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Abstract

Nonlinear systems emerge as an active research topic of growing interest during the
last decades due to their versatility when it comes to describing physical phenom-
ena. Such scenarios are typically modelled by nonlinear differential equations, whose
mathematical structure has proved to be incredibly rich, but highly nontrivial to
treat. In particular, a narrow but surprisingly special group of this kind stands out:
the so-called integrable systems.

The present doctoral thesis focuses on the study of some of the extraordinary prop-
erties observed for integrable systems. The ultimate purpose of this dissertation lies
in providing a unified theoretical framework that allows us to approach nonlinear
differential equations that may potentially be considered as integrable. In particu-
lar, their integrability characterization is addressed by means of Painlevé analysis,
in conjunction with the subsequent quest of the associated spectral problems and
the identification of analytical solutions of solitonic nature. The singular manifold
method together with auto-Backund and Darboux transformations play a critical
role in this setting. In addition, a complementary methodology based on Lie sym-
metries and similarity reductions is proposed so as to analyze integrable systems by
studying the symmetry properties of their associated spectral problems.

Taking the ubiquitous nonlinear Schrodinger equation as the starting point, we have
investigated several integrable generalizations of this equation that possess copious
applications in distinct scientific fields, such as Mathematical Physics, Materials
Sciences and Biology.

Keywords

Integrable systems, nonlinear differential equations, Painlevé Property, Singular man-
ifold method, Lax pairs, Darboux transformations, soliton solutions, rational solitons,
lump solutions, Lie symmetries, Lie algebras, similarity reductions.



Resumen

Los sistemas no lineales constituyen un tema de investigaciéon de creciente interés
en las dltimas décadas dada su versatilidad en la descripcion de fenémenos fisicos
en diversos campos de estudio. Generalmente, dichos fenémenos vienen modelizados
por ecuaciones diferenciales no lineales, cuya estructura matemética ha demostrado
ser sumamente rica, aunque de gran complejidad respecto a su analisis. Dentro del
conjunto de los sistemas no lineales, cabe destacar un reducido grupo, pero a la
vez selecto, que se distingue por las propiedades extraordinarias que presenta: los
denominados sistemas integrables.

La presente tesis doctoral se centra en el estudio de algunas de las propiedades més
relevantes observadas para los sistemas integrables. En esta tesis se pretende pro-
porcionar un marco teodrico unificado que permita abordar ecuaciones diferenciales
no lineales que potencialmente puedan ser consideradas como integrables. En par-
ticular, el analisis de integralidad de dichas ecuaciones se realiza a través de técnicas
basadas en la Propiedad de Painlevé, en combinacién con la subsiguiente bisqueda
de los problemas espectrales asociados y la identificacién de soluciones analiticas de
naturaleza solitonica. El método de la variedad singular junto con las transforma-
ciones de auto-Bécklund y de Darboux jugaran un papel fundamental en este estudio.
Ademas, también se lleva a cabo un analisis complementario basado en las simetrias
de Lie y reducciones de similaridad, que nos permitirdn estudiar desde esta nueva
perspectiva los problemas espectrales asociados.

Partiendo de la archiconocida ecuacién de Schrodinger no lineal, se han investigado
diferentes generalizaciones integrables con numerosas aplicaciones en diversos campos
cientificos, como la Fisica Matematica, Fisica de Materiales o Biologia.

Palabras clave

Sistemas integrables, ecuaciones diferenciales no lineales, Propiedad de Painlevé,
método de la variedad singular, par de Lax, transformaciones de Darboux, soluciones
soliténicas, solitones racionales, soluciones de tipo lump, simetrias de Lie, algebras
de Lie, reducciones de similaridad.


mini
Subrayado


Alice started to her feet, for it flashed
across her mind that she had never be-
fore seen a rabbit with either a waistcoat-
pocket, or a watch to take out of it, and
burning with curiosity, she ran across the
field after it, and fortunately was just in
time to see it pop down a large rabbit-hole
under the hedge.

In another moment down went Alice after
it, never once considering how in the world
she was to get out again.

LEwIs CARROLL
Alice’s Adventures in Wonderland

Chapter 1 — Down to the Rabbit-Hole
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Chapter 1

Introduction

Nonlinear systems emerge as an active research topic of growing interest during the
last decades, due to their versatility when it comes to describing physical phenom-
ena [57,289,381]. Such scenarios are typically modelled by nonlinear differential
equations, whose mathematical structure has proved to be incredibly rich and fas-
cinating, but highly nontrivial to treat. In particular, a narrow but surprisingly
special group of this kind stands out regarding their truly remarkable properties:
the so-called integrable systems.

Nevertheless, a comprehensive definition of the term integrable has turned out to be
elusive. Therefore, there is not a unified notion of integrability, leading to different
interpretations for what the concept of integrable system may be [3,39,218,262,323|.

1. Integrable systems

An intuitive but naive notion of integrability evokes, in some sense, the concepts of
exact solvability or regqularity for the solutions of a given system. Conversely, the
term nonintegrable is generally associated to an irreqgular or chaotic behaviour for
such system.

The realm of integrable systems flourished in the context of Classical Mechanics, as
an attempt to find exact solutions to Newton’s equations [45], frequently described
by ordinary differential equations (ODEs). The first notions of integrability are in-
timately related to the study of dynamical systems in such scenarios, as a synonym
of solvability by quadratures. Hamiltonian systems play a crucial role in this frame-
work, where the term integrability refers to integrability in the Liouville sense [276].
Loosely speaking, this approach asserts that the identification of a sufficient num-
ber of analytic independent first integrals in involution enables the reduction of the
system to a form that can be explicitly integrated by quadratures. This notion of

17


mini
Subrayado


Chapter 1. Introduction

integrability is framed within the Liouville-Arnold Theorem [39,276] and the action-
angle variables formalism [190,262].

1.1. Criteria of integrability for nonlinear systems

The next step lies in the consideration of systems with infinite degrees of freedom, de-
scribed by partial differential equations (PDEs). The addition of further dimensions
gives rise to a higher level of complexity in terms of the mathematical characterization
of the model, providing in turn a riveting and captivating dynamics with astonishing
properties. For example, there exist nonlinear PDEs that depict a regular behaviour
in their independent variables for any initial condition. These observations enable
to induce an analogy of the concept of integrability for this type of systems, which
are worth studying.

Generally, nonlinear systems termed as integrable are proved to present many com-
mon remarkable properties in their mathematical description. One of the principal
indications that certain nonlinear PDEs might belong to this selected group lies with
the so-called solitary waves, solutions that represent the propagation of waves with a
permanent profile, among other peculiar properties. The experimental discovery of
such structures is credited to the Scottish engineer John Scott Russell in 1834 [366],
when he noticed a particularly rare travelling wave along a narrow canal, which he
described as

I was observing the motion of a boat which was rapidly drawn along a narrow channel
by a pair of horses, when the boat suddenly stopped - not so the mass of water in the
channel which it had put in motion; it accumulated round the prow of the vessel in a state
of violent agitation, then suddenly leaving it behind, rolled forward with great velocity,
assuming the form of a large solitary elevation, a rounded, smooth and well-defined heap
of water, which continued its course along the channel apparently without change of form
or diminution of speed. I followed it on horseback, and overtook it still rolling on at a
rate of some eight or nine miles an hour, preserving its original figure some thirty feet
long and a foot to a foot and a half in height. Its height gradually diminished, and after
a chase of one or two miles I lost it in the windings of the channel. Such, in the month of
August 1834, was my first chance interview with that singular and beautiful phenomenon
which T have called the Wave of Translation [...] (Russell, 1844, pp. 319-320)

The full mathematical explanation of such phenomenon was later given in 1895 by
Korteweg and de Vries [249], who derived the following nonlinear dispersive equation
as a model describing the wave propagation on shallow fluid surfaces

Ut + Upzer + 6uuy =0, (1.1)

18



1.1. Integrable systems

which constitutes the celebrated Korteweg-de Vries (KdV) equation.

This subject remained forgotten until the second half of the XX century, when the
mathematical characterization of nonlinear differential equations reemerged with re-
newed vigour. It was not until 1955, with the studies on nonlinear chains of coupled
oscillators conducted by Fermi, Ulam and Pasta [164], that nonlinear systems be-
came a topic of interest for the scientific community. The previous results on the
Fermi-Ulam-Pasta system motivated Zabusky and Kruskal to revisit this model in
1965 [426]. In the continuous limit of such system, they rediscover the KdV equa-
tion (1.1), obtaining numerical solutions that presented an analogous behaviour to
the nonlinear waves observed by Russell [366]. One of the most captivating features
of these solitary waves is found by analyzing their scattering properties, finding a
nontrivial behaviour more similar to particles than waves. Solitary waves of this
kind are localized structures that propagate with constant and related amplitude
and velocity. They may strongly interact among each other with the property that
they emerge unchanged from the collision apart from a phase shift in their propa-
gation directions. Then, Zabusky and Kruskal introduced, by consistency with this
particle-like behaviour, the term soliton to name this type of nonlinear waves [426].
In particular, these authors solved the initial value problem for the KdV equation
(1.1) and found the explicit expression for the soliton solution of this equation

u(z,t) = 2k? sech? [k (z — 4k%t) + cpo] , (1.2)

where {k, o} are arbitrary constants and it is easy to observe that the amplitude
a = 2k? and the propagation velocity v = 4k? are related via the wavenumber k.

The discovery of such structures gave rise to the beginning of a new area of study in
the field of Mathematical Physics, concerning nonlinear differential equations with
soliton solutions. Since then, a plethora of nonlinear PDEs have been reported to
possess soliton-like solutions, numerous mathematical techniques have been devel-
oped in order to understand them and countless applications have arisen in different
fields [3, 13,130,247, 260, 355].

Within the broad spectrum of mathematical tools employed for the analysis of inte-
grable systems, it is worth highlighting two of them, which may be regarded as two
critical pillars of the field itself:

e The Inverse Scattering Transform (IST), first developed by Garduner,
Green, Kruskal and Miura in 1967 [183], as an alternative method to solve the
KdV equation. This method can be understood as a nonlinear generalization of
the Fourier transform. The main idea lies in reconstructing the time evolution
of the potential u(x,t) from analyzing the time evolution of the associated scat-

19



Chapter 1. Introduction

tering data for the known potential u(x,0). The inverse scattering procedure
requires to solve the Gel’fand-Levitan-Marchenko integral equation [184].

e Lax formalism, first introduced by Lax in 1968 [263] in the context of analysis
of nonlinear evolution differential equations in 1 4+ 1 dimensions. It is possible
to express certain nonlinear (1 + 1)-PDEs as the compatibility condition of a
Lax pair, i.e. a pair of linear differential operators such that the corresponding
eigenvalue problem, encoded in the spectral parameter A, is independent of the
evolution variable.

Both approaches are considered two solid and complementary proofs for the integra-
bility of a given nonlinear differential equation. They have also been applied to a
large number of nonlinear equations with soliton solutions [3,13, 130,247,263, 264].

The rapid development and generalization of the IST method together with the Lax
formalism aroused a myriad of new approaches to address this kind of nonlinear mod-
els. Hence, several criteria of integrability for such systems may be constructed based
on their associated exceptional properties, among which it is worth highlighting:

1. Existence of soliton solutions [3,130]

2. Solvability by the IST method [1,3,13,247,428|

3. Existence of the associated spectral problem (Lax pair) [1,3,263]
4. Darboux transformations [296]

5. Transformations among families of integrable equations: Bécklund and Miura
transformations [33, 260,361,362, hodograph transformations [97, 158, recip-
rocal transformations [217,243, 358, 359, etc.

6. (Multi-)Hamiltonian formalism and hereditary recursion operators [73,169,383|

7. Infinite number of conservation laws and infinite-dimensional Lie algebras |13,

130,398]
8. Formulation in terms of Hirota’s bilinear formalism [204,211-213]

9. The nonlinear system is said to possess the Painlevé Property (up to a change
of variables) [9-12,332,417]

A separate issue regarding the integrability characterization is the inspection of the
analytical and geometric properties of such differential equations. This approach is
inspired by the works of the famous mathematicians Kovalevskaya, Fuchs or Painlevé,

20



1.1. Integrable systems

just to mention a few, on the study of singularities in the complex plane for differen-
tial equations [175,250,251,330,331]. The major breakthrough regarding this topic
is due to Painlevé and collaborators [176, 181, 332], whose investigations yielded an
analytical criterion of integrability for ODEs encoded in the so-called Painlevé Prop-
erty (PP). His conjecture mainly states that the solutions of integrable ODEs exhibit
no movable branch points, in other other words, solutions must be single-valued in
the initial conditions, but in an arbitrary number of isolated movable poles. This
approach provides a straightforward methodology, which may be algorithmically im-
plemented, to confirm whether or not a given ODE has the PP [9-12]. Besides, it can
be easily generalized to the study of PDEs [417|. The aforementioned algorithms,
based on the Painlevé Property, are often called Painlevé tests. The key advantage
of such tests is that they allow us to check the integrability of a given nonlinear
differential equation a priori, without the need to solve it.

There is still no rigorous proof of the relation among the integrability criteria based
on the PP and the unique features arising from soliton theory. Nevertheless, there
is ample evidence of the validity of both approaches when it comes to identifying
the integrability of nonlinear systems. Besides, there exist several procedures, such
as the singular manifold method (SMM) [410], that may shed some light about the
conjunction of these two conceptions. This particular methodology constitutes a
central axis of this doctoral thesis, as it will illustrated hereinafter.

1.2. Lie symmetries

Symmetry analysis emerges as one of the most fruitful techniques to study (nonlin-
ear) differential equations and derive exact analytical solutions for such equations.
This procedure was first developed by the Norwegian mathematician S. Lie in the
second half of the XIX century [273—-275|. In his seminal work, S. Lie introduced the
notion of continuous groups, now known as (local) Lie groups, to unify and extend
several specialized methods to simplify problems in partial differential equations and
geometry. The basis of the theory of Lie symmetries lies in the invariance of differ-
ential equations under one-parameter groups of transformations of their variables.
Then, in this context, Lie groups naturally arise as local groups of transformations
acting on manifolds, such that any point is mapped into another point of the same
manifold. Besides, local properties of such transformation are sufficient to fully char-
acterize the transformation globally, by the analysis of the associated Lie algebra.
This method has been extensively investigated along the last decades and classical
references about this subject may be found in [52,323,378].

A standard method to find solutions of differential equations can be implemented
by using Lie’s method. This procedure has numerous applications in the context of
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Chapter 1. Introduction

(nonlinear) differential equations, among which it is worth highlighting:

o Integration of ordinary differential equations: symmetry groups of ODEs can
be used to reduce the order of the equation, and for first-order ODEs, the
reduction process leads to the complete integration (by quadratures) of the
equation.

e Reduction of partial differential equations: symmetry groups of PDEs allow
to reduce the total number of independent variables by one. If the symmetry
group is large enough, this process enables us to achieve a reduced problem
expressed in terms of ODEs, which can be integrated by the usual procedures.

o Obtain new solutions from old solutions: symmetry groups establish a map
between solutions for differential equations. Thus, the application of the sym-
metry group to a known solution of a given differential equation will yield a
family of new solutions.

o C(lassification of equations: symmetry groups can be used to classify differential
equations into equivalence classes [52].

o (Conservation laws: there exists an intimate connection between symmetries
and conservation laws, due to Noether’s Theorem [318,394,395].

One of the underlying reasons for the tremendous success of Lie’s symmetry method,
apart from its numerous applications, relies on the fact that it provides a consoli-
dated framework to study any sort of problems involving differential equations. Lie
symmetry analysis does not depend upon whether or not the system is integrable.

Nevertheless, of avid interest will be the application of Lie symmetries to nonlin-
ear integrable systems, specially when it comes to analyzing the associated spectral
problems. In particular, the conjunction of the Lie symmetry formalism together
with their distinguished properties provides the perfect complement to give a unified
approach to these systems.

2. Structure of the thesis and further remarks

The present doctoral thesis focuses on the study of some of these extraordinary
properties observed for integrable systems. The ultimate purpose of this disserta-
tion lies in providing a unified theoretical framework that allows us to approach
nonlinear differential equations that may potentially be considered as integrable sys-
tems. In particular, the integrability characterization for such systems is addressed
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1.2. Structure of the thesis and further remarks

by means of the quest of the associated spectral problems, in conjunction with the
identification of analytical solutions of solitonic nature. Auto-Backund and Darboux
transformations play a critical role in this approach. In addition, a complementary
methodology based on Lie symmetries and similarity reductions is proposed so as to
analyze integrable systems by studying the symmetry properties of their associated
spectral problems.

Among the celebrated classical nonlinear PDEs spread out in the realm of integrable
systems, we find of particular interest the so-called nonlinear Schrodinger (NLS)
equation [3,13,130], which can be written as

iy + Ugg + Klu|?u =0, (1.3)

where & is a real parameter and u(z,t) is a complex field.

This equation is found to be integrable based on several of the criteria established
above and it also displays a rich spectrum of soliton solutions [13,431,432]. NLS
equation first arose in the context of Fluid Dynamics [202,380,427], and since then, it
has proved to be present in countless scenarios describing the most diverse nonlinear
phenomena [221,222,240,353,387]|. More specifically, we will be truly interested in its
numerous applications in Condensed Matter Physics, with great relevance in Solid-
State Physics |2, 133,335,382, 388] or Bose-Einstein condensates [128,194, 225, 344].
This nonlinear system also stands out in the field of Biological Physics, with the
modelization of energy transport phenomena in a-helical molecules by means of
Davydov’s theory [114,122,123|. Its overwhelming versatility makes this equation an
ideal starting point on which construct integrable generalizations with innumerable
applications in diverse related disciplines. Hence, NLS equation (1.3) will be con-
sidered as the central pillar of the nonlinear integrable systems to be investigated in
the course of the present doctoral thesis.

The contents of this thesis are organized as follows. In Chapter 2 we provide a general
overview about some of the remarkable properties for nonlinear integrable systems.
In particular, we characterize a criterion of integrability for such systems based on
the so-called Painlevé Property. Besides, we define an algorithmic procedure which
lays the foundations of the methodology of analysis to be applied in the ensuing
Chapters. Chapters 3 and 4 are devoted precisely to the practical applications of
such machinery to integrable systems in 1 4+ 1 dimensions and 2 4+ 1 dimensions,
respectively. On the other hand, Chapter 5 is aimed at the theoretical description
from a geometric point of view of Lie symmetries and their applications to differential
equations. Similarity reductions and the computation of group invariant solutions
are also duly emphasized. Chapter 6 therefore addresses the applications of Lie’s
formalism to diverse integrable models in several dimensions. Appendices A and B
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include additional and supplementary calculations for Chapters 5 and 6, respectively.

It should be duly stressed that the research conducted through this doctoral work
is purely analytic, all the expressions and solutions arising from the diverse analy-
ses are exact. Due to the high computational complexity, certain symbolic calculus
packages have been employed. MAPLE constitutes our principal source in this mat-
ter, to deal with both intermediate calculations and plots for the derived solutions.
MATHEMATICA has been used as support to obtain certain graphical representa-
tions, whilst the computer algebra system REDUCE has helped with the calculations
involving Lie symmetries.

Publications

The central results of this thesis have led to the following scientific publications,
sorted chronologically in the list hereafter:

1. Lumps and rogue waves of generalized Nizhnik—Novikov—Veselov equation,
P. Albares, P. G. Estévez, R. Radha and R. Saranya,
Nonlinear Dynamics 90, 2305-2315 (2017)
https://doi.org/10.1007/s11071-017-3804-7

2. Classical Lie symmetries and reductions for a generalized NLS equation in 2 + 1
dimensions,
P. Albares, J. M. Conde and P. G. Estévez,
Journal of Nonlinear Mathematical Physics 24, Suppl. 1, 4860 (2017)
DOI: 10.1080/14029251.2017.1418053

3. Solitons in a nonlinear model of spin transport in helical molecules,
P. Albares, E. Diaz, J. M. Cerver6, F. Dominguez-Adame, E. Diez and P. G.
Estévez
Physical Review E 97, 022210 (2018)
https://doi.org/10.1103 /PhysRevE.97.022210

4. Spin dynamics in helical molecules with non-linear interactions,
E. Diaz, P. Albares, P. G. Estévez, J. M. Cerver6, C. Gaul, E. Diez and F.
Dominguez-Adame
New Journal of Physics 20, 043055 (2018)
https://doi.org/10.1088/1367-2630/aabb91l

5. Spectral problem for a two-component nonlinear Schrodinger equation in 241
dimensions: Singular manifold method and Lie point symmetries,
P. Albares, J. M. Conde and P. G. Estévez
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Applied Mathematics and Computation 355, 585-594 (2019)
https://doi.org/10.1016/j.amc.2019.03.013

Derivative non-linear Schrodinger equation: Singular manifold method and Lie
symmetries,

P. Albares, P. G. Estévez and J. D. Lejarreta

Applied Mathematics and Computation 400, 126089 (2021)
https://doi.org/10.1016/j.amc.2021.126089

where complementary results to the latter publication are given in

7.

Integrability and rational soliton solutions for gauge invariant derivative nonlinear
Schrédinger equations,

P. Albares

In A. Espuny Diaz, E. Lopez-Navarro, A. Navarro-Quiles (Eds.), TEMat monogrd-
ficos, Volume 2, Proceedings of the 3rd BYMAT Conference, Asociacién Nacional
de Estudiantes de Mateméticas, pp. 35-38 (2021)
https://temat.es/monograficos/article/view /vol2-p35

Additional related work to the present research, which has not been enclosed in this
dissertation, can be found in

Reciprocal transformations and their role in the integrability and classification of
PDEs

P. Albares, C. Sardén and P. G. Estévez

In N. Euler, M. C. Nucci (Ed.), Nonlinear Systems and Their Remarkable Mathe-
matical Structures, Volume 2, Chapman and Hall & CRC Press, pp. 1-28 (2019)

Miura-Reciprocal Transformation and Symmetries for the Spectral Problems of
KdV and mKdV,

P. Albares and P. G. Estévez

Mathematics 9(9), 916 (2021)

https://doi.org/10.3390 /math9090926
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Chapter 2

Painlevé Property and the singular manifold meth-

od for differential equations

This Chapter attempts to give a thorough outline about some of the remarkable
properties stated in Chapter 1 for nonlinear integrable PDEs. More specifically, the
particular techniques to be employed in the future research of this thesis should be
duly emphasized. The structure of this Chapter is given as follows.

The first Section provides a general setting concerning the fundamental aspects re-
lated to the Painlevé Property for differential equations. This purely analytic con-
dition allows to construct an extremely effective algorithmic criterion to evaluate
and successfully identify the integrability for such equations. Sections 2 and 3 are
devoted to the second and third keystones in the integrability analysis for differential
equations: the singular manifold method and Lax pairs. The relation between them
is deeply examined, together with the so-called binary Darboux transformations,
introduced in Section 4. The conjunction of these three elements results in an opti-
mal methodology to approach the study of nonlinear systems modelled by integrable
partial differential equations. This procedure may yield some of the extraordinary
properties of this kind of systems, among which it is worth highlighting the obtention
of the intriguing soliton solutions. Section 5 is aimed at the detailed illustration of
the whole procedure described above for a toy example: the nonlinear Schrédinger
(NLS) equation equation in 1 + 1 dimensions.

For further applications of this method to different integrable systems, defined in
several dimensions, we refer the reader to Chapters 3 and 4.
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Chapter 2. Painlevé Property and the singular manifold method

1. Integrability and the Painlevé Property

This Section begins with a brief overview on the Painlevé Property for differen-
tial equations, developed from the pioneering work of the French mathematician P.
Painlevé [331,332], which is based on the singularity analysis in the complex plane for
such differential equations [207,228]. These ideas have enabled the construction of al-
gorithmic methods, known as Painlevé tests, which may act as a criterion (or at least
as an identificator) of integrability, for both ODEs [9-12] and PDEs [417]. The latter
constitutes a true cornerstone of this dissertation, since it will be the fundamental in-
gredient to identify the integrability of the nonlinear systems treated hereafter. Fur-
ther details on this topic may be found in the classical references [105,350,383,429].

1.1. Singularities in the complex plane

The beginning of the study of singularities in the complex plane for differential
equations dates to the XIX century, with the pioneering contribution of the French
mathematician A. L. Cauchy [74]. His main idea lies in the obtention of global solu-
tions for ordinary differential equations by analytical continuation to larger domains
starting from local solutions. This procedure requires knowledge of the singularities
of the solutions for the differential equation and their loci on the complex plane. In
this sense, singularities for ODEs of this kind can be classified as follows [4, 350]

o Fized singularities: these singularities are determined by the coefficients of the
differential equation and their location on the complex plane does not depend
on the initial conditions.

o Movwable singularities: the location of these singularities does depend on the
initial conditions of the differential equation.

A general property of linear ordinary differential equations is that all the singularities
of their solutions are fixed (cf. Theorem 3.7.3 in [4]). Let us consider the following
generic nth-order homogeneous ODE in the complex domain D

n
dFw

Pr(2)
k=0

where one can assume p,(z) = 1 without loss of generality. The point z = zp € D
is said to be a regular point of the ODE if the coefficients pr(z), k = 0,...,n, are
analytic in a neighbourhood of zy, |z — 29| < R. Then, there exists a unique solution
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2.1. Integrability and the Painlevé Property

of (2.1) expressed as the Taylor series
00 ek
w(z) = E —'(z — 2)¥, (2.2)

with constant coefficients ¢, which converges in a neighbourhood of z, |z — 29| < R.
Hence, the possible singularities of the solution of a linear equation are exclusively
located at the singularities of the coefficients pg(z), & = 0,...,n. And, therefore,
linear ordinary differential equations do not have movable singular points. All their
singularities are fixed by definition.

As opposed to their linear counterparts, nonlinear ODEs may exhibit both fixed or
movable singularities of diverse kinds.

Example 2.1. Let us consider the examples given in [4,383|. Firstly, let us analyze
the linear differential equation of first-order

dvw w )

This ODE has a fixed singular point in z = 0, since po(z) = Z% is singular at this

point. The general solution of the equation above is given by

w(z) = aoe%, (2.4)
where ag is the constant of integration. This solution actually possesses an essential
singularity at z = 0.

Let us now consider the following initial value problem, given by the nonlinear dif-
ferential equation

dw
— +wP =0, w(0) = wo, p>2, (2.5)
dz
whose solution is )
w(z) =[(p—1)(z — 20)] 77, (2.6)
where 2y is a constant of integration related to the initial condition wg, as zp =
1—p
—1;0_1 . Depending on the value of p, different types of singularities arise. The

function w(z) has a single pole at z = zp if p = 2, whereas z = zp behaves as a
branch point for p > 3. In both situations the point z = 2y constitutes a movable
singularity, since it is directly related to the initial condition wy.

The former applications of singularity analysis to differential equations were initi-
ated by Fuchs [175] and Briot and Bouquet [60] with the inspection of Riccati-type
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equations. Major contributions were made by the Russian mathematician S. Ko-
valevskaya [250,251|, who studied the motion of a rotating rigid body and explored
the connection between its integrability and the presence of ordinary poles in the
associated solution.

Based on these primeval ideas, contemporary mathematicians such as Painlevé, Pi-
card, Gambier, Fuchs, etc. [176, 181, 331, 332, 339| focused their attention on the
classification problem of ordinary differential equations according to the types of
singularities of their solutions. It was Painlevé and collaborators who provided the
crucial breakthrough in this topic, as it will be illustrated in the next Section.

1.2. Painlevé Property

In the late XIX and the early XX centuries, Painlevé, Gambier et al. [176,181,332]
addressed the study and classification of the integrability of second-order ordinary
differential equations of the form

d*w dw
—F - 2.
dz? <z,w, dz) ' 27)

where F' is a rational function in CC%J, algebraic in w and locally analytic in z. Painlevé
found that there were fifty canonical equations of the form (2.7) with the property
that their critical points (branch points and essential singularities) are fixed sin-
gularities. Forty-four of these equations may be integrated in terms of elementary
functions, such as Riccati equations, elliptic functions, linear equations, etc. The
remaining six equations do not have algebraic integrals and cannot be integrated by
quadratures. These six equations are known as the Painlevé equations (Pr — Pyr),
whose explicit expressions are given by

Pr: CZ;)_Gw?—i—z,

P : (51;;;=2w3+2w+047

Pry : Cj;;; = i <Cj;j>2+2w3+4zw2—|—2(22—a)w+5}, (2.8)
() () (s )
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2.1. Integrability and the Painlevé Property

dw(w + 1)
+7
w—1

po.  Pw 111 L N dw) /111 dw
Vi dz2 2\w w-1 w-2z) \dz z z—-1 w—2z) dz
+w(w—1)(w—z)( Bz  y(z—1) 5z(z—1)>

22(2 —1)2 a—i_@—i_(w—l)z (w — 22

I

where «, 3,7,6 are arbitrary constants. These equations require the introduction
of new transcendental functions to be solved, giving rise to the so-called Painlevé
transcendents [95,120,207,228|.

The analytical feature underlying the Painlevé classification for second-order ODEs
allows us to introduce the concept of Painlevé Property (PP). An ODE is said to
possess the Painlevé Property if all the movable singularities of its solutions are ordi-
nary poles, i.e. its solutions exhibit no movable branch points. This condition implies
that the solutions are single-valued everywhere, in particular in the initial conditions,
but in an arbitrary number of isolated movable poles. The core contribution of
Painlevé rests on the fact that he established the foundations of a theory exclusively
based on the analytical properties of a differential equation (singularity analysis) that
addresses valuable information about its integrability a prior:, without the need to
solve it.

Chazy [79] and Bureau [63| explored third-order ODEs as an attempt to extend
Painlevé’s ideas, and some works have been developed in this fashion for higher-
order ODEs [63,64,79,110,111,192] and the references therein. Nevertheless, there
is not a complete classification for higher-order ODEs with the Painlevé Property
yet.

1.2.1. Painlevé Property for ODEs. ARS algorithm

The work of Painlevé faded into oblivion until the second half of the XX century.
During the decades of 1950 and 1960, great advances were made in the context
of nonlinear Mathematical Physics and integrable systems. In 1965, Zabusky and
Kruskal [426] introduced the concept of soliton as a travelling wave solution with
remarkable properties for the ubiquitous KdV equation [249]. In 1967, Gardner,
Green, Kruskal and Miura [183] first developed the now celebrated IST method,
successfully solving the KdV equation by this procedure. This technique [13] has also
been applied to a large number of integrable equations with soliton solutions [130)].

The conspicuous success of the IST method led Ablowitz, Ramani and Segur (ARS)
[9-12] to develop an algorithm to determine whether a nonlinear ODE (or system of
ODEs) possesses the Painlevé Property. Strictly speaking, this algorithm provides
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Chapter 2. Painlevé Property and the singular manifold method

the necessary conditions for the absence of movable branch points, or equivalently,
multivalued solutions in the initial conditions. This procedure does not contemplate
other types of singularities that are not branch points, such as essential singularities.
In the same fashion as the work of performed by Kovalevskaya, the ARS algorithm
focuses on the analysis of the local properties of the aforementioned ODE.

Let us consider an nth-order ordinary differential equation of the form (this procedure
can be analogously extended for systems of ODEs)

dw d"w
F ) 2.9
(20 e ) =0 (2.9

where F' is analytic in z and rational in the remaining arguments.

The behaviour of its solutions is determined by a leading-order analysis around the
singularities. A solution of (2.9) is single-valued in a neighbourhood of a movable
singularity z = zg if it admits a local Laurent series expansion of the form

o0
= aj(z—20)"°, (2.10)

j=0

where zy denotes the arbitrary location of the singularity in the complex plane, the
coefficients a;, for all j, are constants to be determined and « is a positive integer.
If all the solutions of equation (2.9) are of the form (2.10), it is said that this ODE
has the Painlevé Property, and then, it is conjectured integrable.

The ARS algorithm consists on three steps, which are illustrated as follows:

1. Dominant behaviour

The leading-order analysis corresponds to the case j = 0 in the expansion
(2.10). We may determine the values of o and the first coefficient ag by bal-
ance of the dominant terms. « should result in a positive integer, or else, zg
would be an algebraic branch point. In some cases, a change of variables suf-
fices to transform the equation into another equation without movable branch
points. Otherwise, other advanced techniques should be considered in order to
overcome this inconvenience 350, 383|.

The values of « and ag are not necessarily unique, which means that the ODE
may have several branches of expansion. If so, we must then analyze all possible
dominant behaviours separately. This aspect of the algorithm turns out to be
crucial, since the absence of any of the cases in the analysis can directly lead
to misleading results.

2. Recursion relations and resonances
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We should now substitute the complete series expansion (2.10) into the ODE
(2.9), which leads to recursion relations for the coefficient a; of the form

(J - /81) e (] - Bn) a’j = Fj(Z,a(), e 7aj—1)7 (211>
for some nonnegative integers 3,1 = 1,...,n and where F},Vj are some
analytic functions in the independent variable z and the coefficients a;, | =
0,...,7 — 1. Then, equation (2.11) allows us to obtain, in principle, the value

of any coefficient a; for a given j > 0, with the prior knowledge of ag. Nev-
ertheless, if j = (;, i = 1,...,n, the left-hand side of (2.11) vanishes and the
associated ag, is arbitrary. These values of j, which retrieve arbitrary coeffi-
cients, are called resonances and the corresponding equation (2.11) is known
as the resonance condition.

The general solution of an nth-order ODE is expressed in terms of n arbitrary
constants. Since zg is already an arbitrary constant, the series expansion (2.10)
must therefore depend on n — 1 arbitrary coefficients. This fact implies the
existence of n — 1 resonances of integer j in the present analysis.

3. Resonance conditions

The last step concerns about the validation of the resonance conditions. For
each j = f3;,i =1,...,n in (2.11), the resonance condition Fj, = 0 must be
identically satisfied, so that the ODE has the Painlevé Property (and then, it
is considered integrable). We should obtain the following:

e A resonance in j = —1, associated to the arbitrariness of zj.

e n—1 resonances for j > 0, associated to the arbitrariness of the coefficients
a; in the power (z — 2z9)? = for each j = f;. If there exists a resonance in
j =0, it corresponds to the leading-order term being arbitrary.

Example 2.2. In order to illustrate the technique described above, let us consider
the following nonlinear ordinary differential equation

2
2712” = 2u3, (2.12)

which is solvable in terms of Jacobi elliptic functions (cf. equation VII of [228]). We
consider the following Laurent series expansion for solutions of (2.12)

w(z) = Z a;j(z — 20)7, (2.13)
=0
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where zg is arbitrary and the coefficients a;, Vj and o have to be determined. The
ARS algorithm to verify if equation (2.12) has the PP proceeds as follows:

1. The dominant behaviour of (2.13) is w(z) ~ ag(z — z0)~%, whose substitution
into (2.12) results in
ala+1)ag(z — 20) 72 = 2a3(z — 20) 3. (2.14)
Equating the exponents in the powers of (z — z) provides
a+2=3a = a=1,
whilst the balance in the coefficients yields
2a0(a2 —1) =0 = ap==*l.

Since ag is not unique, we will have two branches of expansion in (2.13), and
each of them should be analyzed separately. This fact implies that steps 2 and
3 from the ARS algorithm must be independently implemented and verified for
both cases ag = 1 and a9 = —1.

2. The general series (2.13) becomes
e .
w(z) =3 ay(z — 20) 7, (2.15)
=0

with ap = £1. Substitution of (2.15) in (2.12) gives rise to the following
recursion relations for the coeflicients

Jj—1 n—1
G+ —4a; =2 ajn <3a0an +) anmam> : (2.16)

n=1 m=1

which provides the expression of a; in terms of the coefficients of lower order,
and where we have set a% =1.

From the left-hand side of (2.16) it is easy to see that the ARS algorithm
retrieves two resonances. The first resonance in j = —1 validates the arbitrari-
ness of zy, and the second resonance in j = 4 implies that a4 should be a free
parameter. Since equation (2.12) is a second-order ODE, we have obtained two
constants of integration, zg and ay.

3. We should now verify if the resonance condition for j = 4 is identically satisfied.
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By solving expression (2.16) recursively for the coefficients a;, one gets

j:1: a1:0,
j=2: CLQZO,
j=3: az3=0,

j=4: 6 (2a0a1a3 + aoa% + a%ag) = 0.

