D3 (gf) D, (gf) g\\? g
d —2ip——= =921 f)+ (0,1 — —2ipu 0z log [ =
of "t ; log (gf) ( og(f)) i g(f)
2
zaflog(gf)—F(?) —2pu = 0.
Hence,
2
u? = 0 log (g - f) — 2pu.
Ox?

m
Proof of Theorem 12.2.2. (1) Structure: Let o, € R\ {0} and g € R\ {0} such that
A=a%+ 8% —4u® >0, and 1,5 € R. We check now that B, in (12.2.1) satisfies, at t = 0,
the identity (12.4.1) valid solutions of the Gardner hierarchy (12.1.1). For ease of notation let us
use the following expression for B, (12.2.1):

a1 sin (y1) — aze?®? H(t,x)
B, =20, arctan - = , (12.4.3)
cosh (y2) — as(a cos (y1) — Bsin (y1)) N(t,z)

with
H(t,z) = H =2 — a3 (a’a; + as (8% — a?)e sin(y;) — 2cazBe? cos(y1))
+Bsinh(yz) (aze” — a1 sin(y1)) + cosh(yz) (aay cos(y1) — azBe?)
N(t,z) = N =F2+ G2 = (aze?”” — sin(y1))* + (cosh(ys) + asBsin(y;)

—asx COS(yl))2,

(12.4.4)

where

R A "
avA avVAy/a? + B2

a1 (12.4.5)



We will use the following notation for the sake of simplicity:
N, := 2a(a?— a’a® + a2B%) sin (y1) cos (y1) — 2 a ajaze? cos (y1)
—2 ajazfe® sin (y1) + 2 a,’B e*¥2 4+ 2 a®a,f (sin (y1))?
—2 a?a,?B (cos (y1))* + 2 a2as sin (y1) cosh (y2) — 2 a a3B cos (y1) sinh (y2)
+2 aa3f cos (y1) cosh (y2) + 2 a3B? sin (y1) sinh (y»)
+2 f sinh (y2) cosh (y2),
Ngo := 8 a?a,?B sin (y1) cos (y1) — 4 v arasf e¥* cos (y1) + 4 a,B%e* 2
+2a? (a2 — a’a,® + a2 %) (cos (y1))?
—2a?2 (al2 — a2a32 + a32ﬂ2) (sin (yl))2
—2 a3 (a® — B?) sin (y1) cosh (y2) + 4  azB? cos (y1) sinh (y2)
+4 a2a3f sin (y1) sinh (y3) + 2 B2(cosh (y2))* + 2 B2(sinh (y2))?,
+2 ajas (a? — B?)e2 sin (y1) + 2a a3 (a® — B2) cos (y1) cosh (y2),
N3, := —8a3 (a2 — a’a,® + a2 %) sin (y1) cos (y1) + 8 a,2B3e?¥
+2 a1a2a (a2 -3 Bz)ey2 cos(y1) +8 a4a32ﬂ (cos (yl))2
~8 arta,?B(sin (1))
+8 3% sinh (y3) cosh (y2) — 2 a?a3 (a? — 3 B?) sin (y1) cosh (y2)
—2 B2%a3 (3 a® — %) sin (y1) sinh (y2) + 2 ara2p (3 a® — B%)e2 sin (y1)
—2aa3f (a2 -3 62) cos (y1) cosh (y2)
+2asa (3 a? — ﬂ2) cos (y1) sinh (y2)
Ny := —32aba,’B cos (y1) sin (y1) + 8 a ara28 (a? — 52)e¥: cos (y1)
—2ajas (! + B* — 6 a®B?)e?: sin (y1) + 16 a,2B%e?¥: + 8 B4(sinh (y2))*
+8 at (a,? — a®a,® + a,2B%) (sin (y1))* + 8 B*(cosh (y2))?
—2aaz (a4 B* — 6 a2B?) cos (y1) cosh (y2)
—8 aaszf? (a® — B?) cos (y1) sinh (y2)
—-8at(a,? — a’a,? + a,%B?)(cos (y1))?
+2 a3B (a* + B* — 6 aB?) sin (y1) cosh (y2)
—8a’as (a2 — ﬂz) sin (y1)B sinh (y2),
and
H,:= 2(a®+ %) (azaza e cos (y1) — ay cosh (y) sin (y1) — azasB e’ sin (y1)),
H,, = —2 (a?+ %) (aay cosh (y2) cos (y1) + a1 Bsinh (y2) sin (y1)
+asas (a? + B2)ev sin (y1)),
Hs, := 2a; (a* — B*) cosh (y2) sin (y1) — 4 a1a B (a? + B?) sinh (y2) cos (y1)
—2 azasf (@ + ,6’2)2ey2 sin (y1) — 2 azasa (a2 + B?) 2et cos (y1),
Hy = 2a10 (a* — 2a?B? — 3 B%) cosh (y2) cos (1)
—4 asaza B (a® + 5?) %et2 cos (y1)
+2a18 (3’ +2a?B% — B) sinh (y2) sin (1)
+2 azas (o + a?f? — a?B* — B5)e2 sin (y1).
Then, having in mind notation N, Ny, Ngz, N3z, Ny, and H,H,, H,,, Hs;, Hy,, (12.4.1)
simplifies as