Since the coefficients a1, as, ag vanish, the resonance condition for j = 4 iden-
tically holds for any value of ag. Hence, the coefficient a4 turns out to be
arbitrary for both values of ag = +1.

The three steps of the ARS algorithm have been applied to equation (2.12), success-
fully verifying that the solutions of this equation can be expressed as (2.13). Thus,
we can conclude that the only movable singularities of (2.12) are poles, which means
that this equation has the PP and it is therefore integrable in the Painlevé sense.

1.2.2. Painlevé Property for PDEs. WTC algorithm

In view of the tremendous success of singularity analysis as a vehicle to identify
integrable ODEs, it is natural to wonder if it is possible to build a similar approach
for partial differential equations.

ARS conjecture

The first answer to this question was addressed by Ablowitz, Ramani and Segur [9-11]
and Hastings and McLeod [203] by means of the so-called ARS conjecture (also
referred as the Painlevé conjecture). This conjecture states that every nonlinear
ODE obtained by a similarity reduction of a nonlinear PDE solvable by the IST
method has the Painlevé Property (though perhaps only after a transformation of
variables). Only weaker versions of this conjecture have been proved [10,11,297].
ARS conjecture can be interpreted as follows: it provides a necessary condition for
the integrability of a PDE. Conversely, if a PDE is reduced to an ODE that does not
possess the PP, the aforementioned PDE is not completely integrable.

There exists an algorithmic method to compute the similarity reductions of a given
PDE arising from its Lie symmetry analysis (cf. Section 4 from Chapter 5 of this
manuscript). Nonetheless, the application of ARS conjecture to test the integrability
of a given PDE is not a simple procedure. This technique requires the obtention of
all possible similarity reductions, which is already a titanic task. Besides, there also
exist similarity reductions that cannot be obtained by the classical group techniques.
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Chapter 2. Painlevé Property and the singular manifold method

Thereupon, we should check whether the resulting reduced ODEs have the PP or
not, up to a change of variables.

WTC algorithm

Weiss, Tabor and Carnevale (WTC) proposed a generalization of Painlevé’s ideas by
extending the notion of the PP to partial differential equations [417].

Singularities of analytical functions of several complex variables are no longer iso-
lated [328]. Let w : (21,...,2n) € D — w(z1,...,2ny) € C be a meromorphic
function depending on N complex independent variables z = (z1, ..., zx) defined in
a subdomain D € CV. Then, the singularities of w lie on analytic manifolds of di-
mension (2N —2), referred as singular manifolds, which are determined by conditions
of the form

¢(Zl,...,ZN) :0, (217)

where ¢ is analytic in the neighbourhood of the manifold defined as (2.17). When
this manifold depends on the initial conditions, it is called a movable singularity
manifold.

The existence of this kind of manifolds provides a natural extension of the concept of
Painlevé Property for PDEs. A PDE is said to possess the Painlevé Property if all its
solutions are single-valued in a neighbourhood of the movable singularity manifolds.
Weiss, Tabor and Carnevale then generalized the ARS algorithm for PDEs, giving
rise to the so-called WTC method. This procedure allows us to algorithmically test
the integrability of a given PDE, as it will be illustrated hereafter.

The solutions of the PDE under consideration should be locally expressed as a gen-
eralized Laurent expansion of the form

w(zt,...,2n) = Y _wj(z1,. ., 2n) [Bz1, - 2w)P T, (2.18)
j=0

where ¢(2), w;j(z), Vj are analytic functions in a neighbourhood of the singular man-
ifold (2.17) and o must be an integer. Comparing the Laurent expansions for the
WTC algorithm (2.18) and the ARS algorithm (2.10), we may conclude that the
former one includes variable coefficients w;(z), Vj and the associated expansion is
performed in a neighbourhood of the singular manifold ¢(z) = 0.

Steps 1-3 from the ARS algorithm for ODEs should be slightly modified in order to
establish the new prescription for testing the integrability of PDEs:

1. Dominant behaviour
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2.1. Integrability and the Painlevé Property

The leading-order analysis, corresponding to 7 = 0 in (2.18), also retrieves the
values of o and the first coefficient wy(z). Once again, if either a or wp(z)
turn out to be non-unique, several branches of expansion arise, which should
be analyzed independently.

2. Recursion relations and resonances

The substitution of (2.18) into the PDE, supposed to be of nth-order, now
provides a more general expression for the recursion relations for the coefficients
w;(2). These relations may incorporate terms on the derivatives up to order n
of the coefficients themselves or the singular manifold, as

6wJ 8¢ 82’wj 82(Z> >

8z,- ’ 87zi’ aziazk’ 6ziazk T
(2.19)

G=B)- (= BJwy = F) (z,wJ,¢,

for all J < j — 1 and all combinations i,k =1,..., N.

The resonances are found in the values j = 5;, [ = 1,...,n and, consequently,
the associated coefficients wg, (2) should be arbitrary.

An nth-order PDE should possess a resonance in j = —1, representing the
arbitrariness of the singular manifold (2.17) and n — 1 resonances for j > 0.

3. Resonance conditions

If every resonance condition Fg, = 0,1 = 1,...,n is identically satisfied, we
may therefore say that the corresponding PDE has the Painlevé Property.

Sometimes the resonance conditions are satisfied for certain values of the pa-
rameters of the equation. In this case, the equation is said to be integrable in
the Painlevé sense only for those values of the parameters, and we should be
dealing with conditional integrability [71,412].

A detailed example on the application of the WTC algorithm to a system of nonlinear
PDEs is given in Section 5 of the present Chapter of this manuscript.

1.3. Further remarks

Algorithmic methods based on the Painlevé Property, such as the ARS algorithm or
the WTC algorithm, are often referred as Painlevé tests. There exists a vast amount
of literature concerning this topic and its applications to differential equations [105,

107,314, 350,377,383, 429].

There is no rigorous proof about the connection between the Painlevé Property and
the complete integrability of a differential equation. Nonetheless, Painlevé tests ap-
pear to emerge as a potent criterion to identify integrable differential equations.
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Chapter 2. Painlevé Property and the singular manifold method

Furthermore, Painlevé analysis may be used to derive other important information
of this kind of equations, such as Béacklund transformations, Lax pairs or special
solutions [83, 186,314, 383,414]. These latter properties constitute one of the key-
stones of the present research. All these topics of paramount interest will be carefully
investigated in the ensuing Sections.

On the other hand, it should be taken into account that Painlevé tests present some
limitations. In the following, we exclusively mention two of them, further remarks
concerning this topic may be consulted in [254,350] and the references therein.

The core observation regarding this matter lies in the fact that the Painlevé Prop-
erty for a given differential equation is not preserved under transformations of the
variables of the equation. This means that a certain equation that does not possess
the Painlevé Property in a given set of variables may be considered integrable in
the Painlevé sense after a change of variables. Finding the suitable transformation
of variables in those cases may become a titanic task. In this context, transforma-
tions among families of integrable equations, such as Bécklund and Miura trans-
formations [361,362|, hodograph transformations [97,158| or reciprocal transforma-
tions [30,217,243,358,359]|, emerge as a useful tool when it comes to identifying their
integrability. These techniques have been successfully applied in literature, high-
lighting the work carried out by Estévez and collaborators [27,30,139,140,158,162],
two of which are contributions of the author of this thesis.

The Painlevé Property, as defined previously, might turn out to be an overly restric-
tive imposition to characterize the integrability of a differential equation, since it
exclusively considers ordinary poles for the singularities of the solutions. There exist
several variants of the Painlevé test in this context. First of all, it is worth mentioning
the so-called weak Painlevé test [350], related to the weak Painlevé Property, which
allows the presence of movable rational branch points (positive rational leading in-
dices in the series expansions). Secondly, we shall remark other approaches, such
as the poly-Painlevé test, developed by Kruskal [254], or the perturbative Painlevé
test [106,170], which deals with negative resonances.

2. The singular manifold method

J. Weiss first introduced [410] and developed the first applications [410-414] of the
so-called singular manifold method (SMM). The SMM constitutes an algorithmic
procedure, based on the WTC method, which allows to derive crucial properties of
these (integrable) systems, such as Biacklund transformations or Lax pairs. If a given
PDE has the PP, its solutions can be therefore expressed as a Laurent series of the
form (2.18). The SMM focuses on truncated solutions of this series expansion in
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2.2. The singular manifold method

order to obtain particular solutions of the PDE. Expression (2.18) may be truncated
at constant level (up to terms in the power ¢°) as

(0%
w(z) =Y wi¢! ™ = wod ™ + w1+ +wa, (2.20)
§=0
where the dependence in the independent variables z = (21, ..., zy) has been omit-

ted.

If expression (2.20) is imposed to be a solution for the PDE under study, this yields
an overdetermined system of equations for ¢, the coefficients w;,0 < j < o and their
derivatives'. Hence, ¢(z) is no longer an arbitrary function since it must fulfill this
system arising from the truncation condition. If w, as defined in (2.20), is a solution
of the PDE, then it is evident that w, is also a solution. Consequently, relation
(2.20) defines an auto-Bécklund transformation between two solutions w and wg of
the PDE under consideration [410,411,414-416]. Or, in other words, the truncation
of the Painlevé series allows us to construct new solutions for the PDE, via this
auto-Béacklund transformation, starting from a known initial solution w,, called the
seed solution.

The easiest way to proceed in order to deal with this system of equations for the
singular manifold requires to set as null every coefficient in the different powers of ¢.
If these conditions hold, then it is possible to establish algebraic relations among the
seed solution, its derivatives and the singular manifold, which are called the singular
manifold equations. Occasionally, this imposition may turn excessively limiting, and
this procedure needs to be slightly modified [153].

The SMM may present a major flaw when it is applied to PDEs with several branches
of expansion. Several branches of expansion means that the truncation (2.20) needs
to be performed for every value of o and the leading-order coefficients, whilst the
procedure itself [410] restricts us to one of the branches. Nevertheless, the latter
restriction to just one of the possible branches may result in a lose of information
about the PDE under consideration [149|. There exist special techniques to overcome
this inconvenience. The first of them requires the splitting of the fields of the PDE
in a certain mode [141, 150, 157|, whilst the second one involves the use of the so-
called double singular manifold method [109,148,149,191,309]. In both cases, the
application of this modified SMM provides an additional Miura transformation that
relates the original PDE to another one with a single branch of expansion |28, 141,
149,191].

!Properly speaking, this overdetermined system may be expressed as a polynomial in powers of
¢ with variable coefficients depending on the fields and their derivatives.
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Chapter 2. Painlevé Property and the singular manifold method

Homographic invariance

As a property inherited from the PP for ODEs, the Painlevé Property for PDEs is
invariant under the action of the M&bius group (also referred as the projective group
or homographic transformations) [103,308,410,412], of the form

ap+b
cp+d’

o) ad — bc # 0. (2.21)
Hence, it is expected that the invariants of this group play an important role in the
Painlevé analysis for the PDE under study. In fact, the relations to be satisfied by ¢
after the truncation ansatz required by the SMM can be expressed more conveniently
in terms of these invariants. There exists indeed an alternative reformulation of the
SMM, developed by Conte and collaborators [102—-104,340] based on the homographic
invariants.

For PDEs defined in 1+ 1 dimensions, with coordinates (x,t), the first of the homo-
graphic invariants is

which corresponds to the so-called Schwarzian derivative [171,172,207]. The second
invariant [103,308]| is given by

bt :
r=-—. 2.23
o (2.23)
If we introduce the quantity
Paz
V== 2.24
. (2.24)

the compatibility condition ¢t = ¢tz then provides the following identities, which
are valid for every (1 + 1)-PDE

vp = (12 +V7)g, (2.25)
St = Tygx + 2875 + TSy, '

Finally, the equations for the singular manifold ¢ arising from the SMM, expressed in
terms of the variables {v,r, s}, together with expressions (2.25), constitute an alter-
native (and more approachable) setting to describe the singular manifold equations.

It should be worth highlighting that this procedure may be easily generalized to
higher dimensions [141, 144,148, 340,412|, as it will be illustrated in Chapter 4.
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3. Lax pairs

The SMM has proved to be an extraordinarily fruitful procedure to derive Lax pairs
for PDEs by means of the linearization of the singular manifold equations [102,103,
141,149,410-412,414]. The key aspect of the Lax pair associated to a (nonlinear)
PDE lies in the fact that it is consider a proof of integrability for such differential
equation and it may constitute a useful tool for its resolution [3,13|. In general, there
is not any standard formalism to obtain a Lax pair for a given nonlinear PDE, and
the quest for Lax pairs may become an arduous task. In this sense, although it is not
a trivial procedure, the SMM provides a straightforward and algorithmic technique
to deduce Lax pairs for differential equations. The fundamentals about Lax pairs
will be exhibited hereunder, following the references [3, 13,263, 264]. Throughout
the present dissertation, the notion of Lax pair for nonlinear differential equations
will play a primary role, since it will be considered as a synonym of the integrability
of such equations. Lax pairs also constitute a key cornerstone in the obtention of
soliton-like solutions of these equations, as expounded in the ensuing Sections.

3.1. Lax formalism

The concept of Lax pair emerges from the modern studies of integrable systems in
the 1960s. Its formulation was first introduced by the mathematician P. Lax [263]
in the context of the analysis of nonlinear evolution differential equations in 1 + 1
dimensions

w = K(z,t,u,ug,...), (2.26)

where u = u(x,t) is defined in some function space %. The concept of Lax pair is
referred to a set of differential operators whose compatibility condition provides the
starting evolution problem (2.26).

A Lazx pair, also known as (the associated linear) spectral problem, consists in a pair
of linear operators L(t), A(t), acting on a Hilbert space #, which satisfy the so-called
Lax equation

L+ [L,A] =0, (2.27)

where t is the evolution variable, which usually alludes to the evolution in time,
Ly = % and [L,A] = LA — AL is the usual commutator between two differential
operators. Moreover, L(t) is a self-adjoint operator, whilst A(t) is skew-symmetric

for all t.

Lax equation (2.27), also known as the Lax representation of (2.26), can be regarded
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Chapter 2. Painlevé Property and the singular manifold method

as the compatibility condition of the linear problem

Ly = M\, (2.28a)
Y = Ay, (2.28b)

where the operator L characterizes the associated eigenvalue problem and A accounts
for the operator governing the evolution in time. ¢ = ¥ (z,t) € H is the spectral
function or eigenfunction and X is the so-called spectral parameter or eigenvalue. The
operator L is said to be isospectral if its spectrum is independent of the evolution
variable ¢, 7.e. Ay = 0. Thus, equation (2.27) provides an isospectral evolution
equation for L(t), since the isospectrality condition holds [3]. Then, the eigenvalues
of L constitute a set of integrals (conserved quantities in time) for the evolution
equation (2.26). Moreover, det L and tr L*, k € N are spectral invariants as well.

Lax showed in [263,264] that the isospectrality of L(t) follows from the fact that the
operators L(t), considered as a one-parameter family of self-adjoint operators in H,
are unitarily equivalent to each other. In particular L(t) is similar to L(0), i.e. there
exists a one-parameter family of unitary operators U(t) such that

L(0) = U*()LAU(t),  VteR, (2.29)

where U*(t) denotes the adjoint operator of U(t) and L(0) is independent of ¢. The
unitary operator U(t) in (2.29) is solution of the initial value problem

U= 2 = AWU().  U0) =T, (2.30)

for any A*(t) = —A(t) and where Z is the identity operator in H. Then, by dif-
ferentiating (2.29), it is straightforward to see that the operators L(t), A(t) satisfy
(2.27). The spectra of L(t) and L(0) coincide [357] and hence the eigenvalues of L
are conserved in time. Finally, the eigenvalue problem (2.28) reads

LW =X = L{t)yp=Xp with ¢ =U(t))ecH. (2.31)

Lax equation (2.27) is invariant under similarity transformations

L—L=gLg', A—A=gA¢g'+g9!, (2.32)
where g is an invertible linear operator on H and ¢, = %. Then, the associated
spectral problem propagates as

Ly =X\p, =DM,  with =gy eH. (2.33)
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2.3. Lax pairs

There exists an infinite number of Lax pairs which are gauge equivalent through
(2.32), and hence, one may conclude that a Lax pair is nowise unique.

Thus, we state that integrable nonlinear differential equations may be written, in an
completely equivalent form, as the compatibility condition of a spectral problem of
the form (2.28). As already mentioned above, finding Lax pairs for a given nonlinear
PDE is not a trivial quest. In that sense, it will be shown that the singular manifold
method emerges as a powerful procedure to obtain Lax pairs. It is worthwhile to
remark that one of the advantages of Lax formulation is that the associated linear
equations are easier to treat and solve than the starting nonlinear PDE [138,141,159].
Lax formulation is also linked to a plethora of techniques related to the resolution of
nonlinear differential equations, such as the IST method [3,183].

There also exists a relaxed condition regarding the Lax formalism, called weak Lax
pair [3,13]. Boiti et al. [53-56] considered this approach in the inspection of integrable
evolution equations in 2 + 1 dimensions, and successive applications have appeared
in literature regarding this matter [206,255,279,285,347|. The Lax pair is conceived
as a pair of differential operators whose compatibility condition retrieves the desired
nonlinear evolution equation. Conversely, in a weak Lax pair this condition only
needs to be satisfied in the subspace of solutions of the spectral problem.

3.2. Zero-curvature representation

The Lax formalism, given by the pair of linear operators L, A satisfying (2.27) and
(2.28), admits a geometric reformulation in terms of the so-called zero-curvature
representation [13,361,434]. We may rewrite the eigenvalue problem (2.28) as the
auxiliary linear system

U, =U¥, U,=VU, (2.34)

where U,V are a pair of linear operators on H, depending on the spectral parameter
A, and ¥ € H is a matrix eigenvector whose size depend on the order of L. Hence,
the compatibility condition of (2.34) is translated into the relation

Uy — Ve +[U, V] =0. (2.35)

Both representations are proved to be equivalent [3, 6] and the preference for one
or the other formalism depends on each case under consideration. As in the Lax
formalism, the zero-curvature representation (2.35) is invariant under the similarity
transformation

U—-U=GCGUG ' +G,G™", VosV=GVG't+GGa, (2.36)
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Chapter 2. Painlevé Property and the singular manifold method

where GG is an invertible matrix operator and G, = %—g, Gy = %—?, such that (2.34)

transforms as

U, =07, U, = VU, with U = GVU. (2.37)
Example 2.3. The revisited Korteweg-de Vries (KdV) equation [249]
U + Ugge — OuUy, = 0, (2.38)
can be written as the compatibility condition of the linear system [263]

w:va: = ('LL - A)¢7

Py = (2u + 4AN)y — ugth, (2.39)

where A is the spectral parameter and v acts as the eigenfunction. The system of
equations (2.39) corresponds to the following Lax representation

L= =0y +u, A = —40245 + 6u0; + 3u,. (2.40)

It is easy to check that if the operators defined in (2.40) satisfy the Lax equation
(2.27), u therefore satisfies (2.38). Hence, the linear system (2.39) is said to be a
(scalar) Lax pair for (2.38).

The zero-curvature representation for the above scalar spectral problem (2.39) can
be easily obtained as

_ 0 1 _ — Uy 2u + 4\ )
Wx_(u)\ 0)\11’ \Ijt_<2u2+2u)\4)\2um Uy >\IJ’ (2.41)

by considering ¥ = (1,1,)T as the eingenvector, where the symbol T indicates the
transpose of the corresponding vector. It is immediate to see that condition (2.35)
retrieves (2.38), and then, (2.41) constitutes a Lax pair for the KdV equation.

4. Darboux transformations and soliton solutions

Transformations among (integrable) nonlinear partial differential equations consti-
tute a valuable and advantageous technique to deal with such equations, specially
in the study of nonlinear evolution equations [220]. In this Section we review two
of the most important transformations among integrable differential equations, the
so-called Bécklund transformations and Darboux transformations [361]. We will also
illustrate their connection with the SMM and the Lax formalism described in the
previous Sections, and their potential to derive solutions of major significance in
nonlinear differential equations arising from soliton theory.
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2.4. Darboux transformations and soliton solutions

4.1. Backlund transformations

Bécklund transformations were introduced by the Swedish mathematician A. V.
Bécklund in the late XIX century [67] as generalized surface transformations in
differential geometry. They have proved to be of special relevance in the field of
Mathematical Physics with numerous applications [129,359,361,362|. In the context
of this dissertation, Backlund transformations constitute explicit relations between
the solutions of two nonlinear differential equations (also extendable to hierarchies of
PDEs). Hence, Béacklund transformations provide a powerful method for generating
solutions of nonlinear PDEs [362]. From the classical point of view, it is worthwhile to
mention the Clairin’s method to generate Bécklund transformations [88,259], while
a modern approach can be found in [33,342,343] or by means of the Wahlquist-
Estabrook procedure [401,402].

Example 2.4. A well-known example of a Backlund transformation is the celebrated
Miura transformation [303]
u =1+, (2.42)

that establishes a relation between two solutions of the KdV equation [249]
Ut + Ugge — Ouuy, = 0, (2.43)
and the solution v for the modified Korteweg-de Vries (mKdV) equation [425]

Ut + Vs — 6020, = 0. (2.44)

A Béacklund transformation which relates solutions of the same equation is called an
auto-Bdcklund transformation. Many examples of auto-Bécklund transformations
for renowed integrable equations may be found in [259,361,362| and the references
therein. Then, auto-Backlund transformations may yield an iterative procedure to
construct solutions once a particular solution is known. As already said, the trun-
cated series expansion arising from the Painlevé analysis (2.20) constitutes an auto-
Béacklund transformation between w and w,,.

4.2. Darboux transformations

Another important class of transformations with their origin in the XIX century cor-
responds to the so-called Darboux transformations, introduced by the French mathe-
matician G. Darboux [115,116], based on the previous work of M. Moutard [305,306],
in the study of the Sturm-Liouville problem for differential equations of physical
relevance. More advances concerning the Sturm-Liouville problem were performed
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Chapter 2. Painlevé Property and the singular manifold method

by Crum in [112| and several classical generalizations and early applications were
developed in [43, 44, 46, 269, 293-295, 398]. Further remarks can be found in the
monographs [70, 195,296, 361].

Given a nonlinear PDE, the basis of Darboux transformations lies in the invariance
of its associated spectral problem under a simultaneous and combined mapping be-
tween both the fields and the corresponding eigenfunctions. It may be formulated as
a covariance principle for the corresponding operators [296]. This type of transforma-
tions have proved to be extremely useful to construct exact solutions for integrable
nonlinear PDEs. In particular, this technique provides an iterative algebraic pro-
cedure that allows to construct multi-soliton solutions by the sequential application
of Darboux transformations together with solutions of the associated Lax pair and
the evolution equation. This approach has been widely applied in recent years for a
plethora of multi-dimensional integrable systems [86,265,266,296, 361].

Example 2.5. Let us consider two different eigenfunctions 1, x for the spectral
problem (2.39) for the KdV equation (2.38), defined in terms of the field u and the
spectral parameter A\. Then, this Lax pair admits the following Darboux transfor-
mation [296]

ﬁ:u—2<%> ,
v/ (2.45)
b= xe—x 2,

(0

such that 1,2), @ solves the linear problem (2.39) with spectral parameter A. Hence, it
is easy to check that the linear problem (2.39) is invariant under the simultaneous
transformation v — u, ¥ — .

4.3. Binary Darboux transformations

The approach developed in the present research offers a slightly different perspective.
The solid methodology to be used in the following is based on the previous work of
Estévez and collaborators [141,148,152,153,157,161], among other references. The
core idea resides in the conjunction of the SMM and Darboux transformations to
obtain exact solutions for nonlinear integrable equations whose associated spectral
problem is known. The aforementioned procedure is outlined hereinafter.

Let us consider a pth-order nonlinear differential equation in 1 4+ 1 dimensions, de-
pending on the independent variables (z,t) and a single field u = wu(z,t)?. This

2This procedure can be easily generalized to both higher dimensions or number of fields, as it
will be illustrated in the examples from Chapters 3 and 4.
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2.4. Darboux transformations and soliton solutions

nonlinear PDE is supposed to pass the Painlevé test®, and then, be considered in-
tegrable in the Painlevé sense. We may apply the SMM in order to derive a Lax
pair for it, which means that the solution of the PDE w admits a truncated series
expansion at constant level in a neighbourhood of the singular manifold ¢ = 0 of the
form

«
| o a
(@ t) = a;67" = ag + == 4+ (2.46)
Jj=0

¢ ¢’
where a; = a;(x,t), 0 < j < a. The coefficient ag(x,t) and the leading index «
are determined by the balance of the dominant terms. The remaining coefficients
aj(z,t),7 = 1,...,a are either determined or arbitrary by virtue of the Painlevé
analysis.

The application of the SMM over the nonlinear PDE under study straightforwardly
leads to the singular manifold equations. The linearization of such equations allows
us to introduce the eigenfunctions and a free parameter (that will act as the spectral
parameter) such that the arising linear system possesses a Lax pair structure. The
corresponding spectral problem may be generally expressed as a system of 2y dif-
ferential equations, depending on p eigenfunctions ¢!, I = 1,..., u and the spectral
parameter A, of the form

awl amwl
ST 7t7a alaia"wiv}‘ :Ov
(st G G

l 6¢l 8m—1wl ad}l B
T, <x,t,u,U(k/),w 30 Bem1 oy A | =0,
where u) denotes the set of all the derivatives of u up to order k (cf. Section 2
from Chapter 5), with k, k' < p and either kK + 1 = p or m + k' = p. The system of
equations S, = 0, r = 1,..., u is often referred as the spatial part of the Lax pair,
since it only involves spatial derivatives of the eigenfunctions, up to a highest order
m. The system of equations T, = 0, r = 1,..., u represents the temporal part of the
Lax pair, due to the presence of the temporal derivatives 88—1@1. In principle, it is not
possible to determine a priori the number of eigenfunctions p required to construct
the Lax pair, nor its order m, since this information depends on the particular process
of linearization of the corresponding singular manifold equations in each case.

The SMM also retrieves the relation between the eigenfunctions 1!, I = 1,..., u and
the singular manifold ¢, which may depend on the spectral parameter and the field,

3Without loss of generality, we will assume that the series expansion has a unique branch of
expansion. If it is not the case, there exist several techniques [141,149] that allow us to properly
treat this scenario.
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as ; }
P(x’t7u7¢l;&/} 8 w

oz’ 7 Qam’

which might be occasionally expressed as an exact derivative.

)\7¢7 ¢l‘7¢t> = 07 (248)

We shall consider now a Darboux transformation for the Lax pair (2.47), i.e. a simul-
taneous transformation for the fields and the eigenfunctions such that the spectral
problem remains invariant. The sheer novelty of this formulation with respect to the
classical Darboux approach rests on the fact that these transformations have to be
extended to the singular manifold, such that expression (2.48) is also preserved. This
implies that iterated solutions for the field u, the eigenfunctions !, I = 1,..., u and
the singular manifold ¢ must be constructed. The SMM therefore plays a crucial
role in this process, since it will precisely prescribe those transformations.

The truncated series expansion (2.46) defines an auto-Béacklund transformation for
the field of the form

ultl = 9 43 4 (2.49)

where ul? denotes the seed solution (a, in (2.46), which clearly satisfies the starting
nonlinear PDE) and ul!l represents the iterated solution (u in (2.46)), which also
satisfies the same differential equation.

Let us consider now two different sets of eigenfunctions {@ZJ%J@’}, LU =1,...,u,
satisfying the linear problem (2.47) for the seed solution ulY with two different eigen-
values {1, A2}, respectively, as

Se (@t u® vt ) =0, T (el 6l 0 ) =0, (2.50a)
S, (x,t,u[ol,wg’, /\2> —0, T (x,t,u[ol,wg’, )\2> —0, (2.50b)
for r,1,I’ =1,...,u, and where we have omitted the dependence in the derivatives

of the fields and the eigenfunctions for simplicity.

The consideration of two sets of eigenfunctions with their respective spectral param-
eters needfully defines two singular manifolds {¢1, ¢2} through (2.48) as

P (.’L’,t, u[O]awllv)\la(bl) == 0, (251(1)
P <x7t7u[0]7¢l2/7)‘27¢2> = 0. (251}))
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Following the ideas developed in [83,248], the spectral problem (2.47) should be now
regarded as a coupled system of nonlinear differential equations depending on the
field u and the eigenfunctions ¥, I = 1,..., u. Thus, the SMM can be now applied
to the Lax pair itself. This procedure requires the following simultaneous Painlevé
expansions, both constructed in a neighbourhood of the singular manifold ¢; = 0,
which can be truncated at constant level as

Bi—1
b;
ulll = 4! Wy = b+ Z gbﬁl . (2.52)
where a, 51, | =1,.. ., are the leading-order indices, and the coefficients a;(z,t),

bj(z,t), j=0,...,a—1,37 =0,...,5 — 1 have to be determined by imposing that
the iterated solutions (um, wlm), Il =1,...,u satisfy the spectral problem

S (:l:a t, u[l}ﬂj}%,b )\2) =0,

T, (m,t,u[l],wllvz, /\2) =0

with associated spectral parameter Xo. The truncated expansion for ul! should
coincide with the one provided for the nonlinear PDE (2.49). The coefficients
bj(z,t), 7 =1,...,06 —1,Vl may depend on the seed solution ul%, both sets of eigen-
functions {1, 1/}5}, their derivatives and the spectral parameters {A1, A2}. The first
iterated eigenfunction will be denoted as @ZJZLQ, VI, alluding to the fact that it is con-
structed in terms of two seed eigenfunctions {4, 15 },¥I’,1”, and the last subindex
Wt o indicates the associated spectral parameter Ao for this eigenfuction.

l//

Besides, transformations (2.52) induce an analogous truncated series expansion for
the singular manifold as

P12 = P2+ Z (2.54)

¢’Y J’
with v € N and coefficients ¢;(z,t),7 =0,...,7 — 1 to be determined such that

P (a:,t,u[l], wi,Qa >‘27 ¢1,2> = 0) l= ]-7 Rz (255>

is identically satisfied. The first iteration of the singular manifold is again denoted
as ¢1,2, following the same notation convention as for the iterated eigenfunction.

The main difference of this approach with respect to the classical Darboux trans-
formations is that the series (2.52) use the singular manifold ¢; as the expansion
variable rather than the eigenfunction 1 of the former (2.47) spectral problem (cf.
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Chapter 2. Painlevé Property and the singular manifold method

Example 2.5). Nevertheless, expansions (2.52) may be regarded as (binary) Dar-
boux transformations in the sense that these transformations leave invariant the Lax
pair (2.47), since (2.53) is satisfied by construction. Besides, relation (2.48) is also
preserved.

In summation, two sets of eigenfunctions {1, lzl}, I,I/=1,...,u for the Lax pair
associated to the seed solution u[? suffice to construct a new set of eigenfunctions
1/1l1’2,l = 1...,u that solve the spectral problem for the iterated solution ull). Anal-
ogously, the additional introduction of two singular manifolds {¢1, ¢2} allows us to
define a new singular manifold ¢ 2 associated to these solutions ull] wb, Vl. Hence,
the SMM yields the suitable truncated expansions, interpreted as (binary) Darboux
transformations, which map the Lax pair into itself, providing and iterative method
to construct new solutions of the spectral problem and the initial nonlinear PDE
under consideration.

This procedure may be recursively applied in order to obtain further iterations, and
consequently, novel solutions. The nth iteration introduces the new triad {u[”],

P nnt 1 @12, nn+1), L =1,..., p, such that {1#51’2’_“7”“} represents the set of

ghigaany

eigenfunctions associated to the field ul™ with eigenvalue A\, y1, and @12 . p41 is the
associated singular manifold. This implies that the following relations hold

S?“ (IL’, ta U[n},wi,z...nwlv An—f—l) = O’

(2.56a)
T’f' (xa t7 u[n]7 77/}%[,27...,71-%17 )\n""l) = 0’
P (1'7 t, u[n]’ 77Dl1,2,...,n-|—17 An+1, ¢172,~~~,”+1> =0, (256}0

for every r,l,=1,..., u.

The triad {u, 4}, . 1,612 ni1} can be expressed in terms of the following
quantities,

e Seed solution ul”,

e 4 different sets of n + 1 eigenfunctions {1/1111, éﬂ...,zﬁf{’jll}, Iy lpyr =
1,...,u, for this seed solution ul?, each of them associated to n + 1 differ-
ent eigenvalues {1, Ao, ..., A\ny1}, respectively,

e n + 1 singular manifolds {¢1, ¢o, ..., dny1}

that satisfy (2.50) and (2.51), respectively.

This last statement implies that, with a suitable seed solution and the corresponding
resolution of the associated spectral problem, we will be able to generate an extensive
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2.4. Darboux transformations and soliton solutions

class of diverse solutions for the former nonlinear PDE. More specifically, this thesis
addresses the quest for solutions with solitonic nature, with special emphasis on the
particular case of rational solitons. Applications of this procedure can be found
in the references already cited above, as well as in the example described in the
following Section and the different models analyzed in Chapters 3 and 4 of the
present dissertation.

4.4. Connection to Hirota’s bilinear formalism

There also exist other methods to determine multi-soliton solutions for a given non-
linear PDE. Among them, the celebrated Hirota’s bilinear method, first introduced
in [208], should be duly emphasized. This technique provides a systematic procedure
to derive, in a relatively straightforward methodology, such kind of special solutions.

Hirota’s method requires that the nonlinear PDE is transformed, by means of a
(nontrivial) dependent variable transformation (cf. Section 1.7 in [213]), in a bilinear
differential equation, often called Hirota form, which should be expressed in terms
of the Hirota’s D-operators [211,212]

0 0

Dalf.g)=Dzf-a= ( - >nf(x)9(;v') o

= Wf(»"” +2')g(x — 2) )

/=0

(2.57)
with n € N. This operator acts as a bilinear derivative and a list of properties of
D-operators can be found in [210,212,213,215]. Generalizations of these operators

to higher dimensions have been studied in [193].

oxr 0x'

=T

Once that the former nonlinear PDE has been expressed in a bilinear form, the exact
solutions are obtained by a perturbation algebraic method. The IN-soliton solution
formula can be expressed as quotients of Wronskian-type determinants in terms of the
Hirota’s T-function [174,214], and soliton solutions appear as polynomials of a finite
number of exponential functions. In contrast to the IST method, this procedure
allows solutions to be obtained directly, so that it might be known as the direct
method. Countless applications of this method to remarkable nonlinear PDEs in
soliton theory can be found in the monograph [213] and the references therein.

Since the integrability of a given PDE has been connected to the existence of multi-
soliton solutions, Hirota’s method may be regarded as a criterion of integrability [204,
350]. The main problem of Hirota’s procedure lies in the process of bilinearization,
which is definitively not algorithmic neither obvious to perform. There have been
reported visible similarities between the bilinear transformation and the truncated
series expansion arising from the SMM [187, 205, 314|. Furthermore, the iterative
procedure arising from the combination of the SMM and the implementation of
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Chapter 2. Painlevé Property and the singular manifold method

binary Darboux transformations to derive multi-soliton solutions may be related
with Hirota’s 7-function, as established and evidenced in [148,149,153,182|.

5. Toy example: nonlinear Schrodinger equation in 1+ 1
dimensions

In order to provide a complete overview of the procedure described above, this Chap-
ter closes with an illustrative and detailed example.

This Section is then devoted to the study of the so-called nonlinear Schridinger
(NLS) equation [3,13,130], a classical integrable equation of reference in the field of
Mathematical Physics and soliton theory. NLS equation has been widely studied in
literature in recent years, in terms of integrability characterization and mathemat-
ical properties. This nonlinear dispersive equation appears in the description and
modelization of countless physical scenarios, with remarkable applications in diverse
applied disciplines.

NLS equation first emerges in the context of the evolution of gravity waves in fluid
dynamics, with the pioneering research of G. G. Stokes [380] and more recent works
[47,82,117,118,202,229,427]. It also plays an important role in the area of nonlinear
optics [42, 48,240, 387|, and it is found in the description of hydromagnetic and
plasma waves [221,222,374,408,409|, Bose-Einstein condensates [128,194,225, 344],
propagation of heat pulses in solids [388] and other nonlinear waves in different
scenarios [114,122,123,335,353].

Besides to its physical relevance and applications, NLS equation presents numerous
remarkable mathematical properties and analytical solutions of interest. As it is well
known, NLS equation constitutes a complete integrable system, it was first solved by
Zakharov and Shabat via the IST method [431,432] and it admits a Lax pair [13].
More properties regarding its integrability can be found in [13,130,385,386,430,432,
433|. This system has also been proved to exhibit a plethora of soliton-like solutions:
N-soliton solution [16, 313, 431, 432|, breather solutions [19, 21, 132, 241, 242, 257,
284, 337|, rogue waves [17,18,22,35,239|, etc. There also exist diverse integrable
generalizations, such as multi-component generalizations [286], extensions to higher
dimensions [69], discretized [7] or quantized versions of NLS [200].

The following Section addresses the study of the so-called defocusing NLS equation®
in 1 4+ 1 dimensions, which is written as the following coupled system of differential

4The general NLS equation is usually written as tus +uqzq + /{|u|2u = 0, as introduced in Chapter
1, with k # 0. If k > 0, this equation is also denoted as focusing NLS, whilst the case k < 0 refers to
the defocusing NLS. Although these two equations appear in distinct physical scenarios and exhibit
different kinds of solutions, both of them possess remarkable properties regarding their integrability.
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2.5. Toy example: NLS equation in 1 + 1 dimensions

equations

iy + Upy — 20w = 0,
ST ) (2.58)
—iw + Wep — 2w u = 0,

where u(z,t) is a complex-valued function and w(z,t) stands for its complex conju-
gate, u = w.

For practical purposes in the ensuing calculations, let us introduce a new real field
m(x,t), which is related to the density of probability of the system as m, = —|u|? =
—uw. Then, NLS system (2.58) may be expressed in nonlocal form as

Ut + Ugy + 2mgpu = 0,
—iwy + Wag + 2mzw = 0, (2.59)

mg + uw = 0.

5.1. Painlevé test for NLS

The NLS system (2.59) defines a coupled system of three nonlinear PDEs of second
order. We should now apply the WTC algorithm, as described in Subsection 1.2.2 of
this Chapter, in order to verify if (2.59) has the Painlevé Property, and then satisfies
the necessary conditions to be integrable.

The Painlevé test for (2.59) requires the following generalized Laurent expansions
for the fields u, w, m of the form

u(a,t) = aj(x,t) e, 1),
J=0

w(z,t) =Y bj(x,t) pla, t) 7, (2.60)

0

<.
Il

m(x,t) = cj(z,t) o(z, t)jf'y,

M

i
[e)

where a;(z,t), bj(z,t), cj(x,t), Vj are arbitrary coefficients for the series expansion,
a, B, v are the leading indices and ¢(z,t) is the so-called singular manifold.

1. A leading-order analysis for the case 7 = 0 results in

a:ﬁ:fy:L aobozqﬁi, co = Pu, (2‘6]>

where we may appreciate that both indices and coefficients are uniquely deter-
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Chapter 2. Painlevé Property and the singular manifold method

mined. The coupled relation agby = ¢2 indicates the presence of a resonance
in 7 =0, as it will be proved later.

. Then, expressions (2.60) read

:@4_2%(?]’*1’ U}:be—Fij(ﬁjil, m:@—Fch(bjfl, (2.62)
¢ j=1 ¢ j=1 ¢ J=1

where we have dropped the dependence in the independent variables, and
aobo = ¢3.

If we substitute expressions (2.62) in the starting system (2.59), the following
recursion relations arise

. . Daj_y  Daj_y . .
3 = 3)d%a; +2(j — Dagdec; = —i 6jt - 83?2 -(-2) [W% + %x] a;—1
. Da;1
—2(j —2)¢a or 22(] —k = 1)¢zarcj—k
k=1
_ QZ 80] kol (2.63a)
ab 0%b;_ . .
3G — 3)62b; + 2(j — Dbodhacy = i 51& 2 - 2 4 (j—2) [mt — %}b B
. ob;
—2(j — 2)¢s 5 : —QZJ— — 1)abycj—y
- 22 b ‘%ﬂ kol (2.63b)
. 863 1 .
boa; + aob; + (j — 1)¢ac; = Zakbﬁ k> (2.63c)

where we have isolated the higher coefficients aj, b;, c; in the left-hand side of
(2.63). The resonance analysis is easily generalizable for systems of differential
equations, as prescribed in [350], providing the following resonance condition

JG-D(G -3 -9([+1) =0, (2.64)

which retrieves five resonances. The resonance in j = —1 validates the arbi-
trariness of the singular manifold ¢ = 0. The remaining four resonances in
7 =20,1,3,4 imply the presence of four arbitrary parameters in the associated
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2.5. Toy example: NLS equation in 1 + 1 dimensions

coefficients for those values of j in the recursion relations (2.63). There is in-
deed a resonance in j = 0, ratified by the condition agby = ¢2, which implies
that either ag or by are arbitrary.

3. The resonance conditions for j = 0,1, 3,4 have been verified with the aid of
MAPLE, successfully checking that all of them hold. In this case, the coeffi-
cients ag, c1, as, c4 have been reported as arbitrary.

Hence, the NLS system (2.59) passes the Painlevé test, which means that it possesses
the Painlevé Property and it is therefore conjectured integrable.

5.2. Singular manifold method for NLS

The SMM requires that the generalized Laurent series expansion (2.60) shall be
truncated at constant level, i¢.e. j = 1. The presence of a resonance at leading-order
7 = 0 implies the relation agbg = ¢:20, so that ag and by are no longer independent.
This fact allows us to introduce the arbitrary function go = go(z,t) such that ay =

190, and by = —%. Then, the truncated expansions (2.60) result in
wll) — 00 1 M’ wltl = 0 — %, mitl = plol @7 (2.65)
¢ 909 ¢

where both the triads {ul®, wl%, m!} (seed solution) and {ul!), wll, mM} (iterated
solution) are solutions of the NLS system (2.59). Expression (2.65) therefore consti-
tutes an auto-Backlund for the involved fields.

At this point, it is convenient to introduce the quantities

b _ 2

KU*QZ)? r*gﬁ? S:’U.I_Ea
xr X

where r and the Schwarzian derivative s are the homographic invariants defined in
(2.22) and (2.23).

We should now substitute the truncated expansions (2.65) into the original NLS
system (2.59), yielding a polynomial result in the singular manifold ¢. The usual (and
simplest) procedure to approach the resulting equations demands that the coefficients
associated to the different powers of ¢ vanish. This assumption, after some algebraic

(2.66)
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Chapter 2. Painlevé Property and the singular manifold method

manipulations, provides

Ut = 5gor — 45— — 590U,
2 or 2
, i 0 iv (2.67a)
W= L 9%
290 g5 9 290
1
irg + <8g"> — 0, (2.67b)
go Oz )
1 Jgo n 3 (0go 2 n 2ir dgg 12 . v? 0 (2.67¢)
——+ == —_ - — -— = 67c
go Ot g2 \ Oz go Or 2 ) ’

where the quantities {v,r, s} have been already introduced according to their defi-
nitions (2.66).

Equation (2.67b) can be easily integrated as
go = ei(2/\xff7“d:r)’ (268)

where ) is the constant of integration®.

Hence, expressions (2.67) may be rewritten as follows:

e The equations for the seed solutions (2.67a) yield

W =L n i), W= i), (269)
2 290

e The singular manifold equations finally take the form

3 2

Ty = 77"2 — 8A\r — Vg + i ) (27021)
2 2,

v = (ra + 70), (2.70b)

where the second expression (2.70b) arises from the compatibility condition
d)a:xt = ¢xazt in (266)

The singular manifold equations can be expressed in terms of the homographic

5The appearance of this constant is crucial, since it will play the role of the spectral parameter
in the Lax pair for the NLS system (2.59), as it is shown later.
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2.5. Toy example: NLS equation in 1 + 1 dimensions

invariants as the following system of nonlinear PDEs

Ty = (37'2 — 8Ar — s> ,
2 * (2.71)

St = Tyge + 2874 + TSy

5.3. Spectral problem for NLS

The SMM provides a straightforward procedure to construct the Lax pair for (2.59).
The next step concerns the linearization of the singular manifold equations (2.70)
in order to derive the associated spectral problem. This process is far from being
trivial and finding the suitable change of variables to linearize the system (2.70)
is not immediate. Once again, Painlevé analysis yields the successful linearization
scheme.

The singular manifold equations (2.70) can be regarded as a coupled nonlinear system
of two differential equations in the variables {v,r}. If we apply the Painlevé test to
such system, the fields {v,r} should behave as the series expansion

o o
v= Z'Uj Pi=o, r= Z?“j P, (2.72)
=0 =0

in a neighbourhood of a new singular manifold ¢y = 0. A leading-order analysis
provides
0= 1, n= 1, vy = wx, ro = :‘:wa (273)

The duality in the sign of ry implies that this coefficient is not uniquely deter-
mined, and therefore we are dealing with two branches of expansions. It can be
trivially checked that the Painlevé test is satisfied for both branches of expan-
sions, with resonances in j = —1,2 (double),3. These leading terms render the
precise transformation that leads to the linearization of (2.70), [141,148|. Since the
Painlevé expansion possesses two branches, we should introduce two singular mani-
folds {w, x} [141,148,149,191], one for each expansion branch, such that the fields
{v,r} are written as the truncated series expansion (2.72) at constant level

v:ﬁ’w};:, r:z'(qf;—ﬁ’”)juw, (2.74)

where we have introduced the additional term 2\ for convenience and simplicity in
the forthcoming calculations.
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Chapter 2. Painlevé Property and the singular manifold method

Spatial Lax pair

Substitution of expressions (2.74) into the equations for the seed solutions (2.69)
directly provides the spatial part of the spectral problem for (2.59), which reads

Pp = —iny +iully,

2.75
Xo = idx — iwly, )

where {1, x} are the eigenfunctions and A plays the role of the spectral parameter.

Temporal Lax pair

The singular manifold equations (2.70) provide in this occasion the temporal part
of the spectral problem for (2.59). By substituting (2.74) into (2.70) and after per-
forming and integration in the variable x, we get the following system of PDEs

i(‘“—”>+¢”+’m+m<%—“> _gleXe gy
X

. wx X 1/}1/) ) w@b XX X (2.76)
t t . T X T T\ _
s i) (G ey) e

which can be solved and expressed in the following form with the aid of (2.75),

P = —i(ulwl% + 2202 4+ (20 — w0y,

2.77
xe = i(ullwl® 4+ 2X32)y — (2ixwl® 4 w )y, (2.77)

It is immediate to verify that the compatibility condition of the linear system (2.75)
and (2.77) retrieves the NLS system (2.59), and hence, expressions (2.75) and (2.77)
define a two-component spectral problem for the NLS equation.

Operator representation

The spectral problem (2.75) and (2.77) may be expressed in matrix form as the
zero-curvature Lax pair

—ix il —i(ulgl0) 2 Al — 0
q]x:( N du )\p, \I,t:( i(u”w™ +2X%)  2idu Uz >\Il,

—iwl0 X —2ixwl® — ¥ i(ullwlo 4 2)2)

(2.78)
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2.5. Toy example: NLS equation in 1 + 1 dimensions

where we have defined the two-component eigenvector ¥ = (¢, x)T, which clearly
satisfies the compatibility condition (2.35).

On the other hand, the Lax representation of (2.75) and (2.77) is given in terms of
the matrix differential operators

. 0, uld B i<28m — u[o}w[o]) 2ul%9, + ug)] v
< wl¥ —id, > ’ Tl 2098, 4wl —z‘(26m - uwlw[m) ’
(2.79)

where it is immediate to check that the Lax equation (2.27) successfully provides
(2.59).

Eigenfunctions and singular manifold

The combination of definitions (2.66) and the linearization ansatz (2.74) allows us
to write the relation between the singular manifold ¢ and the eigenfunctions ¢ and

X, as

Gz =X, Gt =2Mx +i(Yax — ¥Xa), (2.80)

which may be expressed in a more compact form through the exact derivative

a6 = Y da + [2X0x +i (x — ¥x) | dt (2.81)

5.4. Darboux transformations for NLS

Let us proceed with an illustrative example of the Darboux transformation approach
hereunder. The SMM allows us to construct an iterative procedure to obtain non-
trivial solutions by means of the eigenfunctions of a trivial seed solution.

Let {u[o},w[o],m[o]} be a seed solution for (2.59). Let us now consider two sets of
eigenfunctions {11, x1} and {12, x2} associated to this seed solution with respective
eigenvalues {1, Ao}, i.e.

P10 = —itA1 + iu[o]xl,
Xtz = TA1X1 — iw[o}zpl,
e = —i(ullwl + 2231 + (2idul — ulll)xy,
xue = il +2x)xa - @ide +w

(2.82)

HEH
N—
<

o

and
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Chapter 2. Painlevé Property and the singular manifold method

Yoe = —idath2 + iu%ys,
Xoz = idaxa — iw %y,
Vot = —i(u[o}w[m + ZA%)wQ + (2i)\2u[0} _ uggo])xQ,
xou = i 4 2)3) x5 — (2wl + wl)ys,

(2.83)

where the notation v; ., ¢;; stands for the derivatives of the eigenfunction ; with
respect to = and ¢, respectively. The associated pair of singular manifolds {¢1, ¢2}
are given by (2.81)

dp1 = Pix1dx + [2/\1@/10(1 + i (Y12x1 — ¢1X1,:c)] dt, (2.84)

dpa = toxadr + [2>\2¢2X2 + i (Y2ax2 — ¢2X2,x)] dt. (2.85)

First iteration

The truncated series expansion (2.65) induces the iterated fields {u[l], wltl ] }, and
then it is possible to define the eigenfunctions {112, x1,2} that satisfy the spectral
problem for these iterated fields, with spectral parameter Ao, of the form

YP12), = —idoP12 + iulllyy o,

X12), = idaxie — iwlly o,

Y12), = —i(uMwl + 2)3) Y12 + (2idgult! — U&”)Xlg»
), = i(uMwl 4 2x32)x1 2 — (2id0wl) + w5,

(
( :
(2.86)
(
(x1,2
As mentioned, the iterated eigenfunctions will be denoted with a set of subindices,
such that 1)1 o concerns the eigenfunction associated to the spectral problem for the
first iterated solution, with fields {um,w[l],mm }7 with eigenvalue A2. The iterated

eigenfunctions {91 2, x1,2} satisfying (2.86) allow us to construct the corresponding
singular manifold ¢1 o

do12 =12 x12dx + [2>\2 Yrox12 +1(Y12), x1,2 — P12 (X1,2), | dt. (2.87)

The truncated series expansion arising from the application of the SMM constitutes
auto-Béacklund transformations for the corresponding variables. If we consider now
the Lax pair (2.86) as a system of nonlinear differential equations that couples the
fields {u[l], wm,m[l]} and the eigenfunctions {1 2, x1,2}, both fields and eigenfunc-
tions should be expressed in terms of a similar Painlevé series expansion [83,148,248],
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2.5. Toy example: NLS equation in 1 + 1 dimensions

now constructed in a neighbourhood of the singular manifold ¢; = 0. The truncated
series expansion for the fields (2.65) can be rewritten as

2
ulth = [0 4 zﬁ wlll = % — i&, mltl = ml0l 4 220 1/11X1 (2.88)
¢1’ ¢1 P1
Under this perspective, this last series expansion should be accompanied by the
corresponding truncated expansion for the eigenfunctions, of the form

Ao

A
1/11,2:1#2—1#1%7 X1,2 = X2 — X1 o

where the functions Ay o(x,t), Ag1(x,t) have to be determined.

(2.89)

Analogously, (2.87) may be regarded as a nonlinear differential equation that couples
the eigenfunctions {972, x12} and the singular manifold ¢; 2, so that the latter
should also admit a truncated expansion

P12 = (2.90)

1,2
P1
where the coefficient Q) 2(z,t) is expected to be related with Aj 9, Ay from the
expansion for the eigenfunctions.

By substituting expressions (2.88)-(2.90) into equations (2.86) and (2.87), we get to
obtain the explicit expressions for the coefficients Ay 2, Ag 1,21 2, given by

7 —
Aia =gy = 5 (M2ERE), 201)

with derivatives

(A12)e = %(MXQ + ¢2X1>,

(2.92)
(A1) =1 (%/)11!1210[0] - X1X2U[O]> + (A1 + A2) (x1v2 + Y1xz)
which are clearly symmetric under the permutation 1 <+ 2, and
QLQ = —A172A271. (293)

Consequently, expansions (2.88)-(2.90) are viewed as binary Darboux transforma-
tions, which map the spectral problem (2.82)-(2.83) into the same spectral problem
(2.86), expressed in the new (iterated) variables.

For future calculations, it is convenient to define a 2 x 2 (symmetric) matrix A =
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Chapter 2. Painlevé Property and the singular manifold method

(Ai;), i, =1,2 whose elements are computed as

A= i ifi=j
i XV — XV e
= e f ’
7 2 )\j_/\i i

(2.94)

where the diagonal terms are established through the derivatives (2.92), when com-
pared to (2.84)-(2.85), and the antidiagonal terms coincide with (2.91).

Second iteration and Hirota’s 7-function

Darboux transformations constitute the basis of an iterative process that allows to
obtain new solutions by recursively applying this procedure. In this regard, the first
iterated quantities {ul!), wll, m), Y12, X1,2, ¢1,2} may be employed to perform a sec-
ond iteration, such that the new fields {u[z],wm, mm} can be constructed following
expressions (2.88), as

o _ [ R 2] i X2 2] n, Yiexie

u =l i —=, w =t — ===, mié = mll 2222220 (2.95)

$1,2 P12 $1,2

This second iteration can be easily expressed in terms of the different variables asso-
ciated to the seed solution {u[o],w[o], ml%, 1, x1, V2, X2, P1, ¢2}, taking into account
their definitions given in (2.88)-(2.90), and resulting in

ul2 = 0 4 iAQ,ﬂ/}% — 201 29192 + A1,1¢%’

T1,2
2 2
w2 — 0 iA2’2X1 —2A21x1X2 + A1,1X2’ (2.96)
T1,2
mi2 =l (T2)e o) (1og m) ,
T1’2 x

where we have introduced the function 7y 2, henceforth referred as 7-function, whose
definition reads

T2 = ¢1912 = P12 — A1 209, (2.97)

In accordance with the definition of the A-matrix given in (2.94), we may write the

7-function as
T12 = det A (2.98)

and the second iteration for the fields as

ul? = W0 0TATIY, =l XTATTX, ml = m[o}—i—(logrlg) , (2.99)

xT
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2.5. Toy example: NLS equation in 1 + 1 dimensions

with 719 = det A # 0, A~ is the inverse matrix of A and where we have defined
the two-dimensional eigenvectors ¥ = (1)1, 12)" and X = (x1, x2)"-

It is worthwhile to remark that the function 712 for the second iteration is not a
singular manifold itself, but it can be constructed in terms of two singular manifolds
from the previous iterations. This function is closely related to the 7-function, first
introduced in [369], of Hirota’s bilinear formalism [208,211,212] (cf. Subsection 4.4
of this Chapter).

Iterations of nth-order

This procedure may be implemented repeatedly and generalized up to the nth itera-
tion. In general, once this point is reached, we are more concerned about the genera-
tion of the nth iteration for the fields, which leads to novel solutions for (2.59), rather
than the explicit obtention of the associated eigenfunctions {¢1,2,...7n+17 X172,_"7n+1},
with spectral parameter \,1, or singular manifold ¢12, . p41.

In order to properly construct this nth iteration for the fields, we should need the
following elements:

e A seed solution {u[o],fw[o], m[o}} for the original nonlinear problem (2.59),

e Two sets of n different eigenfunctions {1, %9, ...,¥n}, {X1,X2s---,Xn} that
solve the spectral problem (2.75) and (2.77) for this seed solution with spectral
parameters {1, A2, ..., A\, }, respectively. In other words, these eigenfunctions
satisfy the following Lax pairs

G = —idjibe +iully;,
Xjo = idax; — iwl%yy,
W0 = —i(ullwl 4 2/\?)1/@- + (2ixul® — uyy;,
o= i(uwl® 4233y — 2ixwl + w)y;,

j=1,...,n, (2.100)

e n singular manifolds {¢1, @2, ..., ¢n}, defined through (2.81) as

In this scenario, the iterated fields of order n {u["],w["},m["]} may be expressed as

u = 40 4 eTAT Y,
w =l — i XTATTX, (2.102)
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m[n} — m[o] + M — m[o} + <10g 7‘1727_”’”) s
T1,2,....,n r

I Ly

in terms of the n-dimensional eigenvectors W = (1, s, ..., 1¥,)" and X = (x1, x2, - - - ,
Xn)" and the 7-function

T12..;n = P1012 - Q12,0 = det A, (2.103)

where A = (A;;), 4,5 = 1,...,n stands now for the generalization of (2.94) to a
n X n (symmetric) matrix of entries

Aii =i ifi=j
X — XY i£i 45

o ij=1,...,n (2.104)
Y2 N =N

It is fundamental to note that the nth iteration for the fields exclusively depends on
the elements of the A-matrix defined in (2.104). Hence, the resolution of the spectral
problem associated to the seed solution suffices to obtain the consecutive iterated
solutions for the former nonlinear problem. The binary Darboux transformation
approach constitutes an ideal procedure to determine multi-soliton solutions, since
the n-soliton solution is closely related to the nth iteration of the fields. In particular,
the n-soliton solution for the NLS system (2.59) can be obtained as the nth iteration
for the probability density of the fields, i.e. the product

ullwl = —mlr) = [0 — (M) , (2.105)

71,2,...,n

which remains the usual expression for the n-soliton solution in the Hirota formalism
[211,212].

5.5. Soliton-like solutions for NLS

In view of the previous results, we conclude that the binary Darboux transformation
method provides an algorithmic scheme to construct solutions of a given nonlinear
problem, which may be summarized as follows:

1. We should choose a seed solution {u[o] ,wlol m[o]} for the initial NLS system (2.59).
This ansatz will condition the nature of the arising solutions in the iteration
process.

2. Secondly, the corresponding spectral problem for this seed solution (2.100) needs
to be solved, to obtain the associated eigenfunctions and spectral parameters.
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2.5. Toy example: NLS equation in 1 + 1 dimensions

We should try to find as many solutions as desired iterations we would like to
implement.

3. The third step entails the computation of the n? elements® of the A-matrix as
defined in (2.104).

4. Once the elements A;;, 4,5 = 1,...,n have been determined, we should now
obtain the expression for the 7-function 7 2 ., following (2.103).

5. Finally, the probability density for this solution ul™w( = —m,[f Vs given by
(2.105).

Soliton solutions

Thereupon, we will be interested in the one and two soliton solutions for the defo-
cusing NLS system described in (2.59).

1. Seed solution

Since we attempt to find the standard soliton profile, it would be desirable to
select exponential seed solutions as

uld = jge_zijgt, wl = joe%gt, mld = —jex, (2.106)
where jg is a free parameter.

2. Figenfunctions and singular manifolds

We may find two sets of different eigenfunctions {11, x1} and {9, x2} for the
spectral problem (2.100) associated to the seed solution (2.106), with spectral
parameters {A1, A2}, respectively. These eigenfunctions possess exponential de-
pendence as

Wy = iA1 pjo sin (2Al)(a:+2A1t)e—z‘jgt7 —iAy gjo sin (2A1)(a:+2>\1t)€ij§t’ (2.107)

X1=¢€

Wy = iA2 pjo sin (242)(z+2X2 t)e—z'jgzt7 Y2 = o142 gjo sin (242)(z+2A2 t)eij§t7 (2.108)

2

where Aj,j = 1,2 are arbitrary constants and the respective spectral parameters
are given by
)\1 = jo COS <2A1), )\2 = j() COS (2142). (2.109)

The singular manifolds follow from (2.101), whose explicit expressions read

SFor the NLS system, the A-matrix is symmetric, so the number of elements to compute is
reduced to @
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ki + E? ko + E2
PO S S T (2.110)
2josin (2A;1) 2jo sin (2Az2)
where k;, j = 1,2 are arbitrary parameters and we have defined
E] — ejo sin (24;)(z+2j0 COS(QAj)t)’ ] — 172 (2111)

. Fuirst iteration: one-soliton solution

With these ingredients, we are in the position to perform the first iteration for
the fields and therefore obtain the one-soliton solution for the NLS system (2.59).

Focusing on the field mL} ] (the density of probability up to a sign), we obtain

22 2 2
1 _ M0l (¢l)x _ 2 4]0 sm (2A1)k1E1
et = e +< 1 >x O i+ B2

1
=5 {sin2(2A1> sech? [jo sin (241 (:c + 2jjg cos (241) t) — 5 log kzl] - 1} ,

(2.112)
which is displayed in Figure 2.1. This solution represents, up to a constant back-
ground, a travelling solitary wave that propagates with velocity v = —2jy cos (241),
amplitude a = j2sin?(24;), wavenumber k = josin(2A4;) and initial phase
po = —%log k1. As it typically happens with soliton solutions, the wave pa-
rameters {k,v,a} are related through the arbitrary constant Ap, such that a =

k2, v = v/1 — 4k2. This solution constitutes the dark soliton solution !um‘2 for
the defocusing NLS equation (2.58) [201,432].

i

Figure 2.1: One-soliton solution m;[rl] for NLS, with jo=1,A1 =4,k = 0.
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4. A-matriz and T-function

According to its definition given in (2.104), we should now compute the different
elements of the 2 x 2 matrix

ki + Ef ko + E3
A = = " A = = ——
L= 2jo sin (24;)’ 22 = 92 2jo sin (243)’ (2.113)
in(A; — Ay) BELE '
Arg=Agy = sin (A1 = Az) E1 By

Jo(cos (243) — cos (241))’
where F;,j = 1,2 are defined in (2.111). Hence, the 7-function is written as

kiks + ko E? + k1 E3 + Ay o E?E3

T2 = $102 — D102 452 sin (241 sin (24,) ’

(2.114)

with
sin (2A1) sin (2A2)

Alp—1—
1.2 sin® (Al + AQ)

(2.115)

5. Second iteration: two-soliton solution

Then, the second iteration of the fields straightforwardly yields the two-soliton
solution for NLS equation (2.59), as

ml =m0 4+ <(Tlv2)z> : (2.116)

71,2

when 7 5 is defined in (2.114).

2

Figure 2.2: Two-soliton solution mg] for NLS, jo=1,A1 =1,A3 =2,k =0,ky = 0.
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The two-soliton solution has been plotted in Figure 2.2. This picture is displayed
in the center of mass reference frame, easily obtained by means of the Galilean
transformation x — = + jo[cos(2A41) + cos(243)]t.

Further solutions

It has been demonstrated that multi-soliton solutions can be successfully obtained by
this procedure. Furthermore, a plethora of additional soliton-like solutions may arise
for an appropriate choice of both the seed solutions and the associated eigenfunctions,
as it has been illustrated in [367]. The obtention of this kind of solutions will be
sketched in the following, briefly presented and without extensive details.

Special kinds of breather solutions [19-21,257,284] and rogue waves [17,18,22, 337]
can be easily obtained as particular cases of the two-soliton solution for NLS (2.114).
Breather-like solutions are expected to exhibit a localized but oscillatory behaviour
in the 7-function, whilst rogue waves are presented as both spatially and temporally
localized structures that appear from nowhere and disappear without a trace [18].
The latter solutions are typically expressed in terms of explicit rational functions of
the independent variables, therefore being known as rational solitons.

Let us consider the case A2 = —A; + 5. This choice has been specifically made
such that the associated spectral parameters given in (2.109) satisfy Ao = —\p.
The aforementioned selection yields the following expressions for the elements of the
A-matrix in (2.113)

kl + €2j0 sin(2A41)[z+2j0 cos (241)t]

A = =
11 = o1 2jo sin (24;) ’
k 270 sin(2A1)[z—2j0 cos (2A41)t] 7
Nop == 277 , (2.117)
2josin (2A1)
e2jo sin(241)z
Aip=0Ag1 = B
Jo
where ki, ko are arbitrary parameters. Taking the additional choice ki = ko =

cos(2A1), the resulting 7-function in (2.114) reduces to

 e2osin(AN T [ eosh[24g sin(241)x] | cos(24) cosh[252 sin(44;) ¢]
2= 2j8 { tan?(2A;) * sin?(24;) } ’
(2.118)
which exclusively depends on the arbitrary parameters jo and A;. For particular
combinations of these two constants {jo, A1}, either real or complex, the following

classes of solutions are obtained:
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1. Akhmediev breather: periodic solution in the coordinate z and hyperbolic
in t.
This solution can be easily derived by considering real values of A; € R and
purely imaginary values for jo = thg, hg € R, such that the hyperbolic trigono-
metric functions in (2.118) become ordinary circular functions and viceversa,
providing

T12 ~ cos (241) cos [2hg sin (2A;) z] + cosh[2h3 sin (44;) ], (2.119)

which corresponds to the so-called Akhmediev breather [19-21]. Figure 2.3
2]

displays the corresponding solution mgy' associated to this 7-function through
expression (2.116).

Figure 2.3: Akhmediev breather mg] for NLS system, with parameters hg = 1, A1 = 4.

2. Kuznetsov-Ma breather: periodic solution in the coordinate ¢ and hyper-
bolic in x.

A solution with these characteristics may be recovered by setting purely imag-
inary values of both jg and Ay, such that jo = ihg, A1 = iBy with hg, B1 € R.
Then, the 7-function in (2.118) reads

71,2 ~ cosh (241) cosh [2hg sinh (2B;) z] 4 cos [th sinh (4B1)t],  (2.120)

which provides the celebrated Kuznetsov-Ma breather [257,284]. The associated
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soliton solution is plotted in Figure 2.4.

2]

my

Figure 2.4: Kuznetsov-Ma breather mg] for NLS system, with parameters hy =
1,B; = 3.

3. Peregrine soliton: localized solution in both coordinates (x,t).

For the particular ansatz Ay = 0, A2 = 3, jo = tho, ho € R, the different
elements of the A-matrix become polynomial functions in the variables (z,1).
By direct substitution of this choice in equations (2.107)-(2.110), we get that
the A-matrix read

o1 = (l‘ + hl) + i(2h0t + hg),

P9 = ($+h1> —i(?hot—i—hg), (2'121)

i
Ajg=———

1,2 2h0 ;
where h1, ho are two arbitrary real constants of integration. In this scenario,
the 7-function results in

1 2
T2 = (x + h1)? + (2hot + ho)? + <2h> : (2.122)
0

which does not vanish anywhere. The associated profile m[f ] yields the well-
known Peregrine soliton [337], whose explicit representation is given in Figure
2.5.
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Figure 2.5: Peregrine soliton mg] for NLS system, with parameters hg = 1,h1 =
0, hy = 0.

The analysis performed for the NLS equation constitutes an enlightening exam-
ple that illustrates the potential of the procedure established in the foundations of
this Chapter. Regarding the integrability characterization, the conjunction of the
Painlevé analysis and the SMM allows us to straightforwardly obtain the associated
spectral problem for the nonlinear system. On the other hand, the (binary) Darboux
transformation approach provides an iterative method to construct an extensive va-
riety of solutions of diverse nature. This methodology has proved to be remarkably
fruitful when deriving soliton-like solutions for integrable systems, as it has been
validated in previous works [141, 142, 148, 150, 159, 161]. In particular, this thesis
addresses the analysis of integrable systems under this perspective, focusing on the
obtention of rational solitons of diverse kind. A detailed approach to several nonlin-
ear integrable models has been conducted in the ensuing Chapters 3 and 4, devoted
to the analysis of systems in 1 + 1 dimensions or 2 4+ 1 dimensions, respectively.
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Chapter 3

Applications to PDEs in 1 + 1 dimensions

The fundamental purpose of this Chapter lies in the different applications of the
methodology described in Chapter 2 to the analysis of two integrable models in 1+ 1
dimensions arising from the fields of Mathematical Physics, Materials Sciences and
Biology. In particular, the two nonlinear evolution systems to be considered are
constructed from integrable generalizations of the NLS equation [3,130].

The approach to adopt, when studying these models, constitutes a direct application
of the one already illustrated in the previous Chapter. The characterization of the
integrability of these systems will be conducted by means of the Painlevé test, based
on the WTC method for partial differential equations [417]. Once the integrability
has been identified, we proceed to apply the SMM [410] with the subsequent aim of
obtaining the associated spectral problems. Finally, binary Darboux transformations
will be properly implemented to derive different families of soliton-like solutions,
depending on the case under consideration.

This Chapter is organized in two Sections. Section 1 is devoted to the integrability
analysis of a model in 141 dimensions that aims to describe spin transport phenom-
ena in biological helical molecules. This model, proposed in [124,125], emerges as a
theoretical attempt to characterize the physical effect known as chiral-induced spin
selectivity, reported by numerous experiments on electron transport through helical
molecules [113,198,300,310,354|. The helical conformation of the dipoles induces an
unconventional Rashba-like interaction [65,352] that couples the electron spin with
its linear momentum. Besides, an additional nonlinearity arises from the electron-
lattice interaction, enabling the formation of a plethora of stable soliton configura-
tions, depending on the focusing or defocusing nature of the nonlinear interaction.
The research conducted in this Section is fully covered in publications [26,124].

Section 2 addresses the study and characterization of the integrability of a modified
(14 1)-nonlinear Schrodinger equation with derivative-type nonlinearities. This kind
of generalizations provides the so-called derivative nonlinear Schrodinger (DNLS)
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equations. The Painlevé analysis for this generalized equation additionally leads to
other two differential equations of interest: a conservative PDE for the probability
density of the initial equation and a nonlocal Boussinesq-like equation. These three
equations are deeply analyzed regarding their integrability, providing two equivalent
Lax pairs for each equation and successfully deriving rational soliton solutions. The
content available in this Section is based on the author’s contributions [23,28].

1. Nonlinear Schrodinger equation in 1+1 dimensions for
a deformable helical molecule

It has been observed in experiments that the helical conformation of certain organic
molecules, such as DNA, may induce a sizable chiral-spin selectivity [37,113,134,189,
244,300, 302, 310, 354, 421]. This effect results from the spin-orbit coupling (SOC)
between the electronic momentum and the electric field created by the helical con-
figuration of the molecule. Many theoretical models have been proposed to explain
these experimental evidences within different frameworks [68,135,196-199,298, 299,
349,424], but there is not full agreement with experimental data yet.

Theoretical models usually assume rigid lattices and neglect the local deformation
of the molecule about the carrier. However, this assumption seems unrealistic to
describe charge transport in molecular systems like DNA [75]. Depending on the
energy scales involved, lattice deformation can play a significant role on transport
properties [173,216,312,338]. Besides, non negligible molecule deformations, and
consequently, the interaction between quasiparticles (electrons or excitons) and the
lattice vibrations, have been proved to be particularly useful to describe charge and
energy transfer processes in a-helical molecules [126,246,288|.

In this context, it is mandatory to mention Davydov’s soliton theory [81,121,122].
Davydov proposed a nonlinear mechanism to describe the energy transfer in a-helix
proteins, where their deformability is taken into account. The interaction between the
amide-I vibrations and the hydrogen bonds induce a self-trapping phenomenon that
enables the formation of collective excitations. These excitations behave as stable and
localized quasiparticles which propagate uniformly, the so-called Davydov solitons.
Besides, it is shown that the continuous limit of Davydov’s equations in the adiabatic
approximation reduces to NLS equation for the elementary excitations [123].

1.1. Description of the model

In the following, we introduce a nonlinear model in 1 4+ 1 dimensions describing the
spin dynamics of an electron that propagates along the axis of a deformable helical
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3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

molecule [26,124]. From the theoretical point of view, this model is based on two main
contributions. The spin-molecule interaction is due to an unconventional Rashba-like
SOC over the propagating electronic current along the axis of the molecule, whilst
the lattice vibrations give rise to an additional nonlinear interaction.

Spin dynamics in a rigid helical molecule

This candidate generalizes the linear model formerly introduced by Gutiérrez et al.
[198], and recently revisited by Diaz et al. [125]. Firstly, the spin-molecule interaction
arises from an unconventional Rashba-like SOC, reflecting the helical symmetry of
molecules due to the electron motion in a helical arrangement of peptides dipoles
[124,125]. To be specific, a helical conformation of tangentially oriented dipoles is
considered to be spin-orbit coupled to the electron motion directed along the axis.

The Hamiltonian of the propagating electrons can be expressed as

~2
H:p——i-/w"(ﬁxE), (3.1)

2m
where p is the linear momentum of the carriers and Hgoc = o (px E) stands for the
SOC Hamiltonian. The strength of the SOC is given by p = 5255, 0 = (04,0y,0>)
is a vector whose components are the Pauli matrices and E is the electric field in the

rest frame of the electron that induces the magnetic field responsible of the SOC.