82

2 2 2 1 2 2
ut — 5 log (£ +0)) + 2= 5 (H + N2 —NmN+2uHN).

Finally, substituting explicitly H's and N's terms, we verify, using the symbolic software
Mathematica, simple trigonometric and hyperbolic identities and some rearrangements, that



H? + N> — N,;N + 2uHN =0,

and we conclude. Now, in order to get a complete dynamical description of B, (12.2.1) at any ¢,
we have to obtain the velocities 2,41, and d2p41,5-

(2) Velocities: Now, we determine the velocities 2,41, and d2,41,. Using a matching
method with ansatz B, (12.2.1) and free parameters 72,41, and 02,41, We proceed substituting
directly B, in the 5th and 7th order Gardner equations (12.1.6)-(12.1.7), and upon lengthy
algebraic manipulations we find that B, is indeed a breather solution of the 5th and 7th order
Gardner equations (12.1.6)-(12.1.7) respectively, provided that

85, = —at+10a?p? — 5% — 10p%(38% — o?)
1. [ ]
=——1Im Z apa(B +ic) 2 ||
@ L p=1 _
Yo u i= —B* +10a2B% — 5a* — 10u%(B* — 3a2)
1 [ ]
e
L p=1 i

with ay2 = 10, az2 = 1, and
87, 1= ab —21a*B? + 35028 — 785 + 14p2(—at + 10a?4% — 58%)
—70u*(382 — a?)
1 3
- L[S ]
o
p=1
Yru = —B% + 21a?B* — 3501 B% + Tal + 14p%(—B* + 1002 5% — 5a?)
—70u4(8? — 3a2)

3
> a8+ ia)Q”“ﬂw_p)] ’

1
=—— Re
5|5

with a;3 = 70, as3 = 14, a3 3 = 1. By induction for any order 2n + 1, n € N, we get that

1 n
Yon+lp = — E Re Z apn(B+ ia)zl’“#?(np)] ,
p=1
1 n (12.4.6)
p=1

where a,;, is the coefficient of the term ,u2(”*p)u(2p+1)x in the (2n+1)th-order Gardner equation.

Remark 12.4.2. See Section 12.8 for a few additional examples of these higher order mKdV -

and Gardner breather solutions in cases 9th and 11th order.



12.5 Universality

Now we describe a characterization of each new Gardner breather as solution of a nonlinear
fourth order ODE. Note that this ODE does not depend on the order of the hierarchy. Furthermore,
any breather solution of the hierarchy is a critical point of the same Lyapunov functional.

Theorem 12.5.1 (Universal nonlinear ODE and variational characterization). Any breather
solution B, of the (2n + 1)-th order Gardner equation (12.1.1) satisfies, for any n € N, the same
fourth order elliptic equation

By +2(a® — B2)(Bpze + 6uB% + 2B3) + (o + 8%)°B,
+10B2 By, 2 + 10B, B>, . + 6B, + 10uB’, , (12.5.1)
+20uB, By, 40 + 40p* B3 4 30uB,, = 0.
Moreover, for any n € N, the breather solution B, of the Gardner hierarchy (12.1.1) is a critical

point of a universal Lyapunov functional J€,, which is written as linear combination of three
conserved laws in the following way

Afu(t)] = Fufu)(t) +2(8° — o) Bufu)(t) + (> + B’ Mul(r).  (12.52)

The conserved functionals in (12.5.2) can be explicitly found in (12.6.1), (12.6.2) and (12.6.3).

As a direct corollary of the main result Theorem 12.2.2. we get, when p = 0 in (12.5.1), the
fourth-order elliptic ODE satisfied by all breather solutions of the mKdV hierarchy.

Corollary 12.5.2 (Universality for mKdV hierarchy breathers). Any breather solution B of the
(2n + 1)-th order mKdV equation (12.1.8) satisfies for any n € N the same fourth order elliptic
equation

By, + 2(a2 - ﬂ2)(Bmc + 2B3) + (a2 + ﬂZ)ZB
+10B%B,, + 10BB2 + 6B% = 0.

Moreover, mKdV breathers of the hierarchy are classical critical points of an associated
functional, just as in 12.5.2, but with u = 0.

This corollary complements and completes the main result in [Ale24, Th.2.4], which
essentially considered the 5th, 7th and 9th mKdV equations only.

12.6 Conserved quantities

The Gardner hierarchy (12.1.1), as being a completely integrable scheme of equations, has
infinitely many conserved quantities. Some standard conservation laws at the H'-level are the
mass

Mu(t) = — /Ruz(t,x)dw:M[u](O), (12.6.1)

the energy

E,[u](t) :/R<%u2 — 2uu’ — %u‘*) (t,z)dz = E,[u](0), (12.6.2)

and the higher order energy, defined respectively in H?(R),



1
F,lul(t) = /R(Eugm —10puu? + 10p2u?
(12.6.3)
—5u?u? + 6pu’ + u6> (t,z)dz = F,[u](0).

Now, considering M(u|, E,[u] and F,[u], we define the following Lyapunov functional, as in
(12.5.2):

H[ult)] = Fu[ul(t) + 2(8° — a®)E,[u](t) + (o + 62)° M[u] (1),

Therefore, 7,[u] is a real-valued conserved quantity, well-defined for H?2-solutions of the
Gardner hierarchy (12.1.1), provided they exist.

12.7 Proof of Theorem 12.5.1

We first prove (12.5.1): we recast the Lh.s. of (12.5.1) as follows:
GulBu] := 02(Byae + 6uB2 +2B3) 4 2 (a® — 52) (B0 + 6uB2 + 2B3)
+84B,Bze — 2uB2, + 4B2B, ., — 2B, B2, + (a? + £2)°B,
+40u* B3 + 30uBy, + 6B,
= 02(Bpza + 6uB2 4+ 2B%) — 2(u + B,) (B2, + 4uB’ + By,)
+(a® + %)’ B, + (4B% + 8uB,, + 2(a® — %) (Byuze + 6uB2 + 2B3)
~2(u+ B,)(B2, + 4uB’ + BY) + (a® + £)’B,.. (12.7.1)

Now we compute explicitly the last line in (12.7.1). For simplicity, we use the same notation
(12.4.3) as in the proof of Theorem 12.2.2 in Section 12.4:

with H, N as in (12.4.4) and a;, ¢ = 1,2, 3 already defined in (12.4.5). We first compute the
term

Ba +6uB? + 2B = (2H3 +6H2uN + H (2N? — N, N)