Assuming that the helical molecule is oriented along the Z axis, the resulting dimen-
sionless Hamiltonian H = E%)H reads [124,125,198|
X 0 e 2™ (10 + ) :
H = —0g — 21y (62‘27@(1‘86 —7) , (3.2)

%, with m and b being the electron mass and pitch of the helix,
respectively. The (dimensionless) spatial coordinate is given by & = %, v = 2%%17
stands for a dimensionless constant that is proportional to the magnitude of the SOC

and the subscript indicates differentiation with respect to €.

where E, =

The dimensionless Hamiltonian (3.2) is readily diagonalized since it commutes with
the helical operator § = p + mo,. The corresponding normalized eigenfunctions
and eigenenergies, which satisfy the associated dimensionless Schrédinger equation
Iflx(g) = ex/(&), are found to be

/81 (3) ei(q_ﬂ')&

X(§) = xgs(§) = (52(3) eila+mE

) ’ Eqs = ¢ +7° =215/ 1+, (3.3)
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such that s = £1, the coefficients 1(s) and [B2(s) are given by

B1(s) = % [(14s)cosf+ (1 —s)sinb)],
(3.4)
Ba(s) = % [(1—5s)cosf — (1+ s)sinb),
satisfying 8?(s) + B3(s) = 1, and
v i
tanf = i (3.5)

The helical conformation of the electric dipoles gives rise to an additional effective
momentum ¢s = sm1/1 + 72, even in the absence of SOC. Previous studies report on
this fact as having an impact on the linear optical response as well [127].

The full dynamics of the electron current within the rigid helical molecule can be
obtained by solving the associated time-dependent Schrédinger equation

i0x(&,t) = E[X(f,t) (3.6)

In particular, publication [124], following [125], addresses the coherent dynamics
of an electron wave packet with an initial spatial Gaussian distribution. The spin
projection onto the helical axis of different initial configurations have been studied,
as well as its asymptotic behaviour, with the sole purpose of better understanding
the origin of spin selectivity found in experiments.

Spin dynamics in a deformable helical molecule

According to Davydov’s theory [122], the effects of the molecule deformability should
be reflected in the appearance of an additional nonlinear term within the adiabatic
approximation. In order to describe a deformable helical molecule where the electron
dynamics is affected by the lattice vibrations, we will assume that the different dipoles
vibrate along the molecule axis independently of each other. After a perturbative
analysis developed in [124], we may conclude that the first-order correction to the
potential energy of the electron in the electric field created by the dipoles due to the
lattice vibrations is given by

WV(z) = kxT(z,t) -x(z,1), (3.7)

computed in the adiabatic approximation and the continuum limit, with k being a
constant and where the dagger sign 1 henceforth denotes the conjugate transpose.
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This term should be now added to the Hamiltonian H discussed in (3.2) in order to
describe the electron dynamics in a deformable helical molecule. In such scenario, the
dimensionless Schrodinger equation (3.6) becomes a modified NLS equation in 1+ 1
dimensions, describing the dynamics of the spinor state x(&,t) = [x1(&,t), x2(&,t)]T
by means of the evolution PDE

i0x(&,t) = Hx(&,t) + 29 |x'(6,1) - x(&,1) | x(&. 1), (3.8)

where H is given in equation (3.2) and where we have renamed k = 2g in (3.7). g is
therefore a free parameter that characterizes the nature of the nonlinear interaction,
considering hereafter both cases, g > 0 for the defocusing case and g < 0 for the
focusing case.

Equation (3.8) can be considered as a generalization of the Manakov system [286,345|,
which is often also called vector NLS system [7,8|. Integrability properties of this
Manakov system and the Painlevé Property are described in references [282,404].
Different generalizations of the Manakov system can be found in [389] and, more
recently in [435]. Furthermore, equation (3.8) constitutes the only integrable case
of a recent model proposed by Kartashov and Konotov [234]. This one-dimensional
nonlinear model addresses the dynamics of spatially inhomogeneous Bose-Einstein
condensates with helical SOC, where it can be proved that the Gross-Pitaevskii
equation for this system reduces to equation (3.8) when the Zeeman splitting is
negligible.

Equation (3.8) may be rewritten in autonomous form through the substitution

e—im(&+mt) 0

X(§7t) = Ng ( 0 eiw(ﬁ—ﬂ't)) a(§,t), (39>

where a(&,t) = [a1(&,t), aa(&, t)]T constitutes the new spinor state, of components
a;(&,t), 7 = 1,2, and the value of the constant N, is given by

1
- for g > 0 (defocusing nonlinear interaction)

9

1
iy — for g < 0 (focusing nonlinear interaction)

lg]

In both cases, the change (3.9) yields the following system of differential equations

N, = (3.10)

(i00 + Oee — 2im0 — 207 - ) o + 2imy Oy = 0,
(3.11)
2imy dgar + (i) + Oge + 2in0 — 201 - @) @z = 0.
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The ensuing Subsections will be devoted to the analysis of this latter model. For
subsequent calculations, we should preferably consider both the system (3.11) and
its complex conjugate. The integrability analysis arises from the Painlevé test, whilst
the Lax pair can be successfully derived by means of the SMM. The Painlevé Property
can also be used to derive Darboux transformations and an iterative procedure for
obtaining analytic solutions. It is precisely the electron-lattice interaction introduced
in (3.7) that enables the formation of stable soliton-like structures, providing an
extraordinarily rich dynamics in the spectrum of solutions for both regimes, either
in the focusing or the defocusing case.

1.2. Painlevé test and integrability

We shall now apply the Painlevé test [417], based on the WT'C algorithm, described
in Subsection 1.2.2 of Chapter 2, to analyze the integrability of the nonlinear system
(3.11). This procedure requires the following ansatz for the two components of (&, t)

o9 0
a1 = Za ¢j_6a O‘J{ = ZCL;W—B,

7=0 7=0

o . (3.12)
Y =3

7=0 7=0

where a; (¢, 1), a;- (&,1), bj(&, 1), b;- (&,t), Vg are arbitrary coefficients for the series ex-
pansion, (3, v are the leading indices and ¢(§,t) is the so-called singular manifold.
This ansatz means that the solutions are single-valued in a neighbourhood of the
singular manifold ¢(&,t) = 0.

1. The leading-order analysis for the case j = 0 trivially yields

B=6=1,

(3.13)
ap = Ade, al = Afge, by = Boe, bl = Blo,

such that
AAY + BBT =1. (3.14)

The normalization condition (3.14) implies that the coefficients {A, AT, B, BT}
are not independent, indicating the presence of a resonance in j = 0. The num-
ber of independent coefficients will be given by the order of the aforementioned
resonance.
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3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

2. A straightforward calculation provides the following resonance condition

PG =320 -4 +1) =0, (3.15)

which retrieves eight resonances, given by the usual resonance in j = —1 asso-
ciated to the arbitrariness of the singular manifold ¢ = 0, triple resonances in
both 7 =0 and j = 3 and a single resonance in j = 4. The triple resonance in
j = 0 indicates that three of the coefficients {4, AT, B, BT} are independent,
which means that one of them can be expressed in terms of the remaining ones.

3. The computation of the resonance conditions for 5 = 0, 3,4 have been handled
with MAPLE, successfully checking that all of them are identically satisfied.

Therefore, we can conclude that the solutions are single-valued around the singularity
manifold ¢ = 0 and the nonlinear system formed by (3.11) and its complex conjugate
possesses the Painlevé Property. Hence, the system under consideration has proved
to be integrable.

It is worth mentioning that the same Painlevé test, when applied to the model
introduced by Kartashov and Konotop in reference [234], is only satisfied when the
Zeeman splitting vanishes. Therefore, we are led to the conclusion that (3.11) is the
only integrable case of the model proposed by the authors in [234].

1.3. The singular manifold method

The Painlevé Property is usually considered as a proof of the integrability of the
equation, especially when it can be used to derive the associated spectral problem.
The equivalence between the Painlevé Property and the Lax pair can be achieved
through the SMM [410]. The SMM implies the truncation of the Laurent series (3.12)
at constant level

alll Ade 4ol (a[ll])T _ Alge N (04[10]>T,

Bq; t B(fqb t (3.16)
o Bl (o) = E o8]

such that the normalization condition again implies AAT + BBT = 1.
0 — ( [0] a[0]>T

Relations (3.16) constitute auto-Bécklund transformations, where al ay, o
T
constitutes the seed solution and altl = (oz[ll],oz[;]) is the iterated one. (a[o])T

and (a[l])T, with their respective components, stand for the associated conjugate
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

transpose elements of &% and alV), respectively.

Substitution of the truncated expansions (3.16) into the starting system (3.11) yields
polynomial expressions in powers of the singular manifold ¢ whose coefficients should
identically vanish. The standard approach to deal with the resulting equations in-
volves defining the following quantities

2
r:ﬂ, U:%, s:vg—v— (3.17)
43 2

2 9
where 7 and the Schwarzian derivative s are the so-called homographic invariants.

Expressions of the fields in terms of the singular manifold

With the aid of the definitions given in (3.17), the expressions of the seed fields a[”)
are

A
oz[lo} = —A¢ +i7r(A - ’yB) —3 (v+1ir),

B (3.18a)
oY =B, - m(B +7A) -5 (v tin),
: : g o]\ T
while the conjugate transpose (a ) reads
T At
(oz[lo]) =_—Al —ir (AT - 'yBT> —— (v—ir),
¢ 2 , (3.18b)

<oz[20])Jr = —Bg +im (BT + ’yAT) - % (v—1r),

Singular manifold equations

The equations that the singular manifold should satisfy in order to fulfill the trun-
cation ansatz can be written as

r=-2x+i (A4 + B'Be) + 7 (AA! = BB) — 7 (AB' + ATB),  (3.19)
Ay =il —2iT* (1+9°) A+ A <—’I“§ +ivg — %7‘2 — ;v2>
_ L BE 9 f f
+ 27 Ag — 2myBe + 24r (AAL + BBY) - 2iA (A Al + BeB]) (3.19D)

+24ry (AB] - B'A¢ + BAL — A'Be) — 2iAmyr (AB' + BAT)
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—24r |ir (BB - A4") + 2 (B'Be + a4)],

AI = —z’A& + 2im? (1 + 72) Al 4 AT (—rg — Vg + %7‘2 + ;v2)
+2nAl - 2myBl + 24y (A Ac + B'Be) + 20t (4eal+ BeBl)  (319¢)
— 24y (AB{ — Bl A¢ + BAL — ATBg) + 20T myr (AB' + BAT)

_24tr [—z’r (BBT _ AAT) +2 (BBg + ATAg)} ,

2" T2
~ 27 Bg — 2myA¢ + 2Br (AAL + BBY) - 2iB (AcA] + BeB) (3.19d)

By =iBg — 2in* (1++*) B+ B <_7~£ + ive — I ZU2>

+2Bmy (AB] - B'A¢ + BAL - A'Be) — 2iBryr (AB' + BA')

+2Br |~ir (BB - A4") +2 (A4 + BB]) |,

Bl = —iBJ, +2ir* (1++%) B' + B! (—T‘g — dvg + %7«2 - ;qﬂ)
— 27 B} — 2ny Al + 2By (ATA¢ + B'Be) + 2Bt (4cAl + BeBL)  (3.19¢)
—2B'ny (AB] - B'A¢ + BAL - A'Be) + 2iB'myr (AB! + BAT)

+2B'r [ir (BB' - 447) + 2 (44l + B'B)| .

where the subscript ¢ denotes a time derivative and the arbitrary constant 2\ arises
from the integration of the invariant r.

Moreover, we should not forget the existing relation between {v,r} arising from the
compatibility condition of their definitions given in (3.17), such that

v = (re +10)¢. (3.20)

1.4. Spectral problem

The equations for the fields (3.18) and the singular manifold equations (3.19) can
be linearized by introducing three new function {¥(§,t),w(§,t),n(&,t)} and their

!The multiplicative factor 2 is written for convenience in view of the forthcoming calculations.
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conjugates {WL(f, t),wi(&,1),nt (¢, t)} Following the prescription described in [151,
410], we introduced the definitions

T T
w w n n .
A==, A==, B=—, Bt =, (3.21)
Y G (G 0l
that allow us to write the normalization condition AAT + BBt =1 as
ww' +nnt — Py = 0. (3.22)
Therefore, the variables {v,r} can be written as
0] V]
T S S L (3.23)
(R v
Spatial part of the Lax pair
If we define the eigenvectors
(G Pt
Uv=|w|, w=[u], (3.24)
1 '

the definitions introduced in (3.21) in combination with (3.22) allow us to straight-
forwardly linearize the expressions for the seed fields given in (3.18), yielding the
spatial part for the spectral problem for (3.11), of the form

we = Vi [ol ol w + v w + i), (3.25a)
and its complex conjugate
T T
vl =1 [(a[f’]) ,(agﬂ) ] Tt = DB inly(y) e, (3.25b)

where the parameter A acts as the spectral parameter and the 3 x3 matrices Vi, V5, V3

have the expressions
o (o) - (o)

nlalalll=| o o | (3.26)
—alY 0 0
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-1 0 0 0 0 0
0 0 1 0 —y -1

such that the dependence of the spatial Lax pair with the parameter ~ is encoded in
the matrix V3.

Temporal part of the Lax pair

A similar result can be found for the time derivatives of {¥, ¥}, obtained through
the linearization process of the singular manifold equations (3.19) and (3.20),

v, =il [a[lo], a[QO]] ¥+ 7l [’y, a[lo], a[2 ]} —in?Us(y)®
(3.27a)
— 2\ (v [a[ﬂ, ag’]} + i)\Vg) v,
and its complex conjugate
S [( o' (o) } w1, [% ()", (o) } ¥
(3.27b)

+in?Us(7)®T — 2 <V1 [(a[f’]) (dﬂ) } - iAVg) ol

where the matrices V1, V, are given in (3.26) and we have introduced the additional
3 x 3 matrices Uy, Uy, Us as

a[lo] <a[10])T 4 a[QO] (ozg)]>T O [(a[lo]>T] O¢ [(a[go])q
]

Aol <|  afl]  alil) b(el)

(o)
o] )l ()
o] [0 ! 7(O‘[;])T_(O‘[IO])T 'Y(O‘[lm)u(o‘gmy

Us [7,0[1 ol } = | a0 _ 0 0 0 ,
’ya[lo] + Oz[ ] 0 0
1++%2 0 0
U3(’Y) - 0 00 )
0 00

(3.28)
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[0]
J
to the coordinate &.

(0]

} , j = 1,2 denotes the partial derivative of the fields o with respect

where O¢ [a

Equations (3.25) and (3.27) therefore constitute a three-component Lax pair [8,389)],
whose compatibility condition yields (3.11) (and its complex conjugate).
Eigenfunctions and singular manifold

According to definitions (3.17) and the linearization ansatz (3.23), the singular man-
ifold ¢ can be obtained by integration of the differential

dp = ptds — |22t +i (vew! —ul) | d, (3.20)

which is exclusively written in terms of the eigenfunctions {1, }, their derivatives
and the spectral parameter \.

1.5. Darboux transformations

One of the main advantages of the SMM is that it allows to construct an iterative
procedure to obtain highly nontrivial solutions by means of the eigenfunctions of a

trivial seed solutions. Let -
ol = (0‘[10]> (3.30)
25

be such seed solution for the starting NLS system (3.11), and let

¥j
U= w |, =12 (3.31)
N

be two eigenvectors of the spectral problem associated to a9 with eigenvalues \;,
given by (3.25) and (3.27). These Lax pairs explicitly read

(Tj)e = V1 [04[0]} W) +id Vo W) +imVa(y) ¥y,
(0,), = il; [a“’]} W+ 1Us [y,a["]} O, — in’Us(7) ¥, (3.32)
— 2)\j (Vl [Oé[oq + Z)\jVQ> ‘I’j,
for j = 1,2, where the notation (¥;)¢ = 0:¥;, (¥;); = 0;¥; denote the derivatives

of the eigenvector W; with respect to the coordinates ¢, ¢, respectively. The complex
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3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

conjugate of (3.32) should be taken into account as well, but we omit its explicit
expression for simplicity.

The associated singular manifolds are defined through the following exact derivatives

(3.29)

dy = i (d§ - 2/\jdt> .y [(wj)gwj - (w})gw]} dt,  j=12 (3.33)

First iteration

According to the truncated expressions (3.16), we can use the first eigenvector ¥; =
(11, w1,m1)T, its complex conjugate \Il]; and the singular manifold ¢, to construct the
iterated solution a!!, which combined with the linearization ansatz (3.21) yields

T t i T
alll = o0 4 um/q’ (a[lu) _ <a[10]) n w1¢1,
¢1 ; T T fl (3.34)
o _ o, m¥ o\t _ (o M
Qy =gy + b <a2) = (a2> + b

Hence, after some algebraic manipulations regarding relations (3.34) and (3.25), we
obtain the following expressions for the modulus of the iterated solution a!

T

) ) -y o)+ ) (o)

(a[;])T (aé”) _ (04[20]) <oz[20])T - imy (wﬂzjL —OJI771> B (73)%) ’ (3.35)
1 1
3
(o) (o) = () () - (55),
1

We shall now construct the spectral problem associated to the iterated solution ).
Let

P12
Wio=|wipe (3.36)

1,2

be an eigenvector for alll with spectral parameter As such that

(Ti2)e =W [a[ll} Wi+ i Vo Wy o +inV3(y) ¥y 2,
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(‘1’172),5 = iUl [a[l]} ‘1’172 + 7TU2 ['y, a[l]} \1’172 — Z‘7T2U3(’)/)‘I’172 (337)

— 2 <V1 [am] + MQVQ) Wy 9,

where we obtain a similar expression for the complex conjugate eigenvector \III 5 ASSO-

ciated to the iterated solution (04[1])T with spectral parameter A2. The introduction
of such eigenfunctions allows us to construct the corresponding singular manifold
¢1,2, by integrating

dpr2 = <¢1,2> (1#{72) (df — 2/\2dt) —i [(%,2)51/){72 — (1#1,2)51#1,2] dt.  (3.38)

The Lax pair (3.37) can be understood as a system of nonlinear equations that
couples the field el and the eigenvector W, 5. This implies that the Painlevé ex-
pansion (3.34) for the fields should be accompanied by a similar expansion for the
eigenfunctions that can be written in the following form

AN AN AV o
wl,Q = 1/)2 — ¢1 ¢7 s w172 = Wy — (A)l?,? 77172 =12 — 7’]1?17, (339(1)
1 1
where their complex conjugates are given by
Al Al Al
wJ{’z = 1/)5 - zler =, WIZ = wg — wi = 7712 = ng — 771 Z. (3.39b)
b1 o1 b1

Substitution of expressions (3.39) in their respective spectral problems, in combina-
tion with (3.34) and (3.32), yields

T T T
Ajj=A(T;,¥;) =i j2(>\‘_])\<) =
o + nT,;. e (3.40)
T 1 7\ _ . it VR i: N
A=A (‘I’Z‘I’y> =TT =) Ajis

for i,j = 1,2,% # j, where ¥, is the eigenvector for the seed solution ol with
eigenvalue \; as defined in (3.32).

It is easy to see that a similar expansion could be applied to the singular manifold
¢1,2 in (3.38), retrieving the result

A1,2AI,2

5 (3.41)

b12 = P2 —
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The corresponding A-matrix of dimension 2 can be therefore defined as

AN = ¢; ifi=j
T 9,
W wj +77177 w ; e (3.42)
Aij= B} ’ N _])\ Z, Aj; = A;r,j if i #j

Second iteration and 7-function

As far as ¢12 is a singular manifold for alll, we can now iterate expressions (3.34)
in order to construct the second iteration for the fields a? as

o2 = olt (w12) (v12)

(a2)" = (o) + (wl2) (v12)

PR $r2 (3.43)
T
o O]y ()0,

which combined with (3.34) yields

a[f] — a[lo] + W;:fi I (wl’ﬁlgwb) 7 (a?])T _ (a[lo])T N wi:lpl N (Wl 2251(:/11 2) |
ol = o0 4 ml . (771,2) <¢I,2>7 (a£2]>T _ (% ) L i (771 2) (¢1 2)‘

®1 ®1,2 o1 ®1,2

(3.44)

By inserting definitions (3.39) and (3.41) in the expressions above, we obtain the
recursion relations for the second iteration in terms of the eigenfunctions of the seed
equations as

2 _ 0 PIAL o + ] Agpwr — YA ywr — PIAT w)

Oél - 041 T 9
) T b2 T (3.45a)
2] [0] Yo A11m2 + Y1 A2 — Yy Ao — 1/}1 1,272
Qy = oy + - s
1,2

and the conjugate fields

T T NI T
T T WA 1Y F WAoo —wi A Y2 — we Ay 21
(Oé[12]> = (04[10]> + 221172 1722 71 1712 2 2712 7 s (3451))

T1,2
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2\ f o\ ' n;Al,l P + UIAM 1 — WIALQ o — nEAm (1
(o) = () + = ’
1,2

where we have defined the 7-function 7 o as

T2 = G1912 = P12 — ALQALQ, (3.46)

with coincides with 7 2 = det A by virtue of definition (3.42).

In conclusion, al? and its eigenvectors W;, j = 1,2 allow us to directly obtain the
first iterated solution a!!l as well as the second one al?!, through relations (3.34) and
(3.45), respectively.

1.6. Soliton-like solutions

This Section is devoted to the use of the procedure described above to build up
a plethora of soliton-like solutions for the modified NLS equation that describes
the spin dynamics in a deformable helical molecule (3.8). Solutions in this fashion
may be algorithmically constructed following analogous steps to the ones stated in
Subsection 5.5 of the previous Chapter.

1. Seed solution

We start with the following trivial seed solution

ald) = joe—2iidt (,?) , (3.47)

2

where jg is an arbitrary constant and the coefficients 81 and By are parametrized
as in (3.4), of the form

B\ 1 ((1+4s)cos(fy)+ (1 — s)sin(bp) N
< ) <(1 —s)cos(fo) — (1 + s) Sin(00)> , (3.48)

2

B2)
depending on the arbitrary parameter 6y € [0,27) and s = 4-1. Since 57+ 3 = 1,

it is immediate to see that the norm of the the seed solution (3.47) is }a[0]|2 =
() (al) = ‘a{fl

To deal with both the focusing and the defocusing cases together, j, ought to
remain as a free parameter. Actually, jo should be real in the defocusing case
(g > 0) and purely imaginary jo = ihg, ho € R in the focusing one (g < 0).

2 2
+‘0‘[22]‘ = ljol*.

88


mini
Subrayado

mini
Subrayado


3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

2. Figenfunctions and singular manifolds

We shall now find two set of different eigenvectors {¥;, ¥y} of the form (3.31),
such that they solve the corresponding Lax pair (3.32) for the seed solution (3.47)
with respective spectral parameters {1, \2}. Such solutions read

w] — ekj(£+cjt)€weijgt’
wj = djehiEreit) TG gt (3.49)
77] — hjekj(£+cjt)e’mom+wefijgt’
for j = 1,2, and where the parameters satisfy
S
= tan(26y), my= ——. 3.50
i (260) 0 cos(26p) (3:50)
Furthermore, the constants c;, A;, k;, j = 1,2 are linked via the relations
mom 2 )
Cj = mom — 2)\]', k‘JQ + ()\J2 + %) = ]g. (3.51)

These expressions allow us to introduce a new parameter, the angle 0;, such that

mom . .
Aj = _TO + 70 Cos(ﬁj), k; = Jo sm(Qj), (3.52)

for every j = 1,2. Finally, the coefficients d;, hj, j = 1,2 in (3.49) are
Clj = — 7;,31672'61, hj = — 7;,82€7i9j7 (353)
where the coefficients g1, f2 are given in (3.48).

The associated singular manifolds are therefore computed by using expression
(3.33), resulting in

E? E?
1:?1_"_717 2:C.L2—.*—72, (3.54)
270 sin(61) 270 sin(62)
where a1 and ag are arbitrary constants of integration and
Ej = el sin(0;)[§+2(mom—jo cos(0;)) 1] j=1,2. (3.55)

3. A-matriz and T-function

Equation (3.40) easily provides the antidiagonal terms of the A-matrix as
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sin(fy — 61) + @ [cos(b2 — 01)

2j0(cos By — cos b)
_ sin(fy — 61) —i[cos(f2 — 61) — 1
2 2j0(cos By — cos b)

-1
Alg = ]ElEQv

] EEs,

such that Ay 1 = ¢1, Agg = ¢ in (3.54) according to (3.42), and Ej,j = 1,2 are

defined in (3.55).
The 7-function defined in (3.46) can be explicitly written as

aias + agE% + a1E22 + ALQE%E%
453 sin(61) sin(62) ’

T2 =

where
2sin(#;) sin(f2) [1 — cos(6 — 02)]
ALQ =1-

(cos 01 — cos 02)?

and a1, as are free constants.

4. First and second iterations for the fields

The first iteration can now be obtained through (3.35) as
‘ ]’ _ 1_i [(¢1)§]
[11’2 _ g2 1 [(qbl) ]
a = 1—— ,
‘ 2 2J0 < 21 o

whilst the second iteration is deduced from (3.45) as

ol = 10( jlg[(?fﬂg)’
o2 = 20( jlg[(?{igD'

(3.60)

The arising solution essentially depends on up to four arbitrary parameters, {7jo, 6o, 61,
02}. Different combinations for the values of these parameters will retrieve diverse

solutions, as already illustrated in the prior Chapter, Subsection

. In particu-

lar, we will be able to find the following kinds of solitary waves, defined in distinct

regimes:
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e Dark solitons (g > 0)
e Breathers (g < 0)
e Rogue waves (g < 0)

These solutions may be regarded as generalizations of the results previously derived
n (2.114), (2.119) and (2.120) or (2.122) for this novel NLS system (3.8) describing
the electron dynamics in a deformable helical molecule.

1.6.1. Dark solitons. Defocusing case (¢ > 0)

In the defocusing regime, where g > 0, jg should be a real parameter such that
|am‘2 > 0,7 =0,1,2. According to expression (3.9), the first iteration (3.59) then

provides
) _ 21+ scos(260) 1_1[<¢1>£]

(3.61)
|2 _ 21— scos(26o) 1 [(¢1)e
’XQ ’ =Jo——> |(l=—= | ;
29 Jo L o le
and the second iteration (3.60) yields
72 1+s cos(290) 1 [(11,2)e
W - -7 ,
29 Jo L T2 ¢
(3.62)

‘XQ ‘ 1 — SCOS(290) 1— % |:(T1’2)§:| 7
29 Jo L T2 ¢

such that jg is a real free parameter, g > 0 and the singular manifold ¢; and the
7-function 715 are respectively given in (3.54) and (3.57). Regarding the initial
parametrization for the seed solution, the angle 6 is related to the parameter of the
SOC through (3.50) and s = +1.

This choice of the parameters provides dark solitons for the NLS system (3.8), which
are represented in Figures 3.1 and 3.2. The first iteration retrieves the one-soliton
solution, which reveals a travelling dark soliton that propagates along the direction

E+2 [008(90) Jo Cos(ﬁl)] t = 0, as evidenced in Figure 3.1.
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11,2
L3

t

2
, with parameters

Figure 3.1: Omne-soliton solution for the upper component ‘X[ll]
g:2, 90:0.5, 01:1,3:1,j0:1, a1:1.

2
Regarding the second iteration, Figure 3.2 displays the upper component ’ X[12]‘ of

a two-soliton solution in the center-of-mass reference frame obtained through the

Galilean transformation £ — & — %, where the velocities are given in (3.51).

2],2
Lyl

2
Figure 3.2: Two-soliton solution for the upper component ’X[lz]‘ . Parameters are
g:2, 90:0.5, 9121, 32:1.2, Szl,jozl, andalzagzl.
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Notice that the lower component and the upper component in both cases are related
through the identity

2

1 _
5C08 L i=1,2, (3.63)

-

(260) ‘XU}
1+ scos(26p) 1™

2

so that the component ‘X[zj ] , j = 1,2 possesses a complete analogous profile to the

2
, j = 1,2, respectively.

one displayed in Figures 3.1 and 3.2 for ‘X[lj}

1.6.2. Breathers. Focusing case (¢ < 0)

In a similar fashion as proceeded in the quest for breather solutions for the standard
(1 + 1)-NLS equation (2.59) (cf. Subsection 5.5 of Chapter 2), we should consider
the ansatz

92 =T — 91 (364)

such that A + ™% = — (A + ™87) in accordance with (3.52). Moreover, the addi-
tional consideration a; = as = cos i, together with this choice for the parameters
61,02, allows us to write the 7-function in (3.57) as the particular expression

2
T1,2 ~ cosh [2]'(2) sin(291)t] + cos 01 cosh [2]'0 sin 61 <§ + 008(827;0)75” . (3.65)

As it has been mentioned before, in order to derive solutions in the focusing regime

(g < 0), jo should be purely imaginary, which means jo = ihy with hy € R. By
imposing this condition, the second iteration (3.62) yields bright solitons

[21’2:h2L08(290) 1+1[(ﬁ2)£]
i 0 2] Wil ome le)’

[21’2:h2L08(290) 1+1[(ﬁ2)£]
B © 2y Mol ma de)

where the equivalent of expression (3.65) now reads

. . 2sm .
71,2 ~ cosh [Qh(Q) 5111(291)15] 4+ cos 0 cos [Zho sin(61) <§ + cos(290)t>] . (3.67)

At this moment, the latter 7-function may provide oscillatory but localized solutions
in either the spatial coordinate £ or the temporal coordinate t, yielding the well-
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

known breather solutions for the system (3.8). It is possible then to distinguish
between two cases:

1. Akhmediev breather

A generalization of the Akhmediev breather [19-21,241, 345] may be obtained
by considering real values of the angle #; € R. Hence, the corresponding -
function is directly given by expression (3.67), which is a solution periodic in &

and hyperbolic in ¢. The associated graphical representation is given in Figure
3.3.

(21,2

Lx4

Figure 3.3: Generalization of the Akhmediev breather ‘Xl ’ with parameters g = —2,
90—5 91—2 8—1 h0—3

2. Kuznetsov-Ma breather

Besides considering purely imaginary values of Jo, we should now set imaginary
values for the angle 61, such that 6, = 191, with 91 € R. Then, expression (3.67)
becomes

. A N 2
T1.9 ~ COS 2h(2) sinh(26)t| + cosh 01 cosh |2hgsinh 0 | £ + Ty ,
’ cos(26p)
(3.68)

which is a solution periodic in ¢ and hyperbolic in £. It is actually a general-
ization of the breather introduced by Kuznetsov and Ma [242,257,284].
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2],2
L3

with parameters g =

‘ 2

Figure 3.4: Generalization of the Kuznetsov-Ma breather ‘X[f}
—2,00=5,60,=-2,s=1, hy = 3.

1.6.3. Rogue waves 1. Focusing case (g < 0)

In the last years, rogue waves have been described as a curious type of waves that
appears from nowhere and disappear without a trace. The well known Peregrine
soliton [241, 337| is an example of a rogue wave for the focusing NLS equation.
In [345], rogue waves for the Manakov system have been obtained. In this Subsection,
we will derive this type of solutions for the modified NLS system (3.8).

It is immediate to observe that there exist limiting cases of expression (3.54) when
k; = 0, or in other words sin(6;) =0, j = 1,2. These cases arise when either §; =0
or 0; = m, for any j = 1,2. The corresponding eigenfunctions are then

Y = R et
w1 = —i516im0ﬂ(§2_m0ﬂ) e_ijgt, (3.69)
m = —i526im0ﬂ(§2_m0ﬂ) e~ Uit
when 01 = 0, Ay = =% + jo and ¢; = 2 (moT — jo), whilst
Wy = eiﬂ’"“%mmeij%t,

95



Chapter 3. Applications to PDEs in 1 + 1 dimensions

. imgm(§—mgmt) . .2
wo = i€ 2 e~ "ot (3.70)
i imgm(§—mont) ..o
Mo = 152e 2 e ot
emerge after considering 62 = 7, Ao = —"9% — jo and c2 = 2 (Mmo7 + jo)-

The analysis of solutions in the focusing regime requires jo = ihg, ho € R. We can
now compute the associated singular manifolds {¢1, ¢2} and the 7-function following
expressions (3.33), (3.40) and (3.46), respectively. We obtain as results the expected
rational functions in the coordinates (&, t)

¢1 = f + 27Tm0t - 2’ih0t,

o = & + 2mmot + 2ihot, (3.71)

1

T2 = (5 + 27Tm0t)2 + 4h(2)t2 + ﬁ
0

Solutions are then obtained through expressions (3.66). The behaviour of the upper

2
X[12]‘ for the above value of 71 2 is presented in Figure 3.5. The lower

component

component is obtained after the proper rescaling of the upper component. This
solution can be considered as a generalization of the Peregrine soliton [241,337].

(21,2
1

Lx

2
Figure 3.5: Generalization of the Peregrine soliton ‘X[f]‘ with parameters g = —2,
90:().5, 91:0, 92:7'(', s=1 andh0:1.5.
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3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

1.6.4. Rogue waves II. Focusing case (g < 0)

Preserving the ansatz 6; = 0, 2 = 7, it is straightforward to prove that there exists
a slightly more complicated solution for the Lax pair (3.32). The eigenfunctions are
constructed as products of polynomial functions in (§,t) and exponentials, of the
form

eldot

7 :| imqgm(§—mqgmt)
2
2Jo

P = [§+2(m07r—j0)t—|—, e

) imqm(§—mqmt) ..
w1 = —if [5 + 2 (mom — jo)t — 2;0} e et (3.72)
. . 7 imgm(E—mqgmt) .
771:—@52[§+2(mo7r—j0)t—2j0}6 om(e- ezjgt
when 0; =0, A = —"9% + jy and ¢; = 2 (mom — jo), and
) imgm(E—mqgmnt) ..
o = [E + 2 (mom + jo) t — ;] e ewgt,
Jo
) imgm(§—mqgmt) ..
=if1 [f + 2 (mom + jo) t + 2;0] e gt (3.73)
. . Z imgm(§—mqgmnt) s
7’]221182 |:£—|—2(m07'('—|—j0)t+2]0:|e 0 3 O*e l]gt

m07r

for O =, Ay = — Jjo and ¢a = 2 (mo7m + Jo).

For the focusing case, we should choose jg = ihg, hg € R, which yields the following
results through (3.33), (3.40) and (3.46)

1 1
o1 = (£ +2mmot) | = (£ + 27rm0t)2 — 4hgt2 - —
3 4h3

3t
+ ihg [—Qt &+ 27rmgt) 2h2 + h ] ,

1 1
P2 = (E+2mmot) | = (£ + 27rm0t)2 — 4h3t2 - —
3 4h
5 0 (3.74)
—ihg [—275 (€ + 2mmgt)* + o2 + h%t?’]
2 |1 , 177
T2 = (€ + 2mmot)? | = (€ + 2mmot)® — 4h2t? —
3 4h0
2 2, 3t 8,47 2,2 ?
+ hy | =2t (£ +2mmot)” + —= + Shot”| +hg [(§+ 2mmot)? + 4hit —
2hg 3 4h
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

2
Figure 3.6 displays the upper component of the solution ‘X[f]‘ corresponding to the
substitution of the 7-function (3.74) in (3.66).

[2],2
1

lLx

2
Figure 3.6: Two-soliton solution for the upper component ‘X[f]‘ of a rogue wave II.
Parameters are g = =2, 0 = 0.5,0, =0, 05 =m, s =1 and hg = 0.7.

1.7.  Further solutions. Bright solitons. Focusing case (g < 0)

In the previous Subsection we have successfully derived a plethora of soliton solu-
tions through the combination of the SMM, the Lax pair formalism and the binary
Darboux transformation approach. The conjunction of these three procedures has
proved to be an extremely valuable technique to obtain this kind of solutions. Nev-
ertheless, it is also possible to determine new classes of soliton-like solution by means
of alternative procedures. To illustrate this point, this Subsection is devoted to the
computation of elliptic solutions for the starting NLS system (3.8).

Elliptic solutions may be easily obtained by considering the following ansatz for a
seed solution of (3.11),

a = W P(2) (g;) , (3.75)

where ¢(&,t) and F(z) are functions to be determined and the coefficients {1, 52}
are given in (3.48). We have introduced the new variable z = £ 4 ct, which plays the
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3.1. NLS equation in 1+ 1 dimensions for a deformable helical molecule

role of a reduced variable? in the quest for travelling wave solutions for (3.11) of the
form (3.75).

Substitution of the ansatz (3.75) in the system of PDEs (3.11) provides the following
expression for the function (¢, 1),

p(6,8) = = (£+ £) — K2t — mmo (€ + mmot), (3.76)
2 2
and the elliptic ODE to the satisfied for F(z),
F.,—2F3 - k*F =0, (3.77)

where k is an arbitrary constant.

The aforementioned ODE (3.77) corresponds to the canonical equation VIIT in [228§]
and can be easily integrated in terms of Jacobi and Weierstrass elliptic functions
[66,207,418], giving rise to the solution

km kz )
F(z)= Vi cn (\/2m2 = 1,m) , (3.78)

where cn(-) is the Jacobi elliptic cosine and m is an arbitrary constant of integration.
The associated general solution for the focusing case (3.9) therefore reads

km e~ (&:t) Lz e—im(E+mt) g
1) = —F/—— —_— i . 3.79
x(&,1) Gl —2m?) cn [ STE— m] <e (6—nt) 52> ( )

Bright solitons for this regime emerge in the hyperbolic limit m = 1 of the previous
solution, yielding the result

[1 ke et e~im(E+mt) g ‘
x(§,t) = 9] cosh [k (€ + ct)] < gin(€-mt) g, ) , (3.80)

where k still remains as an arbitrary parameter.

This solution can be straightforwardly normalized by imposing

> 2k
| xen - xenic= =1, (3.81)
Therefore, this expression implies k = %‘, such that the normalized solution can be

2For further information regarding this methodology, we refer the reader to Subsection 5.3 from
Chapter 5 of this manuscript.
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finally written as

iQ(&,¢) —imé
x(e,t) = Yl I : (g . 1) : (3.82)
cosh [% <§ + ct) 2
where ) )
Q6 1) = — E (5 n gt) - gz t} +r ﬁ + m2t] (3.83)

and the coefficients {31, 82} are given in (3.48), with s = +1.

The behaviour of the square modulus of each component follows the expression

2
2 ol % j=1,2, (3.84)

4 cosh? [% (5 + ct)] ,

such that both components are linked via a relation analogous to (3.63).

IX;

This solution results in a travelling solitary wave with a bright soliton profile prop-
agating along the straight line £ + ¢t = 0, plotted in Figure 3.7.

11,2
Li

§

’ 2

Figure 3.7: Generalization of the Davydov soliton |x1|” with parameters g = —2,

0p=0.5,s=1 (mdc:—%.

Solution (3.82) may be regarded as the generalization of the Davydov soliton [122],
which also appears in reference [234|. Besides, the existence of two different bright
solitons due to the arbitrary choice of the constant s = £1 is known as the Kramer
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3.2. Derivative NLS equation in 1 + 1 dimensions

doublet and it is directly related to the preservation of the time-reversal symmetry
in the model [124].

From the physical point of view, it is important to notice that the magnitude of
the SOC is relevant only in the expression of the phase (&,t). In particular, it
was found that the generalized Davydov soliton (3.82) presents a well defined spin
projection onto the molecule axis, and most importantly, it is preserved during its
motion, in spite of the fact that the electron spin is not a constant of motion of the
linear Hamiltonian (g = 0). This spin polarization is found to be

SP(#)] = /_ X6 1) o (€. 1)de = |87 — 53] = 1172 (3.85)

which clearly does not depend on the temporal coordinate ¢ and it is proved to be
stable alongside the propagation of the soliton. Moreover, the value of the spin po-
larization exclusively depends on the strength of the SOC encoded in . A thorough
study of the dynamics of this solution, as well as a deeper analysis about the impact
of the model and connection with experiments have been conducted in [124].

2. Derivative nonlinear Schrodinger equation in 1+ 1 di-
mensions

Derivative nonlinear Schrodinger (DNLS) equations constitute a generalization of
the ubiquitous NLS equation with derivative-type nonlinearities. The most famous
integrable representative of this class was first introduced by Kaup and Newell in
[236], also denoted as the Kaup-Newell (KN) system,

img — Mg — i (\my“’ m) =0, (3.86)
x

where m = m(z,t) is a complex-valued function and the subscripts x, t denote partial

derivatives.

The nonlinear dispersive equation (3.86) arises from the field of Physics and it
constitutes a particularly relevant model in plasma physics |78, 233, 363-365, 375]
and nonlinear optics [15,32,390]. From the integrability point of view, equation
(3.86) is known to possess an isospectral Lax pair and it is solvable by the IST
method [236]. KN system has attracted attention and it has been extensively
studied in literature during decades [224, 227,232,237, 238,399|. It is also well
established that it presents a plethora of soliton-like solutions in diverse scenar-
ios [223,224,227,237,311,379,405,422,423|.
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

It has been shown by Kundu [256] that equation (3.86) is equivalent via a U(1)-
gauge transformation to other two celebrated DNLS equations, i.e. the Chen-Lee-Liu
(CLL) equation [80],

imy — Mage — i |m>mg =0, (3.87)

and the Gerdjikov-Ivanov (GI) equation [185]
. o Ly
Mg — Mag + IM" Mz — 5 |m|*m =0, (3.88)

where 7 denotes the complex conjugate of m. It is easy to demonstrate that if
m(x,t) is a solution of the KN system (3.86), then the new field m(x,t)

m(x,t) = m(x,t) eh o)

with 0, = |mf, 0, = i(mim, — Tm.) + % -
(3.89)
satisfies the CLL equation (3.87) for p = 1 and the GI equation (3.88) for pu = 2.
Gauge transformations constitute a useful tool to connect integrable evolution equa-
tions in soliton theory, since they provide Bécklund transformations between those
equations as well as the relation of their associated linear problems [400]. In fact,
DNLS equations are also linked via gauge transformations [232,400] to several other
notorious integrable equations, such as the Ablowitz-Kaup-Newell-Segur (AKNS)
system [6], the NLS equation or the Wadati-Konno-Ichikawa (WKI) system [396,397].

In the light of the gauge equivalence for the aforementioned equations, we propose
the following generalized DNLS equation in 1 + 1 dimensions

. . : 1 ‘
imy — Mae +i(y — 2) |m|* me + i(y — 1)m? m, — Zy(’y —1)|m|/*m =0, (3.90)

depending on a real parameter . This equation includes the three former systems as
particular cases (7 = 0 for the KN system, v = 1 for the CLL equation and v = 2 for
the GI equation) and allows us to mix the derivative-type nonlinearites for any other
arbitrary value of v. Besides, (3.90) is also gauge-equivalent to the previous equations
and the parameter v can be easily removed by any U(1)-gauge transformation. This
equation can be regarded as a particular case for the generalization proposed by
Clarkon and Cosgrove in [96] with a = —(y —2), b= —(y — 1) and ¢ = 1~y(y — 1).
Similar generalizations for DNLS equations can be found in [232, 256].

The integrability of (3.90) via Painlevé analysis has been explored in [96], with
the introduction of a potential. After some algebraic manipulations, this equation is
proved to be integrable in the Painlevé sense. In this thesis we will conduct a different
approach. We will review the Painlevé integrability for (3.90) in an alternative
fashion, searching for the proper scenario where the SMM is applicable such that we
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3.2. Derivative NLS equation in 1 + 1 dimensions

can derive the associated Lax pair. In this process, three differential equations of
physical interest naturally emerge. By means of the link among the aforementioned
equations and with the aid of the SMM, we will be able to find the corresponding
spectral problems for each system, as well as soliton-like solutions of rational kind
for the starting generalized DNLS equation (3.90).

2.1. Painlevé test and integrability: Miura transformation

The generalized DNLS equation proposed in (3.90) may be written as a system of
coupled PDEs of the form

. . — . 2 1 3.2

img — Mgy +i(y —2)mmmy +i(y — 1)m“my, — —y(y — 1)m>m* = 0,
4 (3.91)

1
—iTTy — Mgy — (Y — 2) mm T, — i(y — 1)em, — Z’y(’y —Dmm? =0,

where m = m(z, t) is the complex conjugate of m and |m|* = m - m.

The Painlevé test [417] has proved to be a powerful criterion for the identification of
the integrability of PDEs. This procedure requires that the fields {m,m} should be
expressed as generalized Laurent expansions of the form

m($>t) = Zaj($7t) ¢(wvt)j_pa m(.%',t) = ij(:t,t) ¢(x7t)j_q? (392)
§=0 §=0
where p, ¢ € N are the leading indices and ¢(z,t) is so-called singular manifold.

Nevertheless, a cursory leading-order analysis provides noninteger indices for the
expansions, p = q = % Consequently, the Painlevé test is unable to check the
integrability of DNLS equation (3.91), at least when it is expressed in terms of these

variables.

This fact allows us to introduce two new real fields a(x,t), 5(x,t) of the form
m=v2a, e%ﬁ, T = /20, ¢ 2P, (3.93)

The introduction of (3.93) in the system (3.91) retrieves the following expressions
for the derivatives of the new field a(x,t)

1 { 1
ar =g |ml* o =g (mime —mmg) = (27 = 3) |m|", (3.94)
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

whilst 3(z,t) shall obey
B=(2y—3)a+ / %dw. (3.95)

Taking these identities into account, the aforementioned ansatz yields a differential
equation for o that can be written in conservative form as
2 2
af +a 0 o
(a2 — ), = {amm + a3 — tm} . (3.96)
Qg .
Notice that |m|*> = 20y is the density of probability for the DNLS equation (3.91)
and therefore, o, is essentially the physically relevant field in the model under con-
sideration. This representative equation for the probability density will constitute
the second PDE of interest to be considered in this Section, after the former DNLS
system (3.91) itself.
From the point of view of the Painlevé Property [417], the Painlevé test can be
applied to (3.96) due to the fact that the leading terms for o, and oy are

ap~ ki a2 (3.97)

¢ ¢
where ¢(x,t) is the singular manifold. Nevertheless, the duality in the signs indicates
the existence of two Painlevé branches, which might be an inconvenient when the
singular manifold method is applied [141]. The restriction to just one of the two
possible signs means that we are loosing a lot of information about equation (3.96).
In compliance with previous studies [150, 157], the best method to confront this
problem requires the splitting of the field « as

a = i(u — 1), (3.98)

where u = u(x,t) denotes a new field and w = u(x,t) stands for its complex conju-
gate. According to (3.96), the additional relation arises

ai — 0 = Ugy + Ugy. (3.99)

The combination of (3.98) and (3.99) implies the Miura transformations [141]

(a2 — o — i) (3.100a)

Ugy =

(a2 — oy + i) (3.100Db)

Ugy =

N =N =
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3.2. Derivative NLS equation in 1 + 1 dimensions

as well as a coupling condition between the field {u,u}, which reads
U+ Uy — T + Tz + (U — Tg)? = 0. (3.101)

The derivation of equations (3.100) with respect to ¢ yields

1 ai + a2 {
Uat = 5 <Oémzx +al — thx 5%t (3.102a)
_ 1 a? +a? 1 .
T = 5 (a el R L (3.102b)

where equation (3.96) has been used to perform an integration in x. In order to get
the equation to be satisfied by wu(z,t), we can use (3.100a) and (3.102a) to obtain

2 .
Qp = 0 — 10z — 2Ugyg,

2 2
oy + o .
Ogzx = _ai + L2 4 10t + gt (3.103)

Qg

Agpg = 1 (um — OZ?C) + (uwxx + Zu.rt) .

x
Uy
Therefore, the compatibility condition (a¢),, = (czz), provides the following non-
linear partial differential equation to be satisfied for the field u(z,t)

2 2
Uzt + Upzs

Ut + Uggze + QUim - =0. (31()4)

Uz z
Following exactly the same argument with equations (3.100b) and (3.102b), we can
easily prove that w(z,t) should satisfy the same equation (3.104). To summarize,

u(x,t) and w(x,t) are both solutions of the same PDE (3.104), being additionally
related by the Bécklund transformation defined in (3.101).

Equation (3.104) is known as the nonlocal Boussinesq equation [261,419] and its con-
nection to DNLS equations, such as the Kaup system, has been extensively studied
in [141] from the point of view of the singular manifold method. This differential
equation represents the third PDE of physical relevance to be analyzed throughout
the present Section.

Painlevé test for (3.104)

We should now address the Painlevé integrability analysis for equation (3.104). By
imposing the usual Painlevé series
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u(z,t) = aj(z,t)é(z,t) 7, (3.105)
j=0

the leading-order analysis retrieves p = 0 as the leading index. As already mentioned,
the Painlevé test for PDEs based on the WTC method [417] is not able to manage
differential equations whose leading indices are not purely integers. There exist
distinct approaches to overcome this inconvenience, which customarily imply the
conception of generalized series expansion for the fields [170, 253, 340]. For null
leading indices, it has been suggested [89,90,341| that the modified series expansion
should include (a finite number of) linear logarithmic terms.

Following the prescription introduced in [90], we seek an expansion of the form
o0 .
u(z,t) = aglog(¢) + > a;e’, (3.106)
j=0

where ag(z,t) and a;(z,t),Vj are analytic functions in the neighbourhood of the
singularity manifold ¢ = 0.

1. A leading-order analysis straightforwarly provides
ap(z,t) =1, (3.107)

which is uniquely determined. Therefore, the series (3.106) possesses a single
branch of expansion.

2. By introducing expansion (3.106) into the equation (3.104) and equating to
zero the different coeflicients in powers of ¢, it is easy to obtain the following
resonance condition

G+ -G —-2)=0, (3.108)

which retrieves four resonances, consistent with the fourth-order PDE (3.104).
The usual resonance in j = —1 is associated to the arbitrariness of the function
¢, while the additional single resonances in 7 = 0,1, 2 correspond to the fact
that the coefficients ag, a1, as in expansion (3.106) should be arbitrary.

3. The resonance conditions for j = 0, 1,2 are identically satisfied and the coef-
ficients ag, a1, az are found to be arbitrary. Besides, coefficients a;, j > 3 can
be uniquely determined by the corresponding recursion relation series.

Thus, we shall conclude that equation (3.104) passes the Painlevé test and then, it
possesses the Painlevé Property.
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3.2. Derivative NLS equation in 1 + 1 dimensions

The underlying observation is that the expansion (3.106) for u only contains a single
logarithmic term, which can be easily removed by differentiation. In fact, regarding
the differential equation (3.104), one may observe that it is exclusively defined in
terms of the derivatives ug, us. It is precisely these first derivatives the ones that are
expressed in terms of the Laurent series in a neighbourhood of the singular manifold
¢ = 0, rather than the solution u [89,90,141|. Then, the appearance of a logarithmic
term does not contradict the assertion of the Painlevé conjecture in this case.

Alternatively, if we introduce the nonlocal variables v = u, and w = uy, then (3.104)

is transformed into the system

Wy = Ut,
w2 + v%x} _o (3.109)
X

|:wt + Vggx + 2U323 — "
x

which has the Painlevé Property, where {v, w} follow the expansions
_ -1 h i1 .
v(w,t) = =2+ i), w(zt) = o D wi(z ) (3.110)
j=1

The resonances are located in j = {—1,1 (double), 2}, such that the coefficients
v, wi,wy in (3.110) are found to be arbitrary. Then, expansions (3.110) can be
trivially integrated providing a series expansion for u of the form (3.106).

In view of the aforementioned arguments, we conclude that equation (3.104) has
therefore the Painlevé Property and hence, it is conjectured integrable.

2.2. The singular manifold method

The advantage of equation (3.104) is that besides having the Painlevé Property, it
also has just one Painlevé branch [141|. This fact allows us to easily perform the
singular manifold method in order to derive many of the properties associated to a
nonlinear partial differential equation, sumarized as

e The singular manifold equations

e The Lax pair and its eigenfunctions

Darboux transformations of the Lax pair

T-functions

Iterative method for the construction of solutions
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

The SMM requires the truncation of the Painlevé expansion for u (3.106) at constant
level, which implies
ull = 4% 4 1og(¢). (3.111)

This truncation acquires the form of an auto-Bécklund transformation between two
solutions u[% and ul" of the same equation (3.104). Besides that, the manifold ¢(z, t)
is not longer an arbitrary function. The singular manifold equations to be satisfied
for ¢ can be obtained by direct substitution of (3.111) in (3.104).

Expression of the field in terms of the singular manifold

The expressions for the derivatives of the seed field ul% read as

ulll = —% [vQ + (r+ 2A)2} : (3.112a)
) = 2 [+ 2000 —vms— (4 X) (62 4 (4 20))], (3.112b)

where \ is an arbitrary constant and {v,r} are the usual functions related to the
singular manifold through the definitions

_ Paa _ o
v = 22X rt

=5 = (3.113)

Singular manifold equations

The equations to be satisfied by the singular manifold can be written as the system

2 3 2
re = (—vx + % + 77" + 4)\7“) , (3.114a)
x
v = (ry +10),, (3.114b)

where the second equation (3.114b) is trivially obtained from the compatibility
condition (¢zz)t = (¢¢)zz, arising from definitions (3.113).

It is relevant to remark that the singular manifold equations are easily related to the
Kaup system [235]|. Actually, we can write system (3.114) as

Yt = —Nza + 2V Vz, (3.115&)
Mt = Yez + 29N, (3.115b)
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3.2. Derivative NLS equation in 1 + 1 dimensions

through the following change of variables

2 2\ 2
v=r+A, Umzvx—vf—i(r—i_ ) . (3.116)
2 2
If the singular manifold equations can be considered as the intrinsic canonical form
of a PDE, we can conclude that our original DNLS equation (3.91) is nothing but a

different form of the Kaup system via Miura transformation.

2.3. Spectral problem

The SMM provides a direct procedure to construct spectral problems by means of
the linearization of the singular manifold equations. The treatment in this fashion of
equations (3.114) will successfully retrieve the Lax pair associated to the nonlinear
equation (3.104). Once this spectral problem is known, we might invert the different
changes of variables we have performed, i.e. relations (3.93) and (3.98), to straight-
forwardly derive the associated spectral problems for the former equations (3.96) for
the field oz, ) and the original DNLS equation (3.91), respectively.

2.3.1. Spectral problem for u(x,t)

The question concerning the linearization of the singular manifold equation is not
trivial. This system of equations (3.114) can be understood as a coupled nonlinear
system of PDEs expressed in the variables {v,r}. If we propose similar Painlevé
expansions in a neighbourhood of a new singular manifold v = 0 for these variables,

the dominant terms

70 .
Nﬁ’ ’]"Nﬁ (31]7)

behave as
p=1 q=1, v =1, ro = i), (3.118)

The duality in the sign of ry implies the existence of two expansion branches in the
series, confirming the well known fact that the Kaup system [235] does also present
these two branches [108,141,149]. As illustrated in [141], an optimal procedure to
overcome this situation requires the introduction two singular manifolds {¢, x}, such
that the fields v and r are written as

v:%—l—xz

(VR
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

where the term —2\ in (3.119) is not essential, but it is useful to simplify the forth-
coming results.

Spatial part of the Lax pair

Definitions (3.119) constitute the linearization ansatz that will yield the appropriate
result when applied to equations (3.112). The new functions ¢ (z,t), x(z,t) will play
the role of the associated eigenfunctions and A will act as the spectral parameter.
Without further ado, substitution of (3.119) in (3.112) gives rise to

Y X

(0] — ‘ ,
Uz + =0, 3.120a
b x ( )

Uyy +—— | @ —1 +i— —1=— —2X) =0, 3.120b
T x Uy xe ¥ X ( )

that can easily be combined in order to obtain the spatial part of the spectral prob-
lem, as

W9
Vow = W — x|y — ul%y, (3.121a)
2ugy
0 . . [0
Xaw = % x| xe —ully. (3.121b)
2y

Temporal part of the Lax pair

Besides that, the corresponding substitution in the singular manifold equations
(3.114) provides the temporal part of the Lax pair

Br = ithyg — 20y + i (2@2}: v )\2> ¥, (3.122a)
Xt = —iXaz — 2M\Xe — i (mﬁ n A2) x. (3.122D)

It is immediate to verify that equations (3.121) and (3.122) constitute a Lax pair
for equation (3.104). Notice that the two eigenfuntions are also related by (3.120a).
This fact allows us to construct two equivalent and complementary Lax pairs for
(3.104). The elementary Lax pair for (3.104) is given by the conjunction of (3.121b)
and (3.122b)
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3.2. Derivative NLS equation in 1 + 1 dimensions

[0] . [0]
Now = Uazz + Wy | oy o — uldy,

vi (3.123)
Xt = —iXer — 2000 — i (202 + 2%) x,

while the alternative Lax pair arises from the combination of (3.121a) and (3.122a)

L0
wxx = - 2 %: - Ugwa

2ul) (3.124)

such that {x, 1} are two complex conjugate eigenfunctions satisfying );—I% +u££§l =0

and ) is the spectral parameter.

In the following, we will focus our attention in the spectral problem defined by means
of the eigenfunction x(z,t) (3.123), whereas the eigenfunction v (z,t) may be easily
obtained through (3.120a). Obviously, the complex conjugate form of (3.123) and
(3.124) retrieves two equivalent Lax pairs for @l (z,t), which also satisfies (3.104).

Eigenfunctions and singular manifold

Definitions (3.119) can be easily combined with (3.113) to provide the singular man-
ifold through the exact derivative

do = ¢ xdz + [-2X x + i (X o — ¥ Xa)] dE, (3.125)

whose integration allows us to obtain the iterated solution (3.111).

2.3.2. Spectral problem for a(x,t)

We can now use our previous results to derive a Lax pair for the field a(z,t). Com-
bination of (3.98) and the Painlevé expansion (3.111) gives a truncated expansion

for a of the form
ol — (um _@[1]> =al +ilog <¢) , (3.126)
¢

where 7/ and ¥ should be introduced as the complex conjugates of 1) and y, respec-
tively, in order to have the complex conjugate of (3.125). Besides that, the coupling
condition (3.101) should be fulfilled for ul% and @%. It imposes an additional condi-
tion for the singular manifold ¢(x,t) and its complex conjugate ¢(z,t) that can be
written as
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¢

A Lax pair for a(z,t) can be easily obtained from (3.123) with the aid of (3.100)
and (3.102). The result is

2 2
al[to] + (agﬂ) — z‘aﬁﬁl al[to] — <a£9}> + z’aﬂc
205 (3.128)

2] <Xx +ial0 +M> 4% (X“"f — il — i)\> =1. (3.127)
X ¢ \ X

Xzx = 1

2
Xt = —1Xzz — 2AXz + 1 {a?] — (aﬁ”) + iag — )\2] X-

The alternative Lax pair can be obtained by substitution of (3.100) and (3.102) in
(3.124), whose explicit expression is

[ (09) + 2iahal® — 2 ()" ol i (o)~ i (o) 4 200l

¢xz = 2
20 o (Y i

ozl[eo} - (ag)]f +iall)

2 I

— Ay + 9

2
Br = ithew — 2Ny — [aLO] - (ag?1> +ialdl - )\2} .
(3.129)
The corresponding counterpart of equation (3.120a) that relates the eigenfunctions
{x,%} in terms of a!% now reads

Y Xz [0] 2_ o . o _ o e
255 —l—(am> ol —iall =0, (3.130)

2.3.3. Spectral problem for DNLS equation

The derivatives of a!% in (3.94) can be now expressed in terms of the seed solutions
{m[o] , m[o} } as

2 ) 4
o =m0, ol = L (mOmY w00~ 12y )[m]' (3130

1
=—|m
2
which finally allow us to write the Lax pair (3.128) for the initial system (3.91) as
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3.2. Derivative NLS equation in 1 + 1 dimensions

[0]
N PN et N L oo Y=L ot 3 1:
Xzz =1 [/\ 5 m ‘ Zm[o] Xz + 5 imUimy; 5 ’m ’ X, (3.132)

_ 4
Xt = —iXax — 2\Xe + 1 [im[olmg’l — 'VTl ‘m[o]‘ - AQ] X-

Analogously, the alternative Lax pair for m(z,t) is found to be

(v — (v = 1) jm|*m — 2im,

; Yo

(v — 1) |m|*m — 2im,

41 {immmm -t ’mm ’4] " (3.133)
> > !

xT

_ 4
wtzz‘wm—mz—i[z’m[mm”} %\mm\ —AQ} X

»

such that the relation between the two eigenfunctions y and 3 becomes

. _ 4
w;xx B %m[o] il 4 VTl ‘mw]’ —o. (3.134)
X

2.4. Darboux transformations

As it has been previously shown, once the Lax pair has been obtained for a given
PDE by means of the SMM, a binary Darboux transformation can be constructed
in order to derive recursive solutions. Since the SMM has been applied to equation
(3.104), consequently yielding the spectral problems (3.123) and (3.124), the forth-
coming calculations regarding the binary Darboux transformation approach should
be performed over this linear problem.

Let ul% be a seed solution for the nonlocal Boussinesq equation (3.104). Let xj, j =
1,2 also be two different eigenfunctions for the associated spectral problem (3.123) for
this seed field ul%, corresponding to two different eigenvalues Aj, 3 = 1,2. Therefore,
we have

(0] . [0]
Ugggy T 1y, .
(Xj)zz = <[0] Lo Mj) () — uld x5,

gy (3.135)

(i) = =0 = 22 () — i (2l + X2) x5,
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Chapter 3. Applications to PDEs in 1 + 1 dimensions

for j = 1,2, and where the notation (X;)z, (Xj)zz, (X;j): represents the derivatives of
the eigenfunction x; with respect to the corresponding coordinates.

Furthermore, two additional eigenfunctions v;, j = 1, 2 arise from expression (3.120a),
in the form

uld ¢ (¥j)a (Xj)a -0, (3.136)
Vi Xy
which means that we can introduce two different singular manifolds ¢;, j = 1,2
defined by (3.125) through the exact derivative
doj = 5 X dr +{ =209 x5 + 1[5 (¥5)a — ¥ (xj)a]} dt- (3.137)

First iteration

As we have seen in the previous Subsection, the truncated Painlevé expansion (3.111)
can be considered as an auto-Béacklund transformation

ull = ul% +1og(¢), (3.138)

which allows us to obtain an iterated field ul!). Analogously, an iterated Lax pair
can be defined for this iterated field ul! with associated spectral parameter Ay in the
form

(1] . [1]
zzx + T .
(X1,2)aa = <u i + Z>\2> (X1,2)z — ug:la]: X1,25

2ull] (3.139)
(X1,2)t = —i(X1,2)ze — 2X2(X1,2)e — 1 (21&% + A%) X1,25
such that
ull 4 (Y1,2)z (X1,2)e _o. (3.140)
¢1,2 X1,2

Consequently, an iterated singular manifold ¢; 2 can also be defined for the field ull]
though expression (3.125)

dp1o =12 x12dr + {2 P12 X12 + i [X12 (V12)e — V12 (X1.2)2]} dt.  (3.141)

A Lax pair is usually considered a system of equations which is linear in the eigen-
fuctions. A different point of view lies in the consideration of the equations (3.139)
as nonlinear relations between the field ul!l and the eigenfunction X1,2. According
to this new perspective, the Painlevé expansion for the field (3.138) should be ac-
companied by a similar truncated expansion for the eigenfunctions, performed in a
neighbourhood of the singular manifold ¢; = 0. Let
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3.2. Derivative NLS equation in 1 + 1 dimensions

Y12
¢’
be such expansion, where Ajs(x,t) and 3 2(z,t) are functions to be determined

later. Besides that, (3.141) implies that we can also provide a Painlevé expansion
for the singular manifold in the form

AN
X1,2 = X2 — X1 Tl’a P12 = P2 — U

(3.142)

Q
P12 = P2 + —2 (3.143)
b1

in terms of the coefficient Q4 o(x, ).

Substitution of (3.138), (3.142) and (3.143) in the spectral problem (3.139) and the
expression for the singular manifold (3.141) yields the following results

Y12="»~221, Qo= —A12097,
Xi(Xj)z = X5 (Xi)a (3.144)
(X = Aj) (Xi)e

Therefore, we can conclude that (3.138) and (3.142) are binary Darboux transfor-
mations for the Lax pair (3.139). These transformations exclusively depend on two
sets of eigenfunctions {x;,®;}, j = 1,2 for the seminal solution ul, and these will
be the only tools required to construct the iterated solution (3.138).

A = i

Second iteration and 7-function

The singular manifold ¢ 2, as defined in (3.141), can be used to perform a second
iteration such that a new field u? can be constructed as

u?l = ull 1 log(¢10), (3.145)
that can be expressed in terms of the seed solution ul as
w2 = 0 log(71.2), (3.146)
where we have introduced the 7-function 71 2 through the definition
Ti2 = ¢102 — A12A0 . (3.147)
nth iteration

This procedure may be implemented repeatedly and generalized up to the nth iter-
ation, which reads as
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ul'h = ul® £ log (g2 dr2,.n) = ul” 4+ log(r1a,n). (3.148)
The 7-function for the nth iteration can be computed as

T1,2,..n = det A, (3.149)

where A = (A;;),, denotes the n x n matrix of entries

Ai,i = gf)z for ) :]
o Xig)e — X (Xa)a L, (3.150)
A =1 for 1 +#j
) (i — %) (e #

that may be exclusively expressed in terms of n different pairs of eigenfunctions
{Xk, Y1} of eigenvalues A, for the seminal Lax pairs (3.135) and n singular manifolds
¢ given by (3.137), k=1,...,n.

2.5. Rational soliton solutions

In this Subsection, rational soliton-like solutions for the DNLS equation (3.91) are
obtained by applying the procedure described above. Solutions in this fashion may
be algorithmically constructed following analogous steps to the ones previously con-
sidered in Subsection 1.6 of this Chapter.

The density of probability for the DNLS equations, the relevant physical field asso-
ciated to the formation of solitons, may be expressed as

m|* =m - = 2i (up — Uy) - (3.151)

1. Seed solution
Let us consider the following seed solution for (3.91),
(0] . 3531 |:a:+§(z3+l)ti|
m=Joe )

i 2
mlol = Jo eiéjg(zgfl) [m+]70(23+1)t}

(3.152)

where jg, 29 are arbitrary constants. This seed solution leads to a polynomial
solution in w and @ for (3.104) as

.2 1
ull = %0 {jgzgx (g + R+ 1)) +i <:c + 2 <zg + 2) tﬂ ., (3.153)
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.2 1
=~ [igse (5 + i+ 1) =i (2438 (5 +3) )|

where condition (3.101) is identically satisfied.

2. FEigenfunctions and singular manifolds

We shall seek now a pair of eigenfunctions that solve the Lax pair (3.123) and
(3.124) for the seed solution (3.153). Such solutions may be constructed as

12 2(_ o (.4 2 2
Yo = € 5J5 200 [z-i—jo( 370 (z0+7zo+1)+3(z0+1))t] ,

| (3.154)
o = ef%jgzoo[l%jg<f%(z§+7zg+1)+3(zg+l)>t]
=

9
where these eigenfunctions depend on an additional binary real parameter o, such

that 02 = 1. The spectral parameter associated to these eigenfunctions is written
as

-2
Ay = %0 (2020 — (22+1)), o=+l (3.155)

By means of equation (3.137), we get the singular manifold, which also depends
on o,

by =2 — ji (Uzo—(z§+1))t— : ! , o=+l (3.156)

Jgzo(o = 20)

3. First iteration and one-soliton solution

Then, it is possible to compute the first iteration through (3.138),

=3 [t (5 ot ) i (2 (49+3) )]

i
—|—log[x—j2 oz — (22 +1 t—,],
o (0 +1)) joz0(0 — 20)

.2 . 1
o= [ (5 s+ 0) < (w8 (4 5) o)

1
+lo |:J)—.2 ozo — Zz+1 t+:|,
g Jo ( 0 ( 0 )) ]320(0_ - ZO)
(1] —[1]

where we can check that us' and Us' are complex conjugates.
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Hence, the density of probability for the first iteration is deduced from (3.151) as

[

i = o

4 (3.158)

_ 52
Jo 1
Jaza(o—z0)?

Jezo(o — 20) [(:U —vat)? +

where Im(-) refers to the imaginary part of the quantity in brackets, and o =
+1. This solution corresponds to a travelling rational soliton-like wave along the
direction x — vyt = 0, of speed

ve = ja (020 — (8 +1)), o ==+l, (3.159)
and constant amplitude
ar = —j¢ (4z0(0 —20) — 1), o ==L (3.160)

One may observe that, depending on the values of the parameters ¢ = +1 and
20, it is possible to obtain either bright or dark rational solitons.

2

These one-soliton solutions ’mg ‘ are displayed in Figure 3.8 at different times,
where a bright rational soliton is obtained for ¢ = —1, and a dark one, for o = 1.
The dynamics of a travelling rational soliton may be alternatively appreciated in
Figure 3.9, where a bright soliton has been displayed, whilst the corresponding
dark soliton presents a complete analogous profile.

===

J—

2
Figure 3.8: One rational soliton solution m([,l] at times t = =75, 0, 75. The solid

blue line represents a dark soliton for c =1, jo=1, zg = %, and the dashed red line
displays a bright soliton for c = —1, jo =1, zg = %.
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[

. . . . . 2 .
Figure 3.9: Bright rational soliton solution ‘m[lu for parameters ¢ = —1, jo =
1, 20 = %

4. A-matriz and T-function

In the following, we will identify the first set of functions {x1, 11, A1, ¢1} as those
with 0 = 1 in equations (3.154)-(3.156), and the second set, {x2, V2, A2, @2},
with 0 = —1, respectively. After this identification, it is immediate to obtain
the A-matrix and the 7-function through equations (3.144) and (3.147), of final
expressions

Apg =~ cmiddzo [o3i3 (4+1) 1]
) - P 5
= (3.161)
Agq = — i3z [o+3j3 (s5+1)¢]
T Jgzo
and
;2 20,2
. 2 . 2095 (x 4+ J5(25 +2)t) — 1
ri2 = (z+ 533 +1)t)" — jozdt® + jo (z + a6 +2)1) (3.162)

Jo(=5 — 1)

5. Second iteration and two-soliton solution

Therefore, the second iteration for v and % is given by (3.146)
2] Jg 22 (T | 2,92 . 2f 2 1
ut == jOZO$(§+j0(ZO+1)t)+l x + jo z0+§ t
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+ log (:c +j§(z§ +1) t)2 — j§z§t2 +

2052 (v + j3(z3 +2)t) — 1
Jo(z5 — 1) ’

.2 1
= — ]ZO [jgzgx (g +72(28 + 1)t) —i <:1: + 52 <zg + 2) tﬂ
2i2 (x + j3(22 +2)t) + 1

2/ 2 2 4 2,2
z+Jo(zg +1)t)" — Jozot™ — .
( ) FEESY

+ log

i

(3.163)

and the density of probability ’mm ‘2 acquires the final form

‘mmf = ‘mm]f —4Tm [(m)x}
71,2

. 2 .
8[(@+ 733 +2)0)° + (3 - 1) + 5cd—; ]

3(20 1)
20,2 20,2 2 4,249 1 2 4(a+id3+2)t)°
Jo (25 — 1) ((95 +3 (25 +1))" — Ggzgt® — jg(zg—n) R e

(3.164)

=g +

6. Asymptotic behaviour

This solution asymptotically yields two rational solitons moving along the lines
x — vyt = 0 of the form (3.158), with speed (3.159) for o = %1, respectively. In
order to enlighten this point, the asymptotic behaviour for each rational soliton
may be performed. Let us consider the following transformation

X1 =2 —uit, v1 = —j¢ (26 — 20 + 1), (3.165)

that allows to write the limit of ‘mm |2 at t — +oo as the static rational soliton

4
oo = 1) [+ i

o

~ jg + : (3.166)
which correspond to the first iterated solution (3.158) for o = 1.
A complete analogous analysis can be consider for the second soliton, by means
of the transformation
XQZIE*UQt, v2:7jg(zg+20+1)7
4 (3.167)
ng(](Zo + 1) |:X22 + m}

0

m|" ~ 3+
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that leads to a similar profile to (3.158) with o = —1.

Figure 3.10 displays the two-soliton solution |m[2]‘2 at different times and in
Figure 3.11, a spatio-temporal plot of the two-soliton solution is also presented.
In both graphics, the scattering between the bright and the dark rational solitons
is explicitly appreciated.