N3
Y N(HpN — 2HwNw)),

and we get

M,
2 2 3\
02(Bgz + 6uB* +2B°) = ~5

with

M, = (6H3(4N3 — N,z N) — 6H2N(6H,N, — N(H,z — 2uN,,) — 6uN2)

+H(2N?(6H2 — 24H,puN, + 4N, N3, + 3N2,) + N3(12Hppp — Nyg)
+24N} — 36 N2N,,N)
+N(2N? (6H2p — 2H, N3, — 3Hyy Ny — 2H3, N,)

+12N,N(2H, Ny + HooN,) — 24H, N3 + H4mN3)). (12.7.2)



Moreover, we have that

M.
(B + 8B + 2(0 = §7)) (B + 6% +25%) = L,

with

My :=2(2H? + 4pHN + N?(a® — $%))(2H? + 6 H*uN + H(2N? — N”N)(lz 7.3)
and

2 3. pt 2, p2)2 M;
2B+ p)(B; + 4uB* + BY) + (o + 1) B = 7,

with

My := HN*(a? + 8%)* — 2(H + pN) (H4 VApH3N + (H,N — HNx)2>. (12.7.4)

Hence, we get the following simplification of (12.5.1):

My + My + M3
Gu[B,] = — (12.7.5)
with My, My, M3 in (12.7.2), (12.7.3) and (12.7.4) respectively. In fact, we verify, using the
symbolic software Mathematica, that after substituting H's and N's terms explicitly in (12.7.5),
basic trigonometric and hyperbolic identities and lengthy rearrangements, we get

M + My + M3 =0,

and we conclude the proof of (12.5.1).
Now, we prove that B, is actually a critical point of J7},. We will show that

KBy + 3]~ 1B, = 5 2]+ A,

with 2 being the quadratic form defined in (12.7.6), and A4/[2] satisfying | A [z]| < K ||z||?l’{2(R).

We evaluate and expand the Lyapunov functional H, in terms of a perturbation of the breather B,
, with z € H?(R). A direct computation with integration by parts yields

FP«[BM +2] = FH[B;J
+ / [Buz +10puB? , +20uB,, B, oz + 10B, B’ . + 10B2B,, , + 40u°B;,

+30uB,, + 6B5]z
+% / (z4$ + (20uB,, + 10B2)z,, — 20(uB,, + BuBs)z
+(~ 10B2,, + 1204 B2 + 120uB}, + 30B})z) 2
+/(—10uzzi —10B 2z, — lOBWDzmz2 + 40,uQB,Lz3 + GO;LBiz?’ + 203223).
Similarly,

E,[B, + 2] = Eu[B,] _/(Bu,m + 61“3121 + 2Bi)z

1
-5 /(zm + (12uB,, + 6B2)2)z



1
/(2uz3 + 2Buz3 + 5z4>,

and
1 2
M[B, + z] = M[B,] +/Buz+ 5 /z .
Collecting all, we get that
1
HolB,+ 2 = HlB) + [ GBI+ 5 2,0+ Al
where the quadratic form

2,02 = / 22,04, (12.7.6)

is associated to the linearized operator ., given by
&, = 0%+ (20uB, + IOBi —2(8? — a?))d?
—20(pBz + BuByug) 0,
+(— 10B2 , + 120p? B2 + 120uB% + 30B% (12.7.7)

~2(8? — 02)(121B, + 6B) + (0* + £7)°).
Gathering all higher order terms (with respect to z) in IV, [z] we get
Mlz] = /(— 10pz22 — 10B,,22, — 10B,, 2,2° + 40u*B,2° + 60/133,23
1
—1—2032,23) —2(B% —a?) /<2pz3 +2B,23 + 5z4>.

Part (i) above guarantees [, G,(B,)z =0, and then we have J#,'[B,] = 0. Moreover, from

direct estimates, one has A4,[2] = O (HZH?;IZ(R)) , and we conclude.