(=250 =0 1=250

R I Y | ——

Figure 3.10: Two rational soliton solution ‘mm‘2 at times t = —250, 0, 250, for

. 1
,70:1;2’0:5-

. 2 .
Figure 3.11: Two rational soliton solution ‘m[z]} for parameters jo =1, z9 = %.

Both Figures 3.10 and 3.11 have been plotted in the center-of-mass reference frame
of the two colliding rational solitons, which may be achieved after the Galilean
transformation x = Xcvm + % (v + v2)t. In this system of reference, the two
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rational solitons move with equal and opposite velocities ¢ = %(vl — v9) along
the lines Xom — oct = 0.

This Chapter has successfully addressed the study of nonlinear integrable systems in
141 dimensions, demonstrating therefore the effectiveness of this procedure to obtain
the spectral problem and a plethora of soliton-like solutions for such models. The
continuation of this research is depicted in the next Chapter, where this theoretical
machinery has been generalized, extended and adapted in order to study nonlinear
integrable systems with an additional spatial dimension, i.e. in 2 + 1 dimensions.
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Chapter 4

Applications to PDEs in 2 + 1 dimensions

This Chapter constitutes a continuation of the preceding ones, dedicated to the ap-
plication of the theoretical foundations exhibited in Chapter 2 for various integrable
models in 2 + 1 dimensions.

While the treatment concerning integrability and the obtention of spectral problems
is analogously developed to the case of 1 + 1 dimensions, the incorporation of extra
dimensions exerts a significant effect on the characterization of soliton solutions for
such kind of systems. Additional spatial dimensions enable the formation of a richer
class of novel soliton-like structures. More precisely, we find of particular interest the
solutions known as lumps or lump solitons. Generally speaking, lump solutions are
framed within the category of rational-like solitons, and they behave as localized wave
configurations that decay to an asymptotic value in all the spatial directions. Lump
solutions were first reported in the Kadomtsev—Petviashvili I (KP-I) equation [287],
and later studied in [168, 230, 283, 370]. Subsequently, countless standard PDEs
in soliton theory have been found to admit this kind of solutions, such as several
generalizations of the NLS equation in 2 + 1 dimensions [161, 370, 393], the BKP
equation [188], the Davey—Stewartson II (DS-II) equation 38|, multidimensional sine-
Gordon equation [316], the Ishimori I equation [226] or the Toda lattice in 2 + 1
dimensions [277].

This Chapter is devoted to the study of two integrable systems in 2 4+ 1 dimensions
and the characterization of their soliton solutions of lump-type. Section 1 addresses
the integrability analysis of a multi-component NLS equation in 2 + 1 dimensions.
This PDE can be regarded either as one possible generalization of the Manakov sys-
tem [286] to 2+ 1 dimensions or as a vector generalization for the Fokas system [167].
Its integrability is fully explored by the obtention of the associated spectral problem.
Moreover, lump solitons can be directly constructed, with the consequent analysis
of their dynamics. These solutions are proved to exhibit an analogous behaviour to
the soliton configuration in 1+ 1 dimensions, either in terms of propagation or inter-
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

action. The research associated to this Section is partially enclosed in the author’s
publication |25]. The corresponding Lie symmetries and similarity reductions for this
nonlinear system, obtained in [24], have also been studied in this manuscript, which
can be consulted in Subsection 2.2 of Chapter 6.

Section 2 aims to investigate the so-called generalized Nizhnik-Novikov-Veselov (NNV)
equation, which constitutes a symmetric generalization of the KdV equation to 2+ 1
dimensions [53,54,317,391,392]. This equation, as other generalizations to higher
dimensions of KdV, such as the Kadomtsev—Petviashvili equation [231], is integrable
via the IST method [3, 53, 54] and present a wide spectrum of soliton-like solu-
tions [255,280,336,347,436|. The integrability of this equation is reviewed by means
of the Painlevé test and a Lax pair is easily obtained as a consequence of the ap-
plication of the SMM. We then exploit this formalism and employ the Darboux
transformation approach to generate lump soliton solutions of diverse kinds, whose
dynamics is deeply investigated. This Section is based on the research presented
in [29].

1. Multi-component NLS equation in 2 4+ 1 dimensions

This first Section will be focused in the study of the (2 + 1)-dimensional multi-
component nonlinear Schrodinger equation

1o+ Qg +2my a0 = 0,
—iai + afm +2m,al =0, (4.1)
(my + aaT) =0,
x

where a(z,y,t) = [a1(z,y,t), az(z,y,t)]" is a two-dimensional vector whose com-
ponents are complex functions depending on two spatial dimensions (x,y) and one
temporal dimension ¢. The vector af denotes the conjugate transpose of a and
m(x,y,t) is a real scalar function related to the probability density a - a' through
the third equation in (4.1).

The reduction x = y in (4.1) yields the Manakov system [286], which is often called
as vector NLS system [8]. Integrability properties of this Manakov system and its
Painlevé Property are described in references [282,404|. Different generalizations of
this Manakov system with linear derivative-type terms and their solutions have been
recently studied by the author of this manuscript in the previous Chapter, Section
1 and references [26,124].

Furthermore, (4.1) constitutes a multi-component generalization of a system that
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

has been discussed by several authors [76,167,348|, sometimes referred as the Fokas
system, whose lump solutions have been extensively studied in [160,161,351,393].

1.1. Painlevé test and integrability

It is easy to check whether or not (4.1) has the Painlevé Property. The existence of
such property requires that all the solutions of (4.1) are single-valued in the initial
conditions. This requirement means that the fields {e, al, m} should be expanded
as the Laurent expansion

oo oo
a1 = Zajw_ﬁa a.{ = Za;qb]_ﬁ’
j=0 '

7=0
o0 . o0 .
az =Y b/, af = Zb%b]_'y? (4.2)
=0 §=0
0 .
m=> ¢,
=0
where ¢(z,y,t) = 0 is the manifold of movable singularities and the coefficients

a;j(z,y,t), a;[-(x, y,t),bi(z,y,1), b}(x, y,t),cj(z,y,t), Vj are still to be determined, to-
gether with the indices of the expansion f3,~,d.
Substitution of (4.2) in (4.1) provides polynomials in powers of ¢ that should vanish.

It results in five recursion relations for the coefficients of the expansion {a;, a;r-, bj, b;r-,
¢;}, for a proper value of j.

1. A leading-order analysis easily provides

f=y=0=1,
ag = A1de,  ab = Alel, b= Asg., Bl = ALl o= ¢,
such that
ALAT + 4,40 = jy (4.3)

The latter expression among the different coefficients indicates the presence of
a resonance at j = 0, as it will be proved later.

2. The recursion relations among the coefficients retrieve the following resonance
condition

PE-DG-3°G -G +1) =0, (4.4)
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

which yields eight resonances, located in j = {—1,0 (triple), 1, 3 (triple), 4}.
The usual resonance in j = —1 reasserts the arbitrariness of ¢, whilst the triple
resonance in j = ( indicates that three of the four coefficients at constant level
{44, AL Ag, AE} should be arbitrary.

3. The calculation regarding the validation of the resonance conditions can be
easily performed with MAPLE. It is found that {ayo, a:g, bo, a1, as, a};, bs,as} are
arbitrary coefficients and then the resonance conditions are identically satisfied.
Therefore, we can conclude that the system of PDEs (4.1) has the Painlevé
Property.

1.2. The singular manifold method

The relation between integrability and Painlevé Property is an extremely interesting
topic. The existence of a Lax pair is usually considered as the best proof of the
integrability of a nonlinear PDE. The issue concerning the identification of such
spectral problem is a nontrivial matter that can be approached through the SMM
[410]. The SMM is based on the truncation of equation (4.2) at constant level, of

the form .
SEPND Al¢x N A
et} + 4 (al)—(a1>+ 6
T
) _ o, A2 o\t _ (ot Axds (4.5)
ot () - o)
1) _ 00 4 @=
m + —
¢’
such that A; AT —|—AQAT . The vector a9 = ( [10} [20}) ! and the scalar field m/©
are the seed fields, whilst am = (a[ll],oz[21> and m!Y are the iterated ones. The

truncation (4.5) can be therefore considered as an auto-Bécklund transformation
between two solutions of the same initial problem (4.1).

Substitution of (4.5) in (4.1) yields five polynomials in powers of ¢, where each coef-

ficient should identically hold. At this point, it is extremely convenient to introduce
the following quantities [141,148|

_ ¢:c:c o th o d)y
- T r=-—— q= -
that generalize to 2 + 1 dimensions the homographic invariants defined in (2.22)

and (2.23). The associated compatibility conditions for those definitions, given by
the identification of the cross derivatives ¢urt = Gtzz, Pray = Gyzx and ¢y = Pyy,

(4.6)
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

trivially yield
UVt = (rm + T'U)x ) Uy = (qyc + qv)x ) Ty = qt + qre — qz7, (4'7>

which can be understood as an extension of relations (2.25) to 2 + 1 dimensions.

Expressions of the fields in terms of the singular manifold
The introduction of (4.6) allows us to write, after performing some symbolic com-

putations with MAPLE, the seed fields a!% in terms of the singular manifold in the
following form

W= () <v+2ir)7 (o) == (1) - <”‘2”>, (4.80)
ol = _<A2)z A, (UZ”’> 7 (ag)])T _ (Ag)m — A (U ;”) . (4.8b)

2, .2
m?]:—1<vx+v tr +/7“td$>- (4.8¢)

4 2

Singular manifold equations

Truncation (4.5) therefore implies that the coefficients Ay, AJ{, Ao, Ag and ¢ should
now satisfy some nontrivial equations, the so-called singular manifold equations. The
expression for the coefficients can be listed as

—i(Al)t - <A1>m + A (w +z'rx+2mgf}), (4.92)
i (A’{)t - (ADM + AL (02— ire +2ml?), (4.9b)
_ (AQ)t - (AQ)M + A, (w Virg+2 mgﬂ) : (4.9¢)
i (A’;)t - (A;)m + 4 (02— ire +2ml?), (4.9d)
such that the relations for the homographic invariants {r, ¢} read
g = A1 Al + 4,41, (4.10a)
/ry dv = —qr+i|(A1), Al = Ay (A)] + (42), A — 4o (A2)1] . (4.100)
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

1.3. Spectral problem

Equations (4.8) and (4.10) can be linearized (cf. [138]) through the introduction of
three complex functions {¢(z,y,t), x(x,y,t), p(x, y,t)} and their conjugates {11 (z, y,
t), X' (x,y,1), p'(,y,1)}, such that

f f
_X P_X _r PP ,,
A = m Al = o Ay = Al = o (4.11)

Then, the expression of the variables {v,r, ¢} in terms of this new triad of functions
{1, x, p} can be written as

R oY

: i 4ot
_ Vs Ya T:Z.(@bx_sz)’ :W, (4.12)

Spatial part of the Lax pair

Substitution of the definitions (4.11)-(4.12) in equations (4.8) and (4.10b) trivially
yields the spatial part for the spectral problem for (4.1), as

1 T
vy == (o) x = (") p,
o =~ o, (4.13a)
Pz = _a[QO} ¢7

and its complex conjugate

y
xh=— (a[10]>T Y, (4.13b)
ph=- (a[zol)TwT-

Temporal part of the Lax pair

A similar result arises from the substitution of equations (4.11)-(4.12) in (4.7) and
(4.9), which in combination with (4.13) successfully provides the temporal part of
the Lax pair as

Q;Z)t = _Z.T/)mx - 27fm;[zo] 1/17
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

Xt = —i [a[lo]} X+ il y,, (4.14a)
pr = —1 [oz[Zo]} N p+ ioz[QO} P,
and its complex conjugate
vl = i, + 2iml) g,
Xi=i {(oﬂf’])T] X —i (oa[lo])T ne (4.14b)

T

pl=i {(a[zo])T] pl—i (a[lo])Twi-

It is immediate to test that the compatibility among equations (4.13) and (4.14)
retrieves the initial (2 + 1)-NLS system (4.1). Thus, the system of linear PDEs
(4.13)-(4.14) can be regarded as a three-component Lax pair for (4.1).

Eigenfunctions and the singular manifold

The relation between the singular manifold ¢ and the eigenfunctions {v, x, p} can
be easily established by combining (4.6) and (4.12), providing the following exact
derivative

dg =yt du+ (xx"+ppt) dy+i (wol - vl v,) at (4.15)

The role of the spectral parameter

It is worthwhile to notice the absence of a spectral parameter in this spectral problem.
This circumstance is as a direct consequence of the fact that no additional arbitrary
element (that could act as the spectral parameter) arises in the linearization pro-
cess of the singular manifold equations (4.9) and (4.10). Nevertheless, the explicit
presence of a spectral parameter in the associated linear problem is not mandatory
for Lax pairs in higher dimensions, as it is evidenced in the literature [247]. Neither
does this situation affect the computation of solutions through the Darboux trans-
formation approach, as it has been extensively illustrated in [138,148,151,159, 161].

As it was shown in Section 3 from Chapter 2, Lax equations are invariant under
similarity transformations and it is possible to construct gauge transformations such
that the spectral problem is properly introduced. The inner question concerning
the removability of the spectral parameter or the consideration of non-parametric
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

Lax pairs is a controversial topic that has been addressed by several authors [291]
and the references therein. Another different approach regarding this matter lies in
the use of group techniques. The introduction of a spectral parameter in a linear
problem without spectral parameter through one-parameter groups of Lie symmetries
was proposed by Levi et al. [270,271|. This group interpretation of the spectral
parameter has been subsequently studied by several authors [84,85,87,252,290,291].
In particular, it is possible to combine these techniques with the SMM approach to
introduce the spectral parameter in linear problems in 2 4+ 1 dimensions [149,152].

1.4. Darboux transformations

Let the vector alfl = (a[lo},ago])T and the scalar field ml% be a seed solution for

the initial multi-component NLS system (4.1). Let {1, x;,p;}, 7 = 1,2 also be two
different sets of eigenfunctions for the linear problem (4.13)-(4.14) associated to this
seed solution, which explicitly reads

<¢j>y = - (a[lo])T Xj — (04[20}>T P> (d}j)t = —z’(zﬁj)m — 2iml% 4,
(XJ)QC = —a)) ¢, (Xj)t ——i [a[l‘”]x x; + ial” (wj)w, (4.16)

()=t ()=~ ().

and where its complex conjugate is given by

i wﬂ + 2im{ !,

Trxr

(#), = ol ol (u),
(), = (el)' s} (), =] (a) ] =i (o) [ul],  cam

(1), = () o} (1), =4 [(@8")] s (o) [ul].

with j = 1,2 and the subindices {z,y,t,xz} denote the partial derivatives with
respect to the corresponding variables.

We are also able to introduce two singular manifolds ¢;, j = 1,2 following (4.15), as

dg; = vy vfdu+ (xix) +piol) dy+i [w; (vl) —wl () | ar (11y)
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

First iteration

The Painlevé truncated series (4.5) may be expressed in terms of the seed eigen-
functions {4, xj,p;},7 = 1,2 and the singular manifold ¢, giving rise to the first
iterated fields {a!, m[1} as

1 T
n o, xa¢ anNt oot xaatr
=X () (a2
i T
n_ o), Py o\t _ (T, At 4.19
Qg —a2—|—¢1, <a2>—(a2>+¢1, ( )
1]l 4 (91 (¢1)
" 1

Proceeding in a similar fashion to the previous Chapter, we may construct the spec-
tral problem associated to the iterated solution {al!l, mM} defined in (4.19). Let us
define the corresponding eigenfunctions {112, x1,2,p1,2}, and their complex conju-
gates {1,[);2, XI’Q, pb}, such that the associated Laix pair reads

(1), =~ (o) o= () i (1), (one) il

<X1,2>$ = —06[11] P12, (X1,2>t =—1 [a[ll}] X1,2 + zal (¢1 2) ;
(p1,2>z = —aé” P1,2, <P1,2>t =—1 [Q[QI]LpLz + za2 <¢1,2)x,

(4.20)
and

(

<

I,2>y 04[1 ] X1 2 0‘[21} P1,2> (ﬂ Q)t =1 THQ} e + 2im£}] ﬂ 29
), =~ (el) vl (), =i )] xha—i () [uka].
(rl2) =~ (o) wl, (o), = [(8)'] ola=i(al)' [ula],

(4.21)
The introduction of these eigenfunctions allows us to straightforwardly define the

corresponding singular manifold ¢1 2, by the exact derivative

A/~
>0
—_—
[

1.2 = 129} odz+ (X1 X! 2t p12p 2) dy +1i [% 2 (¢I,2>$ - T/JI,Q (¢1,2>J dt
(4.22)

The spectral problem given in (4.16) and (4.17) can be interpreted [83, 141, 248]
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

as a system of nonlinear equations for the fields {am,mm} and the eigenfunctions
{¥1,2,x1,2, p1,2}. Hence, it is expected that these eigenfunctions may follow a similar
Painlevé expansion, constructed in a neighbourhood of the singular manifold ¢; = 0,
of the form

A1 AN A1s
=, X1,2=X2 — X1— 12=p2—p1—/—, 4.23a
™ ™ P P2 g ( )

where their complex conjugates are given by

P12 = P2 — Y

Al Pt AL P 4B

la=vi—vi=22  xlo=x-x{=2,  pla=sl-pl="2 (423h)
1 ®1 ’ b1

Substitution of (4.23) in their respective spectral problems provides the expressions
for the coefficients {A1 2, AJ{Q} as exact derivatives. Those results are subsumed in
the 2 x 2 A-matrix, defined as

dA; j = Pl do + (xf X; + ! Pj) dy + i [wj (wj)x — ] (¢j>x] dt,  (4.24)

for alli,j =1,2. If i = j, equation (4.24) reduces to expression (4.18), which implies
that A;; = ¢;, i = 1,2. If i # j, the identity A;; = Al holds.

The singular manifold ¢;2 can be expanded with a similar Painlevé series, of the

form
ANYACRT
)

P12 = P2 — ™

such that ¢ 2 satisfies (4.22) and the coefficients {Aq 2, Ay 1} are given in (4.24).

(4.25)

Second iteration and 7-function

Considering the fact that ¢q2 is the associated singular manifold for the iterated
solution al¥); we shall now construct the solution for the fields el by iterating
expressions (4.19), obtaining

T T
T T
a[lz] _ a[ll] n Xl; %,2’ (a[lz]) _ (a[11]> n X1£ ¢1,2’
1,2 1,2
T T
2 _ o, P2¥ie e\t ot PLa?e (4.26)
Qg =Qy + —/—, o' = |« + — ’
2 2 b1,2 ( 2 ) ( 2 ) ®1,2
(b1,2),

2] — 0] L Y he/e
m“= =mt 4 .
®1,2
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

The second iteration can be easily expressed in terms of the seed solution {a[o} , m[O]}
by means of relations (4.19), giving rise to the following results

2 [0] @Am X2 + @Z)IAQQ X1 — ;Am X1 — 1/JIA2,1 X2
a; =a; + pn ,
1,2

P31 2+ VT Do pr — Wi A2 p1 — YT AG 1 po
T1,2 ’

a[;] = 04[20] +

f A A —xiA — A
(a[12]> _ (04[10]) 4 XAl Y2 + 782291 — X321 %2 — X5Q12 1#17 (4.97)
71,2
( [2]>T _ ( [0})T P;Al,l o + PJ{AQ,z 1 — PIAQJ o — p;Al,Q ()
042 = a2 + )
T1,2
71,2
71,2
where the 7-function 71 2 has been introduced as
T2 = ¢1d12 = P192 — D120 1, (4.28)

with coincides with 71 2 = det A regarding definition (4.24).

1.5. Lump solutions

This Subsection is aimed at the characterization of lump soliton solutions for the
multi-component NLS system defined in (4.1), whose spectral problem is given in
(4.13) and (4.14). Solutions of this kind may be straightforwardly constructed in a
similar fashion of the standard procedure considered in the previous Chapters. The
major difference rests on the fact that lump solutions decay regularly and rationally
in all spatial dimensions. Therefore, the 7-function should present a polynomial de-
pendence in its constituent coordinates (z,y,t) in order to reproduce this behaviour
in the associated solutions.

1. Seed solution

Let us propose the following seed solution

ol — <g;> , (4.29)
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

where (1, B2 are two arbitrary complex constants. Henceforth, we will denote the

modulus of the seed solution ‘a[o} ‘2 as
= ‘Q[O]‘Q _ (a[o]>T , <a[o1> = 8181 + B3 ps. (4.30)
Then, the seed solution for the probability density mLO | reads
mld) =~ (al)" () = . (4.31)

. Figenfunctions

This seed solution implies that the spectral problem defined in (4.16)-(4.17) may
be written as

(o), = b (4),=~i(5)..
(Xj)w = —f1 ¢y, (Xj)t =if (%‘)m, (4.32)
(ps) = B2y, (bs), = 82(vs) .

and its complex conjugate

(@.)y = —Bix} = B2 pl, (%T')t =1 (%T)m
AR N e Y
H R

where j =1,2.

The key observation to construct the solutions for this spectral problem lies in the
fact that the linear system of PDEs constituting the Lax pair is fully decoupled in
the triads {#;, x;, p;} and {w;., X;, p;f.}, for 7 = 1,2. Therefore, the eigenfunctions
for the spectral problem (4.32)-(4.33) may be written as

¢](kj) = eij(x7y7t7kj) P[N] (ZE, Y, t7 k])v

B . _
Xj (kj) = _le 6k]R(w,y7t’kj) Q[N} ('Ia Y, t, kj)v

y (4.34)

Bo bRzt
pilkj) = =72 o FEvth) QN y. 1, ky),
J
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

and ~
Yl(hy) = e7halewthi) pIMl (g y ¢ 1),

Bl R in A
X (hy) = L eThiliewths) QMI(5 y ¢ 1),

h; (4.35)

T -
p;r(hj) = % e_th(x’y’t’hj) Q[M] (I‘, Y, t, h])v
J

for j = 1,2, where {kj, h;} are arbitrary complex parameters, N, M € N and
R(x,y,t,k;) is the linear polynomial

oo e
R(z,y, 1, k;) = R(k;) =z + 15y — ikjt. (4.36)
J

pI] (x,y,t, k;) and QW (x,y,t, k;) are polynomials of degree N in z that can be
expressed in the form

N N
P[N](x7y7t7 k]) = a’l(yvta kj)xla Q[N}(‘/an)takj) = Zbl(:%t, ,IC]')CCZ, (437>
1=0 =0

defined for N > 0 and where the leading coefficients in this representation can be
taken as ay = 1, by = 1 without loss of generality.

Substitution of the eigenfunctions (4.34) into the spectral problem (4.32) yields

recursion relations for the coefficients a;(k;), by (k;), I, =0,..., N —1 of the form
Oy .
Frimial (l+1) [27€jal+1 +(+2) al+2},
da
L= 2 (- a),
6y k’j
ab (4.38)
= —i(l+1) [2/<;jb,+1 T (1+2) bl+2},
ob I+1[0b
i By P
8y kj 8y kj
where the following identity holds
I+1
a; = + b1+ by, [=0,...,N—1, (4.39)

J

and we have the freedom to set ay = 1, by = 1, any11 = 0, byy1 = 0 for a
fixed N, and consider P[N}(O, 0,0,k;) = 0 for any N > 0. For example, the first
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

polynomials up to order N = 2 are given by

POz y t k) =1, (4.40a)

Q[O] (:Ua Y, t? k]) = 17

Pz y t,kj) = o — <2¢kjt + ;‘g) , (4.40b)
J

QM (z,y,t, kj)=a— <2i/€jt + /1712/ + ;) ;
j j

k
2
Ly
-2 (zt - k33> , (4.40¢)
J

J
? 1
. Hy
-2t ——=——].
3 2
( K 2@)

Moreover, the introduction of (4.35) in (4.33), combined with the subsequent
comparison with (4.38), allows us to establish the following relations for the poly-
nomials PM] (x,y,t, hyj), QM (x,y,t, h;) with the former ones

P,y t, k) = !x - <2ikjt + 'Zg)
J

1
Q¥ (z,y,t,kj) = [x — (%lzjt + % + h)
J

P[M]($7y7t7 hj) = P[M](:U:y: _ta_hj)7

. (4.41)

Q[M] ($, Y, t) hj) = Q[M} (‘Ta Y, _ta _hj)v
where PM] (x,y,t, hyj), QM (x,y,t, hj) defined in terms of the wavenumber h; are
the corresponding polynomials for eigenfunctions (4.34), satisfying (4.38).

Hence, the proposed solutions for the spectral problem, together with the re-
cursion relations defined above, allow us to obtain an infinite number of possible
eigenfunctions in terms of the integers N, M and the parameters {k;, h;}, j = 1,2,
which can be easily interpreted as wavenumbers.

The sole additional constraint to be fulfilled by the eigenfunctions (4.34)-(4.35) is
that the associated singular manifolds ¢;, j = 1,2 in (4.18), the product Ay 2A9 1
in (4.24) and, consequently, the 7-function in (4.28), should be reduced to poly-
nomial expressions in the independent variables (x,y,t). In order to achieve this
goal, equation (4.18) suggests the following relation between the wavenumbers
k;, hj for the eigenfunctions defined in (4.34) and (4.35)

kj = hy, j=1,2. (4.42)
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

T
Besides, from (4.36) it is easy to see that {R(m,t,y, kj)} =R (:c,y,t, —k}),
T
whilst equations (4.38)-(4.40) provide [P[N](:L',t, Y, k])} = pWV] (m,y, —t,k}),

.I.
[Q[M (z,t,y, kj)} = QW (x,y, —t, k;) Regarding these identities and in view
of relations (4.18), (4.24) and (4.28), the following reasonable choice arises

ky = —kI. (4.43)

Gathering these previous results, the eigenfunctions for the spectral problem
(4.32)-(4.33) associated to the seed solution (4.29) may be finally written as

1 = M) PN (g g 8 k), ol = e A0 PV g, —t, —ky),
181 k1 R(k N T BT k1R(k M
X1 = —?6 1hi(k1) Q[ ](xay)tukl)a X1 = kilei 1R(k1) Q[ ](l‘)y7 _ta_kl)a
1 1
B2 riR(ky) AIN - Y
pP1 = —?6 1R(k1) Q[ }(xayﬂfakl)a P1L = ?26_ 1R (k1) Q[ ](x7yv _tv _kl)a
1 1
(4.44)
and
7/’2 = e_kJ{RT(kl) P[M] (ZE,y,t, _lef)’ %ZJ; = ekJ{RT(kl) P[N] (ﬂj‘,y, _ta ler)v
b1 _kigt Bl gt
X2 = j € klR (kl) Q[M] (.’L’,y,t, _kI)a X; = _j eklR (kl) Q[N](x7y7 _t7 ki)v
1 1
Ii
P2 = @ e_kJ{RT(kl) Q[M] (.’B, Y, ta _kI)a P; = _& ekIRT(kl) Q[N] (i[f, Y, _t7 k'Jlf)a

K K

(4.45)

which depends on the complex parameter k; and the integers N, M > 0, where

R(k1) = R(x,vy,t, k1) is given in (4.36) and RT(k;) stands for its complex conju-
gate.

It should be worth noticing that this ansatz for the eigenfunctions is exclusively
written in terms of a unique wavenumber k1. This fact indicates that, despite per-
forming the second iteration for the fields and computing the 7-function 7 o, the
arising solution cannot be properly considered as a “two-lump solution”, since it is
not a two-soliton solution. Actually, the associated 712 will provide a one-soliton
solution displaying the interaction of a nontrivial number of travelling lumps of
the same amplitude which depends on the choice of the integers N, M. The ob-
tention of the proper two-lump solution would require the presence of two sets
of eigenfunctions with two different (and non related) wavenumbers ki1, k2. This
will yield the computation of the fourth iteration for the fields, with associated
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

7-function 71 234. An example regarding the analysis of the two-soliton solution
of lump kind for a nonlinear PDE in 2 + 1 dimensions is addressed in Section 2
of the present Chapter.

The ensuing Subsections are devoted to the characterization of the one-soliton
solution for the multi-component NLS system (4.1). Therefore, distinct lump so-
lutions will arise for different values of the polynomial degrees N, M. Hereafter,
the simplest three cases will be presented, corresponding to all possible combina-
tions for the choices N, M = 0,1, respectively.

1.5.1. One-soliton solution of type 0 + 0 (One lump)

This case of study corresponds to the elementary choice N = 0, M = 0. Then,
according to (4.36) and (4.40a), we have

POla,y 2t.k) =1,  QUz,y, £t k)=1, R(x)=z+ %y —it, (4.46)

where k can take any of the following values k = {+ky, ik{} The eigenfunctions in
(4.44)-(4.45) possess the expressions

1/}] - eijj7 Xj = _é eijj7 Pj = _% eijja
J J ‘
ﬁT BT (4.47)
T _ —k;iR; T _ M1 _—kjR; T _ P2 _—kjR;
wj_e ]]7 X_Fje ]J7 pj_?]e JJ7

where j = 1,2, R; = R(k;) and ky = —kJ{, such that Ry = R (—k{) = RI.

The integration of equations (4.18) provides the following polynomial expressions for
the associated singular manifolds
Hy

¢1=l‘—2ik1t—kf%, ¢ = x + 2ikit —

-
()"

where p = 61‘ b1+ Bgﬁg. We may thereupon compute the remaining terms of the
A-matrix following (4.24), whose integration provides

(4.48)

e—k1R1 o—k{R] ok R1 k] R

Ao =— T Ay = —
k‘l =+ kl k‘l + kl

(4.49)
If we set k1 = a1 + iby, ler = aj — iby, with a1,b; € R, expressions (4.48) and (4.49)
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

reduce to
2 12
a? — b2y 2a1b1py
¢1:[x_2b1t_((12+;2))2] @ ) o
a
1707 1T 07 (4.50)
o—k1R1 o~k R] ok1R1 k] R]
Aig =— ; Agq = ;
2&1 2(11

where ¢o may be computed as the complex conjugate of ¢1. Then, the corresponding
7-function defined in (4.28) is therefore given by

2

2a1b1py n

(a2 — )y L
- o m — (Ilt (401)
ay 1

Tio = |x — 2b1t —
[ T ()

2
4ag

which is a positive-definite polynomial expression of second degree in the independent
variables (z,y,t) with no singularities.

The second iteration for each component of the vector al? can be easily computed
via expressions (4.27). The lump profile may emerge by analyzing the probability
density of such second iteration, encoded in the scalar field mg] = — (cuam)T . (a[z])
by means of the third equation in the initial NLS system (4.1). According to (4.27),
the field mg] takes the form

mi2 = mlo) 1 [(712%} — 4 [(712)90} 7 (4.52)
71,2 y 71,2 y

where 7 2 is given in (4.51). Figure 4.1 displays the lump soliton solution mg] defined
in (4.52), which represents a localized travelling rational structure propagating along
(af—303)py

(a2 +2)’ =0, as it will be shown later.

the direction x —

Asymptotic behaviour

It is possible to perform the following Galilean transformations

2_3b2
$:X+Uxt, /Ux:ba
b1 (4.53)
N}
(@9 4y !
= —-——— v s V), = —
Y 0 Y v

such that the 7-function in (4.51) is expressed as
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2
2= [X = (a} = 8]) Y]" + [2aitrY] + . (4.54)
1

1

)

This 7-function retrieves a lump configuration of the form

o {X B (a%+b%)2Y:|2 B [2a1b1(a%+b%)yr "
m,2)x
[ 71,2 :|Y

a?—b3 a?—b? = 4a;
which corresponds to a static lump, with similar profile to the one displayed in
Figure 4.1, centered at the origin of the XY -plane, with constant amplitude Ay =
(3a3-43)"s
(af+02)"

2 27
(0 (@ =) v)+ (2amy) + 2]

Figure 4.1: One-soliton solution of type 040, mLZ], with By = Pa =1, a1 = %, b = %

The direction of propagation of the travelling lump associated to the 7-function
(4.51) can be easily obtained by balance of the dominant terms depending on ¢.
According to (4.53), the spatial coordinates in the asymptotic regime behave as

a2—302 (a2+02)

2 o912
r ~ 2Lt y ~ ~———"t which retrieves the relation z — @31y _ () in the
b1 ’ b1 )

(a2+02)°
zy-plane as the direction of propagation of the corresponding solution.

1.5.2. One-soliton solution of type 0 + 1 (Two lumps)

A new class of lump solutions can be derived by setting N = 0 and M = 1. In
accordance with (4.38) and (4.40), the associated polynomials up to first degree are
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4.1. Multi-component NLS equation in 2 4+ 1 dimensions

PO =1, QU =1, (4.56a)

1
P =g — (2ikyt+ 27 QW = pll _ = (4.56b)
ks k1
where we have omitted the explicit dependence of the polynomials in the coordinates
and the wavenumber k; for simplicity. Then, the associated eigenfunctions in (4.44)-

(4.45) read

wl — ek1R1, Xl — —%leRl, Pl — _%ek&}ﬁ’
1 1
T Ii
wI — P[l] €*k1R1, XJ{ — & P[l] + i 6*k1R1, pI _ & P[l] + i eiklRl,
k1 k1 k1 k1
T _ptpt 1\ _pipt 1\ _ipt
g = (P[l]) e k1R17 X2 = ’871 (P[l] -+ k) e k1R1’ p2 = 57? <P[1] + k) e k1R1’
ky 1 kq 1
T T
6 = MRl =~ il o= — 22 il
kl kl

where Ry = R(z,y,t, k1) is given in (4.36) as Ry = = + % — ik1t.
1
The different elements of the A-matrix have been defined in differential form in

(4.24), whose integration yields

1 2 2 2 9,9v,2 201 (a%—Sb?) t

(3a7 — b) (b1Y +1)

) 2a1b1<X — (af - b%) Y>Y+t+

a? + b2 ’
$2 = ¢}, (4.58)
A = — X - (a2 — b2) Y + = : + 4a3b3Y? + L e~k B1o—k] K]
’ 2a1 b 2a1 i 4a? ’
ok R1 k] R
A2,1 = T oq.
a1

where we have selected k1 = a1 4+ ib; and the expressions have been written in terms
of the coordinates (X,Y") introduced in (4.53). The 7-function now is given by

2
1 2 9 2 9,9v,2 201 (a% - 3b%) t
2 =] [(X — (a? - 0}) y) — 4d203Y% — i E Yoo
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2
3a? — b2) (1Y + ¢
+ |2a1b1 (X — (af — b)) Y>Y+t+ (Bai a;zr(b; ) (4.59)
1 1
+ A (x - (a2—b2)Y+i 2+4a2bQY2+i
4a3 L 2a1 1 4a3 |’

obtained by direct substitution of (4.58) in (4.28). It is worth stressing that 7o
is a positive-definite polynomial expression of fourth degree in (X,Y) and second
degree in t with no zeros for any value of the parameters. The lump soliton solutions
T
therefore arise from equation (4.52) by the computation of mg] =—u+ [(12)95] )
T1,2
2y
where now 71 2 is given by (4.59).

Asymptotic behaviour

With the aim of better characterizing the resulting lump solution, we shall analyze
the asymptotic behaviour of such solution. In order to achieve this, we propose the
following transformation

A

X=X+ (ct)2, Y=Y+z(ct)?, (4.60)

D=
N

such that 71 2 in (4.59) is a polynomial expression of second degree in all the indepen-
dent variables (X,Y,t) and where ¢, z are arbitrary parameters to be determined.

From expression (4.59), it is immediate to note that 71,9 ~ O(t?), whilst (71,2), ~
(7-172))(
T1,2
the highest powers in ¢ of (4.59) vanish, and then this limit may become nonzero.
The imposition of such condition allows us to obtain the following relations for the

coefficients ¢ and z,

O(t) in the limit ¢ — #oo. This trivially retrieves lim [

= 0, unless
t—+o0 v

- 201 2l 1
C by (a}+02) [(af —b3) 2 —1] 2 2oy 2% (a3 +b3)
whose solutions are
c=—t [t + 6202 — 361 + 5 (a2 + b2)2 (a2 + 9b§)ﬂ , (4.61)
4a1b1
1 2, 12 4 2,2 4 1
by v [— (a3 +83) + 5 (al + 100303 + 901) 7] (4.62)

where s = £1. This asymptotic analysis retrieves two possible solutions for the set

142



4.1. Multi-component NLS equation in 2 4+ 1 dimensions

of parameters {c, z}, which indicates the existence of two privileged directions for
transformation (4.60) in the asymptotic limit.

In this case, the dominant terms in 712 behave as

2 a72y .72
ma [(1= (=) )%+ ( (6! = 603t} + ) = — af +22)¥ - WLT 20
ay + by

_|_
a%—l—b%

2a1blzf( + 2a1b; (1 — 2z (a% — b%) )Y +

1 2, 12\2 2 2 _ 12
—i—@ [(a1+bl) z —2(a1—b1)z+1],
1

(4.63)
which corresponds to a single static lump, presenting a similar profile of solution
(4.51). The derivation of this solution, in combination with results (4.61), allows us to
conclude that the one-soliton solution obtained in (4.59) will display the interaction
of two nonlinear waves of lump-type with the same amplitude travelling along the
linesY =Y +2 (X — X), where the values of z are about to be specified thereupon.

The illustration of such behaviour may be found in Figure 4.2.

The explicit asymptotic behaviour of the solution under consideration can be char-
acterized as follows. The corresponding analysis depends on the sign of the constant
¢, which is given by the sign of the product ai1b; and the value of s. Assuming
a1b; > 0', the asymptotic analysis reads:

o At t— —oo, transformation (4.60) is well defined for ¢ < 0, which is equivalent to
consider s =1 in (4.61). The corresponding value of z results in

1

1
SR (@) [— (af + %) + (af + 10aib; + 9b7) 2] > 0. (4.64)
1 1 1

zZ_

Therefore, there exists two lump-like waves that approach along the direction
defined by Y =Y + 2_ (X—X).

e By an analogous analysis, at t — oo, ¢ > 0 which implies s = —1, yielding
1 2, 12 4 272 43
Zy = — aj +b7) + (a7 + 10a7b] + 9b 2}<O, 4.65
T TR (@) [( 1+01) + (4 b1 + 9b7) (4.65)

n case a1b1 < 0, the criteria regarding the choice of s should be the opposite, and consequently,
the asymptotic directions are switched and the motion of the lump solution is reversed.
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such that Y =Y + 24 (X - X > defines the asymptotic direction followed by the
two lumps when moving away.

The scattering angle between the lumps, understood as the angle formed by the
two asymptotic directions, is given by

1
(af + 10aib? + 9b7)2

4.66
1= 282 (2 + 52) (4.66)

tan g =

Figure 4.2 displays the one-soliton solution obtained from mg] with 7-function (4.59)
at different times. It is worth stressing that, despite the fact that this solution has
been computed as a one-solution solution, it presents two components of lump-type
with equal conformation.

(a) (b) (c)
Figure 4.2: One-soliton solution of type 0+ 1, mg[f], with parameters 51 = 1,082 =1,
a1 =1, by =2, at different times: (a) t <0, (b) t =0 and (c) t > 0.

The pictures reflect the interaction of those lump components, of asymptotic profile
(4.63), such that they gradually approach to each other (Fig. 4.2a), converge at the
origin in ¢t = 0 (Fig. 4.2b) and then drift apart (Fig. 4.2c¢). The sole effect of the
interaction over the travelling lumps lies in a shift on their propagation directions
given by (4.66).

1.5.3. One-soliton solution of type 1 + 1 (Three lumps)
The last class of lump solutions to be analyzed for this example corresponds to the
choice N = 1 and M = 1. The associated polynomials P (z,y,t, k), QM (z,y,t, k1)

for this case are given in (4.56b), which clearly satisfy (4.38). Expressions (4.44)-
(4.45) therefore give rise to the following eigenfunctions
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1 1
o= PR (P D) e () e
.i.

T — P[l} —k1 Ry T Bl P[l 1 —k1Ry T — 72 P[l} i —k1 Ry

t _ptgt T gt 1\ g

w2 — (P[”) e k1R1, X2 = ’671 (P[l] + kl) e k1R{’ p2 = ’lf? < [1] + kl> e k1R1’

f 1! 1\!
W) = (P[ll) HMRL = i} < _ kq) L g ii < n_ kq) MR
(4.67)
where R1 =« —|— — ik1t, RI = s 1t, from (4.36).

i (+)

Following (4.24), the associated singular manifolds ¢, ¢2 and the elements Aj 2, Ag
are given by

3

X—(a%—b%)Y} 4 @212 | 34

_ B oy (.2 g2 o ay —6atbi + by t
1 = ; 10303 [X — (aF = 83) Y|y T <Y+ b1>
4aq (a% — b%) (b1Y + t)

(af +03)*

+ 2a1b1 (X — (CL% — b%) Y)ZY —

)

L [_ 8a3b3Y3

P2 = ¢y,
1 1\? t Rt
Ay =—g - [(X —(af =0} Y + 2a1> + 4aibiY? + i e Fifl kil
1 1)° t ot
Agy = 3 [(X —(af —b7) Y — %u) + 4a2b3Y? + 1a? kb ghi Ry

(4.68)
where k1 = a1 + ¢b; and the coordinates (X,Y") can be found in (4.53).

Hence, the 7-function (4.28) reads

day (=B (Y +1)]
(a3 +b?)°

Ra3b3Y3
T2 = l— k!

2
+ 201y (X — (a2 = 83) V) ¥

3
(X - (a? - b%) Y) at — 6a%b? + vt t
_ 2 (2 g2 2 O 101 1
+ 3 4a1b (X (a1 b1) Y)Y —(a% b%)2 <Y + b1)
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1

1
4a?

2
n [{(X — (a2 —B)Y) + 4a§b§Y2} +ARY? 4 ] (4.69)
ap
which is a positive-definite polynomial of sixth degree in (X,Y") and third degree in

t. Moreover, it possesses no zeros.

Asymptotic behaviour

The asymptotic analysis should follow in complete analogy to the previous one. In
order to study the behaviour at ¢ — %00 of the solution arising from (4.69), we shall
introduce a transformation of the form

ol

X=X4(t)s, Y=Y+z(ct)s, (4.70)

where ¢, z are arbitrary parameters to be determined such that the highest powers
in t of (4.69) identically hold. This condition immediately retrieves the following
equations for ¢ and z,

B 6(&%—5%) (4 7],>

Ty (@ 07) (07— 307) (307 — 03) 22— 6 (a] —07) 2 + 3] 2 o
2 12

23— 52 + 2 (01 — b3) =0. (4.71b)

(af+81)"  (a+03)"

Expression (4.71b) defines a depressed cubic equation for z, which is proved to have
three real roots of the form [376]

2 2
ay — by
a%—kb%

2 < 0 2xl
2 = =

_f z . with 0= - , 1=0,1,2. (4.72
a%+b% CcOos 3—1— 3 > w1 arccos( > ( )

The substitution of any of these three values for z provides a unique value of ¢ by
means of (4.71a). This analysis results in three solutions for the set of parameters
{¢, 2z}, which implies the existence of three asymptotic directions given by Y =

Y+ (X—X) 1=0,1,2.
Then, the asymptotic behaviour of 712 in (4.69) is
T ~ {( (ai1 — 6aib? + bzll) ) (a% — b%) z+ 1)X
72
_( (a2 — b2) (a? — 140202 + ) 2% — 2 (a? — 60262 + bY) 2 + a? — bf)y}

~ ~12
+4a36? [2(1 = (af = 13) 2) =X + ( (o — 303) (303 — 1) 2 — 4 (o} — 4}) 2 +1) Y]
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4.2. Generalized Nizhnik-Novikov-Veselov equation

9ai — 14a3b? + 9b?

1 4 272 2\ .2 2 2
+— (9a1 + 2a7b] + 9b1) z° — 18 (al — bl) z+ (a% n b%)2

2
4ay

: (4.73)

which represents a static lump. Thus, the 7-function (4.69) gives rise to three equal
components of lump-type, which travel along the lines Y = Y + z (X —X ), with

z1, 1 = 0,1,2 given in (4.72), and possess the ability to interact among them. The
behaviour of this solution may be appreciated in Figure 4.3, where the lump waves
come closer to each other (Fig. 4.3a), coalesce at the origin in t = 0 (Fig. 4.3b) and
then they move away (Fig 4.3c¢). It is also worth mentioning that in this case, the
lump solitons display no scattering upon interaction.

I

(a) (b) (c)
Figure 4.3: One-soliton solution of type 1 + 1, mz[/2], with parameters B = 1,05 =1,
ayp = 1, by = 2, at different times: (a)t <0, (b)t=0 and (¢)t > 0.

2. Generalized Nizhnik-Novikov-Veselov equation

Korteweg-de Vries (KdV) equation [249] is one of the most famous (14 1)-integrable
models in the realm of soliton theory and Mathematical Physics, widely studied
in literature |3, 130, 183,263, 303, 304, 373,426]. Among the several generalizations
of KdV, we are interested in its integrable extensions to higher spatial dimensions,
particularly to 2 + 1 dimensions. One of the first integrable generalizations of KdV
is the ubiquitous Kadomtsev-Petviashvili (KP) equation [231]|, which is known to
share several of the truly remarkable properties with its one-dimensional counterpart
[3,131,168,213,230,283,287,301,307,370].

Another renowed integrable generalization of KdV to 2 + 1 dimensions is the so-
called Nizhnik-Novikov-Veselov (NNV) equation, first introduced by the authors in
[317,319,391,392|. Boiti et al. solved this equation by the IST method and obtained
a weak Lax pair in the subspace of coordinate space [53,54]. Furthermore, a plethora
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Chapter 4. Applications to PDEs in 2 + 1 dimensions

of soliton-like solutions [360, 384, 407| and other kinds of localized structures [255,
280,336, 347,436] have been found for this system via different procedures. Besides,
the boundary value problem for NNV equation has been studied in [360], Moutard
transformations [44] and auto-Bécklund transformations [403] have been used to find
new exacts solutions, and a superposition rule has been given in [219].

This Section addresses the analysis of a generalized Nizhnik-Novikov-Veselov equa-
tion, understood as a symmetric generalization of the KdV equation to 2 + 1 dimen-
sions, given by

Ut + QUggy + Dliyyy + cugy + duy — 3a(uv), — 3b(uw)y = 0,
Uz = Uy, (4.74)

Uy = Wy,

where a ,b, c and d are arbitrary parameters. This equation, known to be completely
integrable, has been investigated in [255,347|, where exponentially localized solutions
have been generated and their dynamics has been analyzed.

By introducing the change of variables,

c d
U = 2Myy, v = 30 2Myz, w = 3 2muyy, (4.75)
the system of PDEs given in (4.74) is transformed into the following nonlinear dif-
ferential equation

Mayt + @ (Mazzy + 6MaeMay), + b (Myyye + 6myymyg,), =0, (4.76)

Y

where m = m(z,y,t) is a scalar field.

2.1. Painlevé test and integrability

An integrability analysis for (4.76) can be easily performed by means of the Painlevé
test [417]. The field m is then required to possess a generalized Laurent expansion
of the form

m(z,y,t) = Z ajq}j_o‘, (4.77)
j=0

in a neighbourhood of the singularity manifold ¢(z,y,t) = 0. a;j(z,y,t), Vj are the
coefficients of the expansion, about to be determined, and « is the leading index
of the expansion. A preliminary inspection of the dominant terms at leading-order
immediately provides @ = 0. According to the procedure illustrated in Subsection
2.1 of the previous Chapter, expansion (4.77) should be slightly modified as
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m =g log(¢) + Y _ a;é’, (4.78)
j=0

in order to incorporate an additional logarithmic term in the series such that the
WTC method is prospectively applicable to equation (4.76).
1. A leading-order analysis results in
T?L()(x, Y, t) = 17 (479>

which is uniquely determined, and therefore, (4.78) has one branch of expan-
sion.

2. The associated resonance condition is given by

G+ -G =2)G -4 —6) =0, (4.80)

which yields five resonances, among which the resonance in j = —1 accounts
for the arbitrariness of the function ¢.

3. The resonance conditions for j = 0, 1,4, 6 identically hold, successfully retriev-
ing the coefficients ag, a1, a4, ag as arbitrary.

Thus, we shall conclude that equation (4.76), and consequently the initial system
(4.74), passes the Painlevé test and then, it is precise to consider both of them as
integrable systems.

2.2. Singular manifold method and spectral problem

According to the SMM [410], the truncated expansion arising from Painlevé analysis
for the field m should be

m = ml 4 1og(¢), (4.81)

which can be regarded as an auto-Béacklund transformation between two solutions
for the initial equation (4.76), the seed solution ml% and the iterated one m!.

Substitution of relation (4.81) into the starting problem (4.76) yields an expression
in negatives powers of ¢. The procedure to adopt in this Subsection has been subtly
modified in order to properly grapple with the arising singular manifold equations.
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Since (4.76) is symmetric under the interchange of (z,a) <> (y,b), it is therefore
reasonable to suggest the ansatz

¢t = CLGa(IE, y7t) + bi(SU, y7t)7 (482)

such that the terms in a and b cancel independently. If we substitute now relation
(4.82) into the singular manifold equations, we obtain two polynomial expressions
in powers of ¢, with separated contributions of terms in a and b, respectively. If
we require all the coefficients of these polynomials to be zero, after some algebraic
manipulations handled with MAPLE, the following results arise

Ga = —buaa — 66smll), Gy =~y — 66yml), (4.83)

where the remaining contributions to the singular manifold equations can be inde-
pendently integrated as

0 2
P BN i) + ) [ (L) de =0, (484
0 2
W + Ha() +Hl(;p)/ ((f) dy =0, (4.85)
Y Yy

being H;(z), K;(y) for j = 1,2 arbitrary functions.
The compatibility of equations (4.84) and (4.85) yields

Hl(x) = 07 HQ(x) = 07 Kl(y) = 07 K2(y) = 07 (486)
and therefore
bay + 20mlY = 0. (4.87)

This latter equation, when combined with expressions (4.82) and (4.83), finally pro-
vides

61+ (G + 600l ) +b (D + 60,mll}) = 0. (4.88)

It is immediate to verify that equations (4.87) and (4.88) constitute a Lax pair for
the generalized NNV equation defined in (4.76). The above spectral problem is in
sharp contrast to the notion of weak Lax pair postulated by Boiti et al. for this
equation [53,54].

As it has been illustrated, the associated linear problem in this case straightfor-
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wardly arises from the direct integration of the singular manifold equations. The
introduction of additional variables as an intermediate step to linearize these equa-
tions has not been needed, and hence, the singular manifold ¢ will play the role of
the eigenfunction in this spectral problem. It is also worth mentioning that this Lax
pair does not explicitly possess a spectral parameter. This novel scenario will require
to consequentially adapt the Darboux transformation approach” in order to derive
solutions for (4.76), as it is described in the following paragraphs.

2.3. Darboux transformations

Let us consider two singular manifolds ¢;, ¢ = 1,2 that behave in turn as eigenfunc-
tions for the spectral problem (4.87)-(4.88) with seed solution m!%, i.e.

(B1)ay + 20imb) = 0,
(@0)c +a [ (90)azs + 6(60)emllL]| +b [ (61)y +6(61)ymfy] = 0.

fori=1,2.

First iteration

The truncated expansion given by equation (4.81) can be regarded as an iterative
method to construct new solutions for the initial equation (4.76), such that an iter-
ated solution m!! can be obtained from the seed solution m!%, as

mt = ml% 1 log(¢y). (4.90)

We should now denote ¢1 2 as the corresponding eigenfunction for the iterated solu-
tion m[Y, which satisfies the spectral problem

(¢1,2)xy + 2¢1,2m[x1; = 07

0] ] (4.91)
(d1,2)t +a |(91,2) w2 + 6(¢1,2)Imxx:| +b [(¢1,z)yyy + 6(¢1,2)ymyy} =0.

This Lax pair (4.91) can be considered as a nonlinear system in the fields and eigen-
function together. It means that the truncated Painlevé expansion given by (4.90)
should be combined with a similar expansion for the eigenfunction ¢1 2, of the form

2 Actually, the computation associated to the Darboux transformation procedure will be simpli-
fied, since the intermediate eigenfunctions no longer appear in the process, and hence, the successive
iterations are directly performed over the singular manifold itself.
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A1
¢’
performed in a neighbourhood of the singular manifold ¢; = 0 and where A; 2(z,y,t)

is a coefficient to be determined. Substitution of equations (4.90) and (4.92) into
equations (4.91) yields the coefficients A; ;, i,j = 1,2 as the exact derivative

P12 = P2 — (4.92)

A8 = AA (i, 65) = 20,(61)ad + 2(05), 61 dy
+ 20 |(67)s (80)ea = (@0)s (67)i0 = @5(@i)uan — 6mL 65 (80):] At (1.03)
20 [(@1)y (@3)uy — (63)y (Bi)yy = 6i(05)uuy — 6m) 64 (0)y | d,
where the following identity holds
Aij = 20ibi — D (4.94)

The Painlevé expansion given by equation (4.90) and equation (4.92) may also be
considered as a binary Darboux transformation that relates the Lax pairs given by
(4.89) and (4.91).

Second iteration and 7-function

The singular manifold ¢1 5 allows us to iterate equation (4.90) again in the following
form

which in terms of the seed solution m reads
mP =m0 4 log(71,2), (4.96)
where the 7-function is defined as
T2 = P12 ¢1 = P12 — Aq 2. (4.97)

In view of equation (4.94), it is trivial to obtain A;; = gb%, Ao = ¢%, Ay =
2¢1¢2 — A1 2, such that 71 o therefore satisfies

2 = det A, (4.98)

where A is the 2 x 2 matrix of entries A, j, with 4,j = 1,2, defined in (4.93). Thus,
it is possible to construct the solution m[? for the second iteration with the exclusive
knowledge of two eigenfunctions ¢; and ¢ for the seed solution ml%.

152
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2.4. Lump solutions

This Subsection is devoted to the obtention of lump soliton solutions for the gener-
alized NNV equation (4.76). This kind of solutions can be straighforwardly derived
by employing a similar procedure to the one described in the previous Section for
the multi-component NLS system.

Seed solution and eigenfunctions
Let us consider the seed solution
ml% = gozy, (4.99)

where qq is an arbitrary constant. Then, solutions of the associated spectral problem
(4.89) can be obtained through the following form

di(x,y,t ki) = ekilz+J (v t.k:)] pln] (z,y,t, ki), 1=1,2, (4.100)

depending on two complex parameters k;, i = 1,2, where J(y,t,k;) is the linear
polynomial

b 3
J(ki) = J(y,t, ki) = —2%,7; - (—ak? + 8k‘i°> t (4.101)

and P (k;) = P™(z,y,t, k;) is a polynomial of degree n in 2 of the form

1=0
with
2 bqg
U(ki) = (@, y,t k) = k7 (m + %y —3 (akf n 8kZ°> t) . (4.103)

The coefficients a;(y, t, k;) for any [ in (4.102) can be easily computed by substitut-
ing equations (4.100)-(4.103) into equations (4.89), obtaining after some algebraic
manipulations

Oay dagy1

— = —k(+1 — 2qok; (1 +1)(1 +2 ,

o = kil + 1) = 200kl + 1)1+ Doy

Oay Pajq 0%a; 11 36bq(2) oapi1
— = (1+1) [ bk; —12b

ot U+ )< oy © o2 T Th oy

0%q

+(I+1)(1+2) <2bq0ki 5 2 —24bq28“l+2 5
Yy

0 By % (akﬁ5 — 16bqg) al+2>
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— (L+1)(1+2)(1 + 3) (ak? + 8bgy) arts, (4.104)

where we can set a, = 1, a,—1 = 0. From the above, it is obvious that there is
an infinite number of possible eigenfunctions characterized by an integer n and a
wavenumber k;, ¢ = 1, 2.

2.4.1. One-lump solution for n = 1 (One lump)

The simplest case corresponds to the choice n = 1, such that the eigenfunctions in
(4.100) possess the following form

where J(k;) and v (k;) are given in (4.101) and (4.103), respectively.
According to equation (4.93), the coefficients A; j, i = 1,2 can be calculated as
2k;

L kik; L K ki kj
wiki-i-kj <¢( z>+ki+kj w( ])_ki-i-kj +(l€i—|—]€j)2

ekile+J (ki) +kj[z+J (k;)]

A

(4.106)

X

Moreover, it is important to note that the following relation also vanishes 2¢;¢; =
Aij+ A

A second iteration for the field m[? now provides
mP? = qozy + log (71 2), (4.107)

such that the second iteration for the initial field u[? in (4.74) can be easily obtained

from (4.75), as
g + ((71’2)w> ] : (4.108)
T2/,

The 7-function 71 2 has been introduced in (4.97), which combined with (4.94), yields

ul?l = —2m££2y] =-2

1
T2 =g (Ag1 —Aqp2). (4.109)

Substitution of the proper expressions for the coefficients Aj o and Ay in (4.106)
allows to simplify the 7-function in (4.109) as

Mekl[$+J(kl)]+k2[m+‘](k2)]9172, (41]0)

2= kKo
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4.2. Generalized Nizhnik-Novikov-Veselov equation

where the coefficient €1 5 is given by

Q10 = [w(kl) + g(ki, kQ)} [w(@) + g(ka, k1)| + d(k1, ko) (4.111)

and the functions g(k;, k;), d(k;, k;) are

2h; k2 2343 (k7 + k) -
g(ki, kj) = kgikz, d(ki, kj) = (k;_—kg); ij=1,2.  (4.112)
T J 1 7
Therefore, equation (4.108) reads
M12)s
ulh = —2 |go + <( 1.2) > . (4.113)
Q2 /,

In order to have real expressions, we should set ks as the complex conjugate of k1,
by identifying
ki =A+1B, ko =A—1iB, A, BeR. (4.114)

By using the ansatz (4.114) in (4.111), we finally obtain

QLQ = |:2AB.I + 12AB <—CL(A2 — B2) + bqo > — +:|

(A2 + B?)2 2B
A2 — B2 A2 + B?)?
2 p2 21p2 44 pAy 43
+[(A B)x+2q0y+<3a(6AB A* - B%) 24q0(A2+B2)2>t+ 54 }
A? 4+ B27°
B2 - A% | ———

which has no zeros for B? > A%, This means that equation (4.113) will not have
singularities for those values of the parameters.

Asymptotic behaviour

Actually, it is possible to define a Galilean transformation of the form

=X+ Xo + v.t, y =Y + Yy +vyt, (4.115)
where
A? + B? 24bg3
Xo=—F— = |6a(A® - B?) - ——20__ 4.116
0 4AB? Ve o ) (A2 + B2)2|’ ( )
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(A% + B?)? L[ 3a

Yy = — -
0 8quAB? Yy

2 2
(42 1 B2)? 4 24pg3 1 B)]

T 2 (A% + B?)?

The function 1 2 is expressed in the new coordinates as the static solution

A? + B?

2
2AB} . (4.117)

Qo = [(A% = B)X +2qoY]” + [24ABX]? + (B? — 4%) [

The second iteration for ul? is given in (4.113), and similarly, one can define the
iterations for vl and w[? through (4.75), of the form

2] _ c (91,2)33 [2] _ c (QLQ)m
v 3 2[qo+(91’2 ik w 3% 2 [qo + 79172 | (4.118)

The lump solution for ul? via (4.113) is represented in Figure 4.4. It is interesting
to note that one gets a similar lump profile for v and w?.

Figure 4.4: One-soliton solution ul® for n =1 when gy = 0.3, A= 0.5, B = 1.

2.4.2. One-soliton solution for n = 2 (Two lumps)

As already depicted in the analysis of lump solutions for the previous example,
displayed in Subsection 1.5 of this Chapter, the polynomial of lowest degree for the
eigenfunctions provides a travelling lump soliton that can be transformed in a static
solution after a Galilean transformation. Then, it is expected that when polynomials
of higher degrees are considered, the dynamics of the solutions become more intricate.
In particular, the following level of complexity is achieved by setting n = 2.

Substituting n = 2 into equation (4.100) straightforwardly provides
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4.2. Generalized Nizhnik-Novikov-Veselov equation

6i(ks) = [ao(ki) + (k)[BT =10, (4.119)
where J(k;) and v (k;) are given in (4.101) and (4.103), respectively, and
6
ao(k;) = —4qokiy — T (ak? — 16bg3) ¢, (4.120)

which has been easily obtained from equations (4.104).

The different elements of the A-matrix can be computed through the integration of
equation (4.93), yielding

Ny <k1 i k2> iler Tyl a )] _ 2REU(R)* (k) 2kakat) (k) (ko)?
(2%} -

2ky ki + ko k1 + ko
2 2 2k; 2 2kok? 2
+ (k1) P (k2)” + [%(7@) + (751‘1‘7*172)2] Y(k1)” + [ao(lﬁ) - W] Y (k2)

2k1 ky 2k3 (ko — 2k1) 2k32 2k3 (k1 — 2ko)
ko + ks [“0( ) ) ]d’( D [“O(’“H (k1 + ko)? ]w(kz)

2k Ak3ky (k1 — k
+%%MM@+%+%PW%%%%MMﬂ+aﬂ&ﬁﬁWmW%)
12k3K3 (k1 — k2)
(K1 + ko)
(4.121)

Once the elements A; ;, 4, j = 1,2 have been computed, the 7-function immediately
arises from expression (4.109). Taking the ansatz (4.110) for 7 2, the coefficient € o
can be written as

Qo= |:(77Z)(k31) + g(k1, kz))Q +ao(k1) — :;g(kh k2)2}
« [(W@) + glks, k1)>2 +ag(hy) — ng(kzg, kl)Q] (4.122)
+ 4d(k1, ko) [(zp(kzl) — o(k, kg)) (zp(l@) — (k. kl)ﬂ + plkr, ko),

where g(k;, k;), d(k;, k;) are defined in equation (4.112) and

k? — kik; + 2k? o k) = 8kikj (k7 + k2 + kikj)
(ki + kj) (k2 1 k2)’ PR S = T2 F 1) (ks + k)t

ki, ky) = k?

If we select ki = A+iB and ky = A —iB, A, B € R, {); 5 takes the form
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Qs = [(A2 — BY)X +2q0Y)° — 4A2B2X? — 4AqoY + 8A2B2hyt
(34% — B?)(A* - BY)

2
} + [4(A2 — B)ABX? 4 8¢oABXY — 4qyBY

4A2B2?
3A% — B2)(A% + B%)]® B2%— 342 [(A? + B%)?]?
o A2B2 (
8AB hat + 2AB ] TR [ 247 }
A2 + B27? 24% — A2B? — B*1?
B2 - A% | ——— A% — BHX + 2qpY —
+ ) [ 2AB } [( )X+ 240 2A(A% — BY)
A2 + B27? A* — A2B2 4 2B4)?
B2 - A% |———| |24BX 4.123
+( )[ 9AB } [ Y B By } ) (4.123)
where h; and ho are constants defined by
3
hy = Y TVEE D [8bgy + a (3A° — B® +54°B* + A°BY)]
(4.124)

3

hQ = m [8bq3 —a (336 — A6 + 5B4A2 + B2A4):| s

and (X,Y) are the coordinates introduced in equation (4.115). By analyzing equation
(4.123), it is easy to see that Q1 o does not have zeros when B? > 342

Asymptotic behaviour

In the following, we wish to study the asymptotic behaviour at ¢ — +oo of the lump
solution (4.113) generated by the functions €; o obtained in (4.123). Therefore, we
need to perform a transformation of the form

X=X+(t)2, Y=Y+z(ct)?, (4.125)

such that parameters ¢ and z should be fixed so as to cancel the higher powers in ¢
of expression (4.123). This requirement results in

2 —2hjc—h3 =0, (4.126a)
B? - A%  ABh

z= T (4.126D)
2qo qoc

where hy, hg are given in (4.124). Equation (4.126a) can be trivially solved, providing
¢ = hy £ \/h? + h3, which yields two possible solutions for z when substituted in
(4.126b). These two solutions indicate the existence of two privileged directions at

t — Foo given by Y = Y + z(X — X') In the asymptotic limit, the function 2 o
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behaves as

2 p2 2
Qi ~ {(2hg(A2 — B?) — 4ABc) X + 4qohaY — 2Ahy + <ABB> c]

R R A2 _ B2 2
X [(4ABh2 +2(A? — B*)c) X + 4qocY — 2Bhs + <A> c] (4.127)

A? 4 p27?

B2 4+ 2\ (B2 — A2
(4 (B - %) | S|
which corresponds to a static lump. Then, this one-soliton solution is expected to
exhibit two interacting components of lump-type with equal conformation, analo-
gously to the results found in the previous example for the lump solution of type

0+ 1 (cf. Subsection 1.5.2 of this Chapter).

Let us consider the two possible solutions of equation (4.127) separately.

e At t — —oo, transformation (4.125) is well defined if ¢ < 0, which provides

B? — A2 ABhg
c=—\/h2+h2+h <O, z_ = - . (4.128)
b 2¢0  qo(v/B3+hE+ M)
Hence, there are two equal lumps approaching along the line X = X + (c_t)%,
A~ 1 A~ A~
Y =Y+z_ (c_t)2, which yields the direction Y = Y+2_ (X —X) in the XY -plane.

e At t —> oo, ¢ should be selected as a positive parameter, i.e.

B? — A? ABh
cy =\/h}+h3+h >0, z = T 2

) (\/m+h1)7

such that there are again two equal lumps moving away along the line X = X +
1 A~ 1 A A~
(c4t)2, Y =Y 4+ z_ (c4t)2, providing Y =Y + 2z, (X — X).

The scattering angle between the two lump components is given by

8qoAB+\/h? + h? (4.129)

tan fs = .
WS T 4 @ha + AABh (A% — B2) + ho(A* — 6A2B2 + BA)

The one-soliton solution for u is shown in Figure 4.5. It is interesting to note
that the same lump profile is obtained for v/2 and w!?. Figure 4.5 represents the
interaction of the two aforementioned lump components, equally conformed. It is
immediate to observe that the effect of such interaction is a mere rotation in the
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propagation direction of the lumps, with no exchange of energy. Figure 4.5b shows
the coalesced state of two components, wherein the two lumps just pass through each
other.

(a) (b) (c)

Figure 4.5: One-soliton solution v for n = 2, when qo = 0.5, a = 1, b = 66,
A =0.5, B=1, at different times: (a) t <0, (b) t =0 and (c) t > 0.

2.4.3. Two-soliton solution (Two different lumps)

In a similar manner to what was obtained in the previous Section, solution (4.100)
for the eigenfunctions retrieves the one-soliton solution through the second iteration
of the fields, which depends on a single wavenumber k; and its complex conjugate
ko = kI Conversely, the proper two-soliton solution would require the presence of
two different wavenumbers, giving rise to two independent lump configurations, of
different amplitude. It could be therefore inferred that, in order to introduce an
extra wavenumber, we should now consider four singular manifolds ¢;, i = 1,...,4
for the spectral problem associated to the seed solution (4.89), instead of selecting
exclusively two of them. This fact obviously allows us to construct up to the fourth
iteration of the field m4, with the consequent derivation of a 7-function T1,2,3,4- Lhe
first and the third iteration introduce two different wavenumbers k1, k3, whilst the
second and the fourth iteration provide the respective complex conjugates ko = kI

and ky = ki, [161].

Generalized Darboux transformations

The Darboux transformation approach conducted in Subsection 2.3 should be slightly
modified in order to cope with this novel situation. This procedure has been con-
structed following the prescription developed in [161].

Let us therefore consider four eigenfunctions ¢;, i = 1,...,4 for the spectral problem
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4.2. Generalized Nizhnik-Novikov-Veselov equation

(4.87)-(4.88) with seed solution m), given by

(sz):r:y + 2¢zm:[1?gl = 07

4.130
(00)e + 0 [(@0)aze + 6608 + 0 [0y + 60)ml9] —0.

Let ¢1,2 be the eigenfunction associated to the first iterated solution m by means
of the Lax pair (4.91). Then, as it has been shown from (4.95), the second iteration
for the field m!2 can be obtained as

We may now recursively iterate expression (4.131) so as to derive the third and the
fourth iteration for the field mB! and m!, of the form

mPl = mPl £log(gr03),  m =mPl +log(¢1.2.3.4), (4.132)

such that ¢123 and ¢1234 are the eigenfunctions associated to the second m[ and
third m[¥! iterations, respectively, satisfying the corresponding Lax pairs (4.87)-(4.88)

(12,3)zy + 201,23mZ = 0,
(P123) +a [(¢1,2,3)mx + 6(¢1,2,3)xm_[)32;l} +b [(¢1,2,3)yyy + 6(¢1,2,3)ym5” =0,
(4.133)

and

($12,34)y + 201,2,34mL) = 0,

(f1,2,34) + @ |:(¢1,2,3,4)xxz + 6(¢1,2,3,4)xm§’a]c] +o [(¢17273,4)yyy + 6(¢1,2,374)ym[y3z” =0

(4.134)

The truncated Painlevé expansion for ¢ o given in (4.92) may be generalized as
Al,j
o1

for j =2,...,4, such that any ¢, ; satisfies the spectral problem (4.91) for the first

iteration mM. Then, the associated coefficients Ay correspond to the elements in
first row of the restated 4 x 4 A-matrix,

D1 = Q5 — (4.135)

: (4.136)
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whose generic entries can be easily computed by setting
Aij = A(gs, ¢5), h,j=1,...,4, (4.137)
according to their definition given in (4.93)

dAij = dA(¢i, §j) = 2¢5(di)adz + 2(dj)y ¢i dy
+ 2a [(¢J)x (9i)ea — (Di)e (95)ae — 0j(P)aae — 6mn[gi bj (qﬁz)ﬂc} dt (4.138)
26 |(1)y (63D = (63)y (@) = 0:(@5)uny — by 04 (67), ) dt,

[

where identity (4.94) holds
Aji = 20105 — Ay, (4.139)

and whose direct application provides A;; = gi)?, i=1,...,4, for the diagonal terms.

A third iteration for the eigenfunctions immediately yields

Al
$rij =15 — — (4.140)
o1,
fori,j =2,...,4, where ¢ ; is given in (4.135) and the coeflicients of the expansion
Ay, ; are found to satisfy
A 1A
Avij=Abri, 1) = Aij — % (4.141)
1
by means of the definitions (4.138) and (4.139).
Finally, the fourth iteration provides
Ain
Prijk = Prip — —=,
Pl g ,
INT (4.142)
Avijre = A@rig, drik) = Dijr — —25—2,
1i

for 4,7,k = 2,3,4 and where the different elements {¢1; 1, A; jx} can be recursively
obtained from expressions (4.140) and (4.141).

The fourth iteration for the field m4, expressed in terms of the seed solution ml%,
then becomes

mt = mBl £ log(pr23.4) = mP +1og(p123) + log(¢1.23.4)
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4.2. Generalized Nizhnik-Novikov-Veselov equation

=ml + log(¢1,2) + log(¢1,2,3) + log(¢1,2,34) (4.143)
= ml% 4 log(¢1) + log(¢1,2) + log(¢1,2,3) + log(¢1.23.4),
which can be summarized as

4] _

m = ml% +log (11 23.4), (4.144)

where the 7-function 71 23 4 has been defined as
T1,234 = $1234 0123 91,2 P1. (4.145)

With the previous definitions, we can construct the 7-function for the fourth iteration
mt4 from the eigenfunctions of the seed solution m! in the following form

riosa = g (Bor — Aus) (Bas — Aga) — 3 (Ban — 804) (851 — As)

1 (4.146)
+ 1 (A4,1 - A1,4) (A3,2 - A273)7

where every coefficient can be computed through the exact derivative (4.138) and we
have used identity (4.139) ¢;p; = 2(Aj; + Aij), 4,5 =1,...,4.

Analogously to (4.98), it is possible to express 71234 in a more compact form, by
means of the equation
Tios4 = det A, (4.147)

where A is given in (4.136).

Hence, the fourth iteration m!¥ can be straightforwardly constructed starting from
four solutions ¢1, @2, @3, ¢4 of the spectral problem (4.130) associated to the chosen
seed solution m!%, selected as (4.99) in this case.

Two-soliton solution for n = 1 (Two lumps)

In the following, we shall consider the simplest possible case to characterize the two-
lump solution. In consequence, this restriction implies the choice n = 1. Then, the
eigenfunctions given by (4.100) again take the form established in equation (4.105),

dik;) = eFilr TRl (k) i=1,...,4, (4.148)
where J(k;) and ¥(k;) are given in (4.101) and (4.103), respectively. In this case,

and regarding expression (4.106), the coefficients of the A-matrix A;;, i =1,...,4
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now read

2 Lk k2 k2|2
= k) 1 ik By i";
Ik <w( )+ ki+kj> (w( i) ki+kj> T it k)2

kilz+J (ki)]+kj [2+J (k))]

(4.149)

X e

Then, the fourth iteration for the field 2 may be analogously computed as
g0 + ((71’2’3’4)’”> , (4.150)
T1234 /4

Regarding the ansatz (4.114), the wavenumbers k1, ko, k3, k4 should be chosen as

—2omld = —2

where 71 934 is given in (4.146).

ki = Ay + By, ky =kl = A —iB,

T (4.151)
ks = Ag + iBs, ko= ki = Ay — iBy,
with Al,Bl,AQ,BQ € R.