12.8 Additional higher order mKdV and Gardner equations

For the sake of completeness we list below higher order members of the mKdV and Gardner
hierarchies (12.1.8)-(12.1.1). We start with the 9th order mKdV equation which is written as
follows

s +0, (ugz + 18uugy + 108utpus, + 228uusstiay + 2100wy + 126uu,
+138u(u3m)2 + 756u,u9, U3, + 1008usu us, + 182ugz + 756udu?
+3108u2uus, + 420ubus, + T98uul + 126005 (u,)? + 70u9) — 0. (12.8.1)

The 11th order mKdV equation is written as follows

us +0; (ulgz + 22u2ug, + 198uug, + 924ubug, + 506uuﬁz + 3036u3u§z
+2310ubu,, + 8316uSu2, 4+ 9372uud + 9240u7u? + 26796u3u’

T

+176uuur, + 484Ut e, + 462u§u6w + 836uus,us, + 2376ulugus,



+5016uuy,tay + 2706u92wu4z + 11220u2u§U4z + 3498umu§x + 11088uSu,us,
+54516utuu,, + 44748uuu?, + 13398uluy, + 2376u U pus,

+21120uudus, + 3696u,us Uy + 39336uUyussus, + 252u11) =0. (12.8.2)

We finally present the 13th order mKdV equation

Uy +0g ('U/12a: + 1846uu§x + 191620u4u3w + 924u! + 30888u’u,us,
+1733160u3u? u’ + 823680uludus, 4+ 1398540uulu,,

Tr T
+648648u6uium + 96096u ugusy + 3172utaguey + 1976uuUs U,
+884unu,uss + 260uu,ug, + 324324un’u], + 78936uulus,
+511368uu’u e g, + 91977T6uuu2, Uz, + 566280U3 Usp sy
+17160u,ugzus5; + 5720Uz Uz 7, + 12012u,usg U, + 33176 UsypUs, Us,
+21736u usp sy + 12684u’Ugptigy + 4576u ugur, + 29172u Ul ue, (12.8.3)
+231660u*uus, + 65208u Uy s, + 78078ujus, + 403260uul,
+8866u2,ue; + 20306u ,u], + 858uus, + 26598u3 us,
+468468u’u’ + 60060u v + 157300uu’ + 13156uu? + 286u’ug,
+39468u’ul + 1716uSug, + 12012u'u,, + 72072u"u2, + 6006usuy,

+108966uu’, + 26u’u1g, + 156156uu ug, + 1973400 u ,ul,
+219648uu, U3, Usy + 1441440% U UgpUs, + 806520u4uzumu;3w) =0.
Now, associated with these additional higher order mKdV equations, we provide the

corresponding breather solutions, as in (12.2.2):

Definition 12.8.1 (9th-11th-mKdV breathers). Let o, 8 > 0 and z1, 25 € R. The real-valued
breather solution associated to the 9th-11th-mKdV equations (12.8.1)-(12.8.2) are given explicitly
by the formula

B=Bug(t,z;z1,22) =20, [arctan (g %)] ,
2

with y; and y»
y1=x+0t+x1, Y2=2x+yt+ xo,
and with velocities (d;,7;), ¢ = 9,11
Jg := —a® + 36582 — 126a*B* + 84385 — 938,
79 := — % +36a2B% — 126aB* 4 84a58? — 908,
and

011 = a'® — 550862 + 330a85* — 46204 % + 1650268 — 11819,
y1i1 = 11a'? — 165a88% + 462a58* — 3300285 + 550258 — B0,
Finally, and directly from definition of the Gardner hierarchy (12.1.1) with n =4 or

alternatively, from the 9th and 11th order mKdV equations (12.8.1)-(12.8.2) with the
transformation u — u + u, we present the 9th order Gardner equation:

+126(p + u)4U4x + 138(p + u)uj, + 756uzus us, + 1008uuzus, + 182ud
+756(u + u) u?, + 3108(p + u)?(ug)  uzs + 420(p + w)Pug, + 798(p + u)ud

11260(p + u)’u? + 70(u + u)g) =0, (12.8.4)



and the 11th order Gardner equation

uy +0, (uwx +22(p + u)2u8w +198(u + u)4u6z +924(p + u)6u4w +506(p + u)u?,

+3036(1 + u)®u2, + 2310(p + u)Bugy + 8316(u + u) u2, + 9372(u + u)*ul,
+9240(p + u) " (uz)? + 26796 (1 + ) >ud + 176(p + u)uzure + 484(p + u)urr gy
+462uug, + 836(u + u)uszus, + 2376(u + u) > Ugtsg + 5016(p + ) Upe iy
+2706u2, ug, + 11220(p + u) *ulug, + 3498uyul, + 11088(u + u) usus,
+54516(u + u)4u§um +44748(u + u)uZu?, + 13398utu,, + 2376U UzpUs,

TrT

+21120(p + w)udus, + 3696u,us,tar + 39336 (1 + ©) Uptgrtis,
+252(p + u)“) = 0.

The corresponding breather solutions of the 9th and 11th order Gardner equations (12.8.4)-
(12.8.5) are the following:

Definition 12.8.2 (9th-11th-Gardner breathers). Let «, 8, p as in definition 12.2.1 and

1,z € R. Then the real-valued breather solution associated with the 9th and 11th-Gardner
equations (12.8.4)-(12.8.5) is given explicitly by the same formula as in (12.2.1) but respectively
with velocities (dg,~y9) and (11, v11):

89 := a(a®—18a’ (282 + p?) +126a* (B* + 38721 + p*)
—42a% (2% + 158 * + 308%p* + 10u8) + 9(8° + 148%u* + 708 u*
+1408%u8 + 70u8)),

Yo := —pB(9a® — 4205 (28° + 3p?) + 126a* (B* + 58°u” + 5ut)
—18a? (26 + 218 u* + 708°p* + 70u%) + B + 188°u* + 1268 1t
+4208%u8 + 630u8),

and

611 := a(a!® —11a® (587 + 2u?) + 66a°(58* + 128%u* + 3u?)
—462a* (8% + 68 u® + 987" + 2u°) + 33a%(58° + 565°u* + 2108
+2808%u8 + 70u8) — 11(B° + 1888%u? + 12685 u* + 42084 ub + 6305218
+252u')),

v = —B(— 11a'® + 33a® (587 + 6u?) — 462a5(8* + 487> + 3u?)
+66a* (58° + 428'u* + 10587 u* + 70u°) — 11a?(58° + 728%u* + 3788 u?
+8408%15 + 630u8) + B0 4 228842 4 1988%u* + 924541 + 23105828
+2772u10).

12.9 Standard and new mKdV periodic breathers

A family of periodic breathers (named KKSH breathers) for the classical mKdV equation
was found by Kevrekidis et al. by using elliptic functions and a matching of free parameters (see
[KKS04, KKS03, AMP17b] for further reading).

We consider now, from (12.1.6) and (12.1.7) when p = 0, the periodic case of the Sth-order
mKdV:

ut + (ugz + f5(u)), =0, fs(u) = 10uu2 + 10uu,, + 6ud, (12.9.1)
and the 7th-order mKdV

ut + (uge +f7(u))z =0,
fr(u) = 14uPuy, + 56uuzus, + 42uu?, + 7T0ulu,, (12.9.2)
+70utu,, + 140udu2 + 20u’.

(12.8.5)



For the higher order mKdV equations (12.9.1) and (12.9.2), an equivalent expression of
periodic breathers is available, by following a similar matching of parameters. Namely, we
consider here the 5th and 7th mKdV equations (12.9.1) (12.9.2) where now

w:Ry x Ty = Ry,

is periodic in space, and T, = T =R/LZ = (0, L) denotes a torus with period L, to be fixed
later. Higher order periodic cases can also be described but for the sake of simplicity, we will keep
our discussion with these 5th and 7th orders. We refer the reader to [AbSe81, ByFr71] for a more
detailed account on the JEFs sn and nd presented below.

Lemma 12.9.1 (Periodic breathers of 5th and 7th mKdV equations). Given a, 8 > 0,
z1, T2 € Rand k,m € [0, 1], the following is satisfied.

(1) Periodic breather solutions of the 5th and 7th mKdV equations (12.9.1) (12.9.2), are given by the
explicit formula (see [KKS04] and [AMPI17b] for checking and comparison reasons)

B = B(ta m;a,ﬁ, kamamlaxZ)

retan < B sn(ays, k) )] (12.9.3)

:=98,B:=20,
a nd(ﬁyZam)

with sn(-, k) and nd(-, m) the standard JEFs of elliptic modulus k and m, respectively, but now
Yy1:=T+0mt+x1, Y2:=T+Yimt+z2, ©=05,T7.

(2) The velocities (85m,7Ysm) in the 5th order case and (67m,Y7,m) in the 7th order case are
given by, respectively:

85.m 1= —a*(k? — 26k + 1)
+10a%82(1 + k)(2 — m) — 58*(m? — 16m + 16),
Ysm = —BHm? + 24m — 24)

+10a%82(1 + k)(2 — m) — 5at(k? + 14k + 1),
and

87.m = ab(k3 + 135k% + 135k + 1)
+21a*B%(—2 + k*(m — 2) + m + 2k(7m — 6))
+7a?B4(1 + k) (5m? — 24m + 24)
+7B%(m3 — 2m? + 48m — 48),

Yim = —B%(—m3 — 254m? — 2256m + 2512)
+7a?B4(1 + k) (3m? + 88m — 88)
+7a4B%(5(k% + 1)(m — 2) + k(70m + 292))
+7a8(k® + 135k2 + 135k + 1).

(3) Additionally, in order to be a periodic solution of 5th and 7th-mKdV equations (and also for

the classical non periodic mKdV), the parameters m,k,ca and B must satisfy the following
commensurability conditions on the spatial periods as in (11.4.3)

B4 k «a

oK) = 55 Km),

where K is the complete elliptic integral of the first kind, defined as [ByFr71]



K(r) := /2 —-1/2
(r) /0 (1 — rsin%(s)) 2 ds

_ /1 (1 —2)(1 - rt2)) 2 at,
0

and which satisfies

K(0)= = and lim K(k) = oo
2 k—1-

(4) The spatial period of the breather is given by

L= K=~ K(m)
= o = IB m).

Note that conditions (11.4.3) formally imply that the periodic breather B (12.9.3) has only
four independent parameters (e.g. 8, k and translations z1, xs). Additionally, if we assume that
the ratio B/a stays bounded, we have that k approaches 0 as m is close to 1. Using this
information, the standard non periodic 5th and 7th-mKdV breathers can be formally recovered as
the limit of very large spatial period L — +o0, obtained e.g. if & — 0.

Note that these breathers can be written using only two parametric variables, say £ and k, and
have a characteristic period L = L(3,k), with L — +oo as k — 0. Moreover, compare the
periodic higher order velocities (&; m,Vim), @ = 5,7 above, with the equivalent periodic ones in
the simpler classical mKdV case [AMP17b, Def.1.1]:

§:=a*(1+k)+38(m—2), and «:=3a*(1+k)+pB*m—2),

and with velocities (d;,7;), i = 5,7, ((12.4.6) when p = 0) in the non periodic case:
d5 := —a* +10a%B% — 564, 5 := —B* 4+ 10a28? — 5a?,
and

§7 = ab —21a*B? + 35a2B* — 735,
7= —B% +21a?p* — 35aB% + 7ab.

12.10 Exercises
(12.1) Obtain the corresponding 13th order Gardner equation from the 13th order mKdV equation

(12.8.3).
(12.2) Construct the 13th-Gardner breather solution of the above 13th order Gardner equation.

INote that here and for the sake of simplicity, we slightly abuse the notation, using u for both mKdV and Gardner equations of the
corresponding hierarchy.

2e.g. Dif-g= (at/—at)f(t')g(t)|t,:t = fig— fo;.
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