In view of the ensuing calculations, it is convenient to define a center-of-mass coor-
dinate system as

1 1
x:Xcm+§(v}c+v§)t y:ch+§(v;+v§)t, (4.152)

where (v, ?}y) i = 1,2 are the individual velocities of each soliton given in (4.116)

: 24bg3
vl = ( 6a(A? — B?) — 0) , (4.153)
( (A7 + BY)?

1 (—3a (A2 — B?)
=_ A? + B? 2Ubge 1)
v 9 ( 2 (47 + ) + 2200 (A2 + B?)?

Q@ .

Using the change of variables given in equations (4.152)-(4.153), the expressions of
the linear polynomials ¥ (k;), i = 1,...,4 defined in (4.103) reduce to

¢(kl) = k%(Xcm ) + 2(10(ch )a
V(k2) = k3(Xem — Vit) + 20 (Yem — Viyt),
5 (4.154)
W(k3) = k3 (Xem + Vit) + 2q0(Yem + Viyt),
b(ka) = k3 Xem + Vit) + 2q0Yem + Vigt),
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such that the relative velocities in each spatial coordinate are defined as

V:I: ('U;: - ’Ug) ) ‘/;J =

T2

In the center of mass system, the solution asymptotically yields two different and
completely independent lumps, of distinct conformation and amplitude, which move
with equal and opposite velocities. In order to clarify this point, let us proceed with
the study concerning the asymptotic behaviour of each lump.

e If we define the asymptotic coordinates
Xem = X1 — Xg 4+ Vit, Yo =Y1 = Y{ +V, (4.156)

it can be proved, after cumbersome intermediate calculations handled with MAPLE,
that the limit of the 7-function when ¢ — 00 can be written as the static lump

2 2 A2 + B2)1?
miaga~ (A= B X1+200%1| + 24181 |+ (B2 - 43) [(11)}  (4.157)

2AlBl

where

xl= J‘@;Bj

4A1B;
44 [(A3 + B3)® + (A3 - 3B3)(A] + BY)® + 2(A3 + B3)* (B} — AD)]
7(A17B17A27B2) ’

yl_21"-1

00 =84, B

 24(A} + BY)?((AT + BY)? + (A3 — 3B3)(A3 + B3) + 2(A3 + B3)(B? — A})]
7(A17BlaA27B2) ’

and the quantity v (Ay, By, Az, Ba) is defined as

v (A1, By, Ay, By) = [(A1 + A9)* + (B; — B2)2} [(Al — Ay)* 4 (By — B2)2]

X [(A1 + A9)? + (B; + 32)2] [(A1 — Ay)* 4 (By + 32)2]-
(4.158)

e Analogously, if we now define
Xem = Xo — XE — Vjt, Yom = Yo — Y§ = Vt, (4.159)

the limit of the 7-function when ¢ — 400 becomes the static lump
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2 2 A2 + BQ 2
T1,2,3,4 ~ [(A%_B%)X2+2QOY2] —|—|:2A232X2:| —F(B%—Ag) M , (4160)
249 B9
where
X2 A3+ B3
0 4A,B2
44; [(AT + BY)® + (A7 - 3B7)(A3 + B3)? + 2(A7 + BY)*(B3 — A3)]
7(A17B17A27B2) ’
I
010 = 784,82

 2A1(A3 + B3)?[(A3 + B3)* + (A} — 3B7)(Af + BY) + 2(A] + B?)(B3 — A43)]
7(A17BlaA27B2) ’

with Y (Al, Bl, A27 BQ) given by (4158)

In this system of reference, the asymptotic behaviour of the solution for ¢ — 400
corresponds to two different lumps moving with equal and opposite velocities along
parallel lines as shown in Figures 4.6a and 4.6¢. Figure 4.6b represents the coalesced
state of two lump solution where again the lumps seem to merge and move away in
opposite directions later. Similarly, it is possible to define analogous lump profiles
for v? and w2

(a) (b) (c)

Figure 4.6: Two-lump solution ul for n = 1, with parameters a = 1, b = 0.2,
g = 0.5, Ay = 0.5, By = 1, Ay = 0.5, By = 3, at different times: (a) t < 0, (b)
t=0and (c) t > 0.

This Chapter marks the end of the study of integrable systems from the perspective of
the SMM and the characterization of soliton solutions. The ensuing Chapters address
a different approach to nonlinear integrable models with a known Lax pair, focusing
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4.2. Generalized Nizhnik-Novikov-Veselov equation

on the analysis of Lie symmetries and their associated similarity reductions. In par-
ticular, this machinery provides valuable information about the geometric structure
of such systems. On the one hand, the reduction process allows us to explore the
limits of integrability by establishing relations among integrable systems defined in
diverse spatial dimensions. On the other hand, the analysis of Lax pairs from the
symmetry point of view presents a new framework to characterize and delve more
deeply into the role of the spectral parameter, where its isospectral or nonisospectral
nature turns out to be crucial.
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Chapter 5

Lie symmetries for differential equations

One of the most celebrated methods to address the issue of finding symmetries for
differential equations is the so-called Lie’s method. This approach is framed within
the groundbreaking ideas of S. Lie in the XIX century [273-275], which would give rise
to the modern theory of Lie groups. Lie’s classical method can be straightforwardly
extended to the study of other kinds of symmetries for differential equations, such us
contact symmetries, Lie-Bécklund or generalized symmetries, potential symmetries,
etc.

Lie group analysis has been proved to be a fundamental technique to study any sort
of systems involving differential equations. The study of symmetries represents a
crucial aspect of the analysis of integrability of such equations, since this invariance
property may be used to achieve partial or complete integration of the aforementioned
systems. For example, invariance under a given transformation implies the possibility
of reducing the number of independent variables.

There exist several generalizations of the concept of symmetry developed in Lie’s the-
ory, and its subsequent applications concerning the construction of group invariant
solutions for partial differential equations. One of the renowned approaches to this
matter lies in the so-called nonclassical symmetries, also known as conditional sym-
metries. The nonclassical method was first introduced by Bluman and Cole in [50] as
an attempt to obtain new generalized self-similar solutions for the linear heat equa-
tion. This procedure, later generalized by Olver and Rosneau [326,327] throughout
the notion of weak symmetries, is based on the additional constraint imposed by the
invariance of certain submanifolds, the tnvariant surface conditions. This method
has proved to be extremely fruitful when calculating new similarity solutions for
nonlinear PDEs [40, 93,101, 154, 156, 272, 320, 321] and further theoretical remarks
may be found in [31,49,99, 100, 420].

A second generalization to analyze similarity solutions of PDEs was due to Clarkson
and Kruskal [98], leading to the so-called direct method. This algorithmic procedure
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requires the choice of a particular ansatz for the solution of the PDE directly in
terms of the reduced variable and the reduced field, and it has been successfully
applied to numerous significant PDEs providing new symmetry reductions and exact
solutions for them [91,98,101,278,281,322|. The major distinction of this method
over the ones described above is that the direct method is not based in group theory.
The controversial problem of correspondence between the nonclassical method and
the direct method have been addressed by several authors [94,98,101, 136,272, 322,
346] and the conditions for the equivalence of both procedures have been widely
studied in literature [41,94,147,324]. It is also worthwhile to highlight the connection
between these generalizations of Lie’s classical theory with the singular manifold
method and their role in the analysis of integrability for nonlinear PDEs. The link
between the SMM and the direct method was first notice by Cariello and Tabor |72]
and in [136] a generalization of the direct method in combination with the SMM is
proposed as an alternative procedure to compute nonclassical symmetries. In a series
of publications [137,145-147], Estévez and Gordoa studied the synergy between the
SMM, nonclassical symmetries and the direct method for several integrable models.

This Chapter is devoted to the study and characterization of the Lie symmetry
method and its applications to differential equations. We will review basic concepts
related to the general theory of Lie groups and the analysis of symmetries for PDEs,
providing a solid methodology for further practical applications. There exist different
approaches to describe the theoretical framework of Lie symmetries, and in this thesis
we will focus on the geometric point of view [323,329]. A more algebraic approach
can be found in [51,52,378|.

The first Section gives a basic outline of the general concepts concerning Lie groups,
Lie algebras and differential geometry, presenting a unified picture to set a solid the-
oretical framework for the ensuing Sections. Sections 2 and 3 provide the geometric
description of the theory of Lie symmetries for differential equations. Lie’s method
for classical symmetries is examined in depth, explicitly stating the quasi-algorithmic
procedure to compute the classical symmetries. The nonclassical method is also pre-
sented, and its comparison with the classical procedure, both at a theoretical and
computational level, is established. Section 4 is dedicated to the description of the
symmetry reduction method, which yields the associated similarity reductions. Fi-
nally, we close the Chapter with Section 5, which specifically illustrates every aspect
of the whole procedure described above for the toy example considered in this thesis,
the NLS equation in 1 + 1 dimensions.

Further applications of Lie’s classical method to a plethora of integrable models in
Physics and related disciplines described by systems of PDEs are extensively treated
in Chapter 6.
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1. Preliminaries on Lie groups, Lie algebras and differ-
ential geometry

In this Section we will be interested in the theory of Lie groups as a tool to study Lie
symmetries for differential equations within a geometric framework. A brief overview
of the main concepts regarding Lie groups and Lie algebras, and their connection
with group actions and local groups of transformations on manifolds, is presented.
The basic notions treated in this thesis are examined briefly and without proofs.
Advanced topics on Lie groups and Lie algebras may be found in [245,406], whilst
notions on differential geometry and manifolds are widely treated in [14,267,372|. For
further discussion on applications of Lie groups, we refer to [371|, and particularly
to [52, 323,329,378 concerning the issue of symmetries for differential equations.

1.1. Lie groups of transformations
Local Lie groups

A Lie group is a group G that also carries the structure of a differentiable manifold,
such that the group operation of multiplication

pw: GxG — G,
(9,h) = wu(g,h)=gh

and inversion

G,

v G —
g — ug)=g"

are smooth maps of manifolds.

Example 5.6. The simplest example of a Lie group is the additive group G = (R, +),
which represents the set of real numbers under the group operation of addition
pw:RxR = R, ulz,y) =z + vy, for every z,y € R. The inverse operation is
defined as ¢ : R — R, ¢(x) = —x and the identity element is e = 0. The group
(R,+) can be easily generalized to the n-dimensional case, giving rise to the abelian
Lie group (R",+), where the group operation is the vector addition in R".

We may not be interested in the consideration of the full Lie group, but only in the
group elements close to the identity. In this sense, the notion of local Lie group
arises.

Let us consider an n-dimensional smooth manifold N with a distinguished element
e € N, and the open subsets V, W defined such that ({e} x N) U (N x {e}) CV C
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Chapter 5. Lie symmetries for differential equations

NxNandeeW C N. A local Lie group G is a smooth manifold NV, equipped with
an identity element e = e € N, the smooth multiplication map p: V — N and the
smooth inversion map ¢ : W — N, such that W x «(W) C V and t(W) x W C V!,
which obeys the following properties:

(i) (Local associativity): If (z,v), (y,2), (u(x,y),2), (x, u(y,z)) are all well de-
fined and belong to V, then u(z, u(y, 2)) = p(p(z,y), 2).

(i1) (Identity): p(e,z) = x = u(x,e), for all z € N.

(i) (Local inverse): p(u(x),z) = e = p(z,(x)), for all z € W.

It is worthwhile to remark that the usual axiom of closure for global groups is omitted.
The manifold N is frequently assumed to be an open subset of the Euclidean space,
N C R”, such that the product and inversion maps may be expressed in terms of a
local coordinate system.

Lie group action on manifolds

One of the most important applications of Lie groups to manifold theory involves
actions of Lie groups on manifolds. Lie groups naturally arise as groups of transfor-
mations acting smoothly on manifolds, which are closely related to symmetries, as it
will be shown later. For example, the groups SO(2,R) and SO(3,R) emerge as the
groups of rotation in the plane R? or the Euclidean space, R?, respectively. Generally,
SO(n,R) accounts for the rotation group in R™. The connection between Lie groups
and groups of transformations on manifold may be straightforwardly constructed.

Let N be a smooth manifold and G a (local) Lie group. Let U be an open neigh-
bourhood of {eg} x N, being eq the identity element in G, such that {eq} x N C
U C GxN. A local group of transformations acting on N is determined by a (local)
Lie group G and a differentiable map

for some g € G and x € N such that (g,z) € U, with the following properties:

(i) ®(g,®(h,z)) = ®((gh),x) for g,h € G, x € N such that (h,x), (g, ®(h,x)),
(gh,x) e U.

1This condition is imposed in order to ensure that both left and right inverses of a group element
are defined. Regarding this matter, the definition of a local Lie group may vary from author to
author, the one presented here is based on [325].
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(ii) ®(eg,z) = for all z € N.

(iii) ®(¢g~!, ®(g, 7)) = = with g € G, x € N such that (g, ) and (¢-1, ®(g,2)) € U.

The map ® : & — N defines the local left-action’ of G on the manifold N and, in
the following, we will use the shorthand notation ®(g,z) = ¢g-x. It can be seen from
(iii) that every local group of transformations is a diffeomorphism in its domain of
definition.

When U = G x N, the local action is said to be a global action, or simply an action,
i.e. g-x is defined for every g € G and every x € N, where properties (i)-(ii) read

() (o, 2(h, ) = 2((gh) ), GoheGaeN -
(ii) P(eg,z) = =,

and property (iii) may be easily derived from (i) and (ii). Generally, a coordinate

neighbourhood of the identity in any Lie group is a local Lie group. This identifica-

tion, translated to actions of groups, implies that any global action of a Lie group

on a smooth manifold restricts to a local action on any sufficiently small coordinate

neighbourhood.

Orbit of a Lie group

Let G be a (local) group of transformations acting on a manifold N. A subset V. C N
is called G-invariant or invariant under G if, for every g € G, x € V such that g -«
is defined, g -z € V.

An orbit of a local group of transformations is defined as the minimal (nonempty)
G-invariant subset of the manifold N. A rigorous definition reads as follows. The
subset O C N is an orbit if it satisfies the following properties:

(i) If z € O, g € G such that g - x is defined, then g -z € O.
(ii) If O C O and O satisfies (i), then either O = O, or O is empty.

Example 5.7. Let us consider the translation of a vector x € R™. Let y # 0 be a
fixed vector in R", and G = (R, +). The map

D(e,x) =z + ey, (5.5)

2It is possible to define a completely equivalent right-action and derive analogous properties and
results to the ones here presented. For further remarks on this formulation, we refer the reader to
any textbook on the subject of Lie groups, for example [406].
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where € € R is a real parameter, defines a global group action on N = R". Besides,
the orbits are straight lines parallel to the vector y.

1.2. Lie algebras

In the following theoretical description, only R-algebras will be considered, but the
present formulation may be easily generalized to K-algebras for a given field K. A
R-Lie algebra g is a R-vector space equipped with a binary operation, called Lie
bracket,
['7']: agxg — g =
(o) = [l o

which satisfies the following properties:
(i) (R-bilinearity) :
[au + bv, w| = alu, w] + blv, w],
[u, av + bw] = alu, v] + blu, w], (5.7)
(ii) (Anticommutativity) : [u,v] = —[v,u],

(i) (Jacobi identity) :  [u, [v, w]] + [w, [u,v]] + [v, [w, u]] = 0,

for scalars a,b € R and elements of the algebra u,v,w € g.
The dimension of the Lie algebra is its dimension as a vector space over R.

Given a finite-dimensional Lie algebra g with basis B = {e1,es,...,e,} (for the
underlying vector space), it follows that the Lie bracket of all elements of the Lie
algebra is uniquely determined in the form

n
leive] = Cher, (5.8)
k=1
for each 7,7 = 1,...,n, and where the scalars Cl-kj € R are called the structure

constants of g (with respect to the chosen basis B). It can be checked by direct
computation that the structure constants satisfy the following properties, inherited
from the properties of the Lie bracket,

(i) (Antisymmetry) ij = —Cﬁ-,

(i) (Jacobi identity) 33 (Ogjc;k +ChCp + c,gic;j) ~0,

~

forall 4,5, k,r=1,...,n.
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The structure constants play a crucial role in Lie algebra representations, specially
in the adjoint representation®, and also in the classification problem.

A derivation on a Lie algebra g is a linear map D : g — g that satisfies the Leibniz
rule, i.e. for all u,v € g,

D([u,v]) = [D(u),v] + [u, D(v)]. (5.9)

1.3. Notions of differential geometry

Let us consider an n-dimensional differentiable manifold N and let p be a generic
point of N. Let (V, ¢) be a coordinate chart on N where V' C N is an open subset of
N and the homomorphism ¢ : V' — R" is the coordinate map, with local coordinates
x = (x1,...,o,). Let us denote the set of real-valued differentiable functions on N

as C°(N).

Vector fields

A tangent vector to N at a point p is denoted as v, and the set of all tangent vectors
at this given point define the tangent space to NV at p, T,N. T,N is endowed with
an n-dimensional vector space structure and the isomorphism 7,N ~ R" can be
established. The collection (disjoint union) of all tangent spaces corresponding to all
points p € N is called the tangent bundle of N, denoted by

TN = | | T,N ={(p,v) : p € N,v € T,N}. (5.10)
peEN

There exists a canonical projection map 7m : TN — N, (p,v) — 7w(x,v) = p, which
sends each vector in T, N to the point p at which it is tangent. Besides, the tangent
bundle TN comes equipped with a natural topology and a smooth structure, giving
rise to a 2n-dimensional smooth manifold.

A (smooth) vector field on N is a section of the tangent bundle, i.e. a smooth map

X: N — TN,

p — X,=X(p) (5.11)

with the property m o X = Idy, being Idy the identity on N. In other words, this
map assigns to every point p € N to a tangent vector X, € T,,N. Given a smooth

3Given a finite-dimensional Lie algebra g of a Lie group G, the adjoint representation is defined
as ad(X)(Y) =[X,Y] for X,Y €g.
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Chapter 5. Lie symmetries for differential equations

coordinate chart (V, ) for N, any vector field X may be expressed as

- 0 - 0
=1

=1

where X; is called the ith component of X in that chart, and it is given by the
differentiable function & : V' — R, for all i = 1,...,n. Hence, X is actually a first
order differential operator. The set of all vector fields on NN is denoted by X(N).
It can be proved that X(N) is a vector space under pointwise addition and scalar
multiplication, and also a module over the ring C*° (V) [267].

Vector fields may be regarded as derivations in the sense of definition (5.9) on the
algebra of real-valued differentiable functions on N. If X € X(N), f € C*®°(N), the
vector field X defines a linear map

X: C®(N) — C%(N),
fo= (X)) = X, =Xpf

for all p € N. X, f has the geometric interpretation of the directional derivative at
p of the function f along any curve passing through p and having X, as tangent at
p. Since tangent vectors satisfy the product rule by definition®, this property can be
easily translated to vector fields, giving rise to the Leibniz rule

X(fg) = X(f)g + fX(9) (5.14)

for all f,g € C°°(NN), which fulfills the definition of a derivation (5.9). Conversely,
every derivation D : C*°(N) — C*°(N), f — D f defines a vector field X € X(N) as
Df = X f, and usually, both characterization are identically identified.

Let N and N’ be two smooth manifolds and F': N — N’ be a smooth map. Then,

for each p € N, the differential of F' at p is the linear map dF'[, : T,N — Tpq) N’
defined by

(5.13)

dF|p(X)(f) = X(f o F), (5.15)

given X € T,N and f € C®°(N'). If F is a diffeomorphism, the differential induces
the map of vector fields Fy : X(N) — X(N') defined by

(F*X)q - dF|F*1(q) (prl(q)). (51())

“Roughly speaking, and avoiding some subtleties, a tangent vector v, to N at a point p € N is
defined as a linear map v, : C*°(N) — R that satisfies the product rule at the point p of the form
vp(fg) = f(p)v(g) + v(f)g(p) for any f,g € C°°(N). This definition allows us to interpret tangent
vectors as derivations on the space of smooth functions defined near a point p.
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Given two vector fields X,Y € X(N) (regarded as derivations), the commutator
between them is given by the operation

[X,Y]=XoY -YoX, (5.17)

which turns out to be a vector field on V. This statement may be easily proved by
using the local description (5.12) for the vector fields X,Y. This operation is also
called the Lie bracket, and it is immediate (but tedious) to prove that (5.17) satisfies
the properties of R-bilinearity, anticommutativity and the Jacobi identity given in
definition (5.7). Thus, the vector space X(IV) together with the binary operation
[-,-] defined in (5.17) form an (infinite dimensional) Lie algebra.

Integral curves

A smooth curve on N can be parametrized by the map

v: I — N,

e o P G18)

where I C R is an (open) interval of R. The velocity vector associated to that curve
at a point ¢g € I is given by the tangent vector

. d _dy _
7(60) B dry <d6 6:60> B E €=¢€( - TV(GO)N’ <019>
or, defined by its action on functions f € C*°(N), as
- d(f o)
Y(eo)f = ——— (5.20)
de e—co

In local coordinates, for €y € I, the coordinate representation of «y is given by v(e) =
(71(€),...,vn(€)) for € sufficiently close to €y, and then

n

) =

i=1

0

o 8561

(5.21)

e=¢ ~(€o0)
Given a vector field X € X(NN), a smooth curve v : I — N is said to be an integral
curve of X at p if its velocity vector coincides with the value of the vector field X
at that point,

Y(€) = Xy = X(7(e)),  Veel. (5.22)
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This definition requires that the following autonomous system of ordinary differential
equations holds

Yi(e) = X1(n(e), -, mle)),
: (5.23)
Yn(€) = Xn(71(€), - - -, 1n(e))-

The Cauchy problem defined by (5.23) and the initial data set v(0) = py € N is
well-posed, i.e. the theorem of existence, uniqueness and smoothness for systems of
ODEs (cf. Theorem D.1 in [267]) guarantees that the solution exists, is unique and
varies smoothly on the initial conditions. In other words, for each point pg € N,
there exists a unique integral curve of X given by the smooth curve 7 : (=6,d) — N,
with 6 > 0, such that v(0) = pg. Uniqueness means that if there is any other integral
curve 7 : I — N of X such that 5(0) = po, then () = v(e) for € € I N (—6,0).

A vector field X € X(N) is complete if for any p € N there is an integral curve
v : R — N such that 7(0) = p. The set of all complete vector fields on N may be
denoted by X*°(N).

Let X be now a complete vector field on N. Hence, for any p € N, there exists a
unique integral curve v, : R = N such that 7,(0) = p.

Thus, for any fixed € € R, we define the differentiable map

d.: N — N,

5.24
o Dp) = () 524)

that possesses the following properties
(1) (I)E © ®€ = (I)e-‘rg) VG, S R) (525)

(i) ®¢ = Idy, being Idy the identity on N.

Proof. Property (i) may be demonstrated as follows. For any p € N and any €, € € R,
both sides of identity (i) define integral curves of the vector field X,

Y1(€) = @ 0 Pe(p) = Pe(7(€)) = V4, (5 (€),
Yao(€) = Peye(p) = ple +€).

It is immediate to see that the initial conditions for both curves at ¢ = 0 provide the
same result,

71(0) =75, (0) =(€),  72(0) = (0 + &) = 7(é).

As both vi(e) and ~2(€) are integral curves of X and 71(0) = 72(0), hence, by
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uniqueness of integral curves, it follows that 71 (€) = v2(€), and then, &, o P¢(p) =
(I)e-l—é(p)'
Property (ii) holds by definition, since ®¢(p) = 7,(0) =p for all p € N. O

Besides, @, has an inverse, (I>€_1 =®_, for € € R, since .0 d_, = &5 = Idy and
®_ 0P, = &g = Idy. Hence, we can conclude that ®. : N — N is bijective and
as is differentiable by construction, then the map ®. : N — N is a diffeomorphism.
The family of maps {®.}.cr defines a one-parameter group of diffeomorphisms on
N, where the group laws are given by (5.25).

Flow generated by a vector field

This construction allows us to define the flow generated by the vector field X as the

smooth map
®: RxN — N,

(e,p) — ®(e,p) = D(p) (5.26)

with the properties
O(e, P(€,p)) = P(e + €,p), ®(0,p) = p, (5.27)

for all e, € R and p € N.

From those properties defined above and by virtue of (5.4), one may forthrightly
see that the flow generated by the vector field X (5.26) corresponds to a global left-
action of the additive group G = (R, +) on the n-dimensional manifold N. The flow
(5.26) is usually referred as a one-parameter group of transformations of N. Then, a
complete vector field X generates a one-parameter group of transformations where
the integral curves 7,(e) are the orbits for the group.

Conversely, every one-parameter group of diffeomorphisms {®.}.cr allows us to de-
fine a vector field X on N of the form

A dd
Rap) = 2 (5.28)
€ e=0
or equivalently, by its action on functions,
A d
Kap= A0 (5.29)
€ e=0

forallp € N, f € C°°(NN), and where the integral curves are given by .(p) = 7, (e).
Then, every vector field X = X4 (p) of the form (5.28) is called the the infinitesimal
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generator of the one-parameter group P..

If X is not complete, one can also derive a similar theory for local flows generated
by X, ® : {0} x N C U — N, where the group laws (5.27) still hold for any
(&,p), (6, P(¢,p)), (e + €p) € U, p € N, with parameters sufficiently close to the
identity. In this case, the set of maps {®,}.c; with I C R such that {0} € I, defines
a local one-parameter group of diffemorphims.

Thus, every vector field is equivalent to a local one-parameter group of transforma-

tions and viceversa. When X is complete, the identification extends globally.

n
If the vector field is expressed as X = > &(x)0,,, then, the associated local one-
i=1

parameter group of transformations is given by
B = ®(e,1;) = i + e&i(2) + O (), i=1,....n, (5.30)

with € € R as the parameter of the group.

1.4. Lie algebra of a Lie group

The following lines are devoted to address the fundamental question regarding the
correspondence between Lie groups and Lie algebras. Given a Lie group G, we can
construct an associated Lie algebra g (as it will be shown shortly) that completely
captures the local structure of the group. This relation implies that all the infor-
mation in the group G is contained in its Lie algebra, and it enables us to study
Lie groups in terms of Lie algebras. In fact, many of applications of Lie groups to
differential equations, including Lie symmetries, are based on this connection.

For every g € G we define the diffeomorphisms

Ly: G — G, R,: G — G,

Vh € G,
h = ul(g,h) = gh, h +— pu(h,g) = hg,

(5.31)
which are called left and right translation maps, respectively. Since Lg o Ly =
Lgh, Ry o Ry = Ry, their inverses are given by (Lg)™' = L,-1, (Ry)™! = R,-1.
Besides, left and right translation commute, Ly o Ry, = Ry 0 L.

A vector field X on G is called left-invariant if it is invariant under all left transla-
tions, i.e. for every g,h € G,

dLg|n(Xn) = X1, n) = Xgn- (5.32)

Since Ly is a diffeomorphism and by virtue of (5.16), expression (5.32) can be ab-
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5.1. Preliminaries on Lie groups, Lie algebras and differential geometry

breviated by (Lg)«X = X. Analogously, X is right-invariant if (Ry).X = X.

Equivalently, any left-invariant vector field X is determined by its value at the iden-
tity Xe,
Xg = dLg|e(Xe), Vg € G, (5.33)

where e = e is the identity of the group.

Let Lie(G) be the set of all left-invariant vector fields on a Lie group G. It can be
proved that Lie(G) is a Lie subalgebra of X(G) and it is therefore a Lie algebra.
Then, Lie(G) is said to be the Lie algebra associated to the Lie group G, and it will
be denoted by g. This fact, together with proposition (5.33), allows us to establish
an isomorphism between Lie(G) and the tangent space of G at the identity, T.G,
through the so-called evaluation map ¢ : Lie(G) — T.G, X — &(X) = X.. Thus,
Lie(G) is a finite-dimensional R-vector space of dimension dim(G), which can be
fully identified with Lie(G) ~ T.G. For every v € T,G we can define a left-invariant
vector field on G by vL}g = dLg|e(v) and the Lie bracket on T, G is simply given by

L

[v,w] = {v ,wL| } , for any v,w € T.G.
g 9le

A one-parameter subgroup of a Lie group G is a Lie group homomorphism ¢ : R — G
from the additive group (R, +) to G such that

p(e+€) = p(e)p(e) (5.34)

for all €,€ € R.

Given any tangent vector v € T,G there is a unique one-parameter subgroup of G
vy : R — G such that ¢,(0) = v. Furthermore, ¢, is characterized as the integral
curve for the associated left-invariant vector field X, = dL4lc(v) € Lie(G) with
vy (0) = e. Moreover, left-invariant vector fields on Lie groups are complete. That
means that X, generates the corresponding flow ® (e, g) = gy, (€), which is defined
for all e € R.

This motivates the following definition. Given a Lie group G and its associated Lie
algebra g, we define the exponential map of the Lie algebra g into G by the map

exp: g — G,

for any v € g. 5.35
v = exp(v) = @y(1), Y g (5-35)
By definition, its image lies in the connected component of the identity in GG. The
exponential map is a smooth map, it possesses the following properties

exp((e + €)v) = exp(ev) exp(év), exp(0) = e,

1

exp(—v) = (exp(v))~L, (5.36)
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for all v € g, €,€ € R and the following relation holds

e’ = exp(ev) = p,(e), Ve € R, (5.37)
where it can be checked that the unique one-parameter subgroup of G ¢, : R = G
is consistently defined by (5.37), since it satisfies the group laws (5.36).

Hence, this application maps the line ev in g onto the one—parameter subgroup
©u(€), which is tangent to v at the identity e. In terms of the exponential map, the
associated flow generated by X is given by ®(e, g) = gexp(ev), with Xy = dLg|c(v).

Since exp(0) = e, exp is locally a diffeomorphism from a neighbourhood of zero onto
a neighbourhood of e in G, i.e. there exists an open subset V' C g containing 0 and a
neighbourhood W' C G containing e such that expl|;, : V' — W is a diffeomorphism.

Thus, in summary, by virtue of the arguments presented above, we may conclude
that there is a one-to-one correspondence between the following elements

1. One-parameter subgroups of G,
2. Left-invariant vector fields on G,

3. Tangent vectors at e € G,

which allow us to deeply understand the inner structure of Lie groups, and exploit
it in order to treat problems involving Lie groups and their action on manifolds by
the corresponding problem for the Lie algebras. As every Lie algebra g generates a
corresponding Lie group G, given a finite-dimensional Lie algebra of vector fields on a
manifold N, we can always reconstruct the (local) action of G via the exponentiation
process.

For further remarks on the connection between Lie groups and Lie algebra beyond the
work developed in the present manuscript, we refer the reader to [267]. This matter
is known as the Lie group-Lie algebra correspondence, which has been addressed, on
the local level, by the Fundamental Theorems of Lie (cf. Theorem 20.22 [267]).

2. Geometric structure of differential equations

Let us consider a system of partial differential equations of order p, involving n
independent variables z = (z1,...,2,) € Z C R"™ and m dependent variables
u= (ul,...,u™) € % C R™. The Euclidean space of independent and dependent
variables will be denoted as M = 2 x %, and let us consider that our system of
differential equations is defined in the open subset M C M. The solution for this
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system is locally given by the equations
W = fI(z1,...,20), j=1,...,m, (5.38)

or u = f(x) for brevity, where f : 2" — % is a smooth function defined in the
subdomain  C 2.

Given a smooth function f(z) = f(z1,...,z,) depending on n independent variables,
-1

there exist n; = n+Z ) different partial derivatives of f of order k. In

the following, let us introduce the multi-index notation and consider a set of n

nonnegative integers o = (i1, ...,14,) of order |o| =iy + -+ + i, > 0. If we establish

|o| = k, then

olol f ok f

9z 9t ... Qwiy

represents the set of all kth derivatives of f.

o f =

(5.39)

Let us denote

j o i 8kuj . . . =
uU:(?f(as):W, ]:1,...,m, Zl+"'+Zn:k, (34())
a:‘l ... xn
as the kth-order derivatives of the coordinate u/, or u, for brevity. In the case with
lo| = 0, we identify ug(x) = u(x) with the function itself. Complementarily, we may

use the notation u}, = % in reference to the derivative of u/ with respect to a
7
particular coordinate z;, for i =1,...,n, j=1,...,m.

We introduce the Euclidean space % k' C R™"  of dimension m - ng, endowed with
coordinates u}, 7 = 1,...,m and all multi-indices o = (i1, ...,4,) of order k. %*
constitutes the space of all the kth derivatives of u = f(x).

Hence, we may construct the Euclidean space

Upy=U xU" x - x U* (5.41)
. . n+k :
of dimension m+m-ni+---+m-nxy =m 1 , whose coordinates represent all

the derivatives of the solution v = f(z) up to order, and including, k. A typical point
in %, will be denoted by w), and it represents not only the kth-order derivative
of u, but also all the derivatives up to order k.

Thus, the total space M) = £ X %, describes the space of independent and
dependent variables, together with all the derivatives up to order k. This space
M1y is called the kth-order jet space of M. Alternatively, we may use the notation
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JF(M) for the kth-order jet space and j¥u to denote a general point of it. A local
coordinate system in My is given by

(:Bi,u{k)> = (:Ei,uj,uji, e ,ui) , (5.42)

where the indices range ¢ = 1,...,n,j = 1,...,m and ul. runs such that lo| =
...k

Since the starting system of differential equations is defined over M, we may construct
the space
JNM)=Mpy=MxU" x - xU* (5.43)

as the kth-order jet space of M.

The main advantage of the geometric structure defined above is that it allows us to
treat and consider all the variables involved in a system of differential equations as
local coordinates in a higher space.

Example 5.8. Let us consider the case with two independent variables and two
dependent variables, n = 2 and m = 2, with local coordinates z = (x1,z2) C R? and
u = (u',u?) C R? such that u! = ul(x1,22), u? = u?(z1, 22).

The space %' ~ R* constitutes the space of first derivatives of the dependent vari-

ables, with coordinates (u. . u;Q, uZ  u? ,)- In a similar way, we construct the space of

xr1) T
second derivatives %2 ~ R% with coordinates (u;lm1 ) u}clm,uigm,u%lzl ) u%m,ugﬁg).
In general, the space %% will be isomorphic to R2*¥*1)  taking as local coordinates

the 2(k + 1) different partial derivatives of w/, uj = %, for 5 = 1,2 and
1 2
i=0,.. k.

Then, the space %) can be constructed as the Cartesian product space %) =

k
U XULx - xU¥ of dimension Y 2(n + 1) = (k+1)(k+2), representing the space

n=0
of all derivatives up to order k of u = (u',u?), with local coordinates (u%k), u%k)) =
1,21 .1 .2 2 1,2
(W U, Uy Uy Ui s Uiy e vy U, U

3. Lie symmetries

Let us now consider a system . of g partial differential equations of order p, depend-
ing on n independent variables © = (x1,...,z,) € 2 and m dependent variables
u=(u',...,u™) €%, given by

Ev(z,up)) =0, v=1,...,q, (5.44)
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5.3. Lie symmetries

where u(,) denotes the set of all the derivatives of u with respect to the variables =
up to order p. We may use the notation E(x,u(p)) =0 or £ = 0 to abbreviate and
refer to the system (5.44). This system of PDEs can be understood as a vanishing
collection of smooth functions &, : M,y = R, v =1,...,q defined on the pth-order
jet space M;,). Then, geometrically, the system (5.44) defines a submanifold in M,
of the form

yg = {(l’,U(p)) : gy(m,U(p)> = 0} C M(p)7 V= 1, o q. (5./15)

3.1. Notion of symmetry

We may say, as an intuitive approach, that a symmetry group of the system .# is a
group of transformations that maps solutions of . into other solutions of .. Let
u = f(x) be a solution of .7 (5.44), where f : 2" — % is a smooth function defined
in the subdomain Q C 2, and let (x,u) = (x, f(x)) C M be its graph.

A continuous group G of symmetries for the system of partial differential equations
< is a local group of diffeomorphisms, acting on an open subset M C M, that
transforms solutions (z,u) of . into new solutions (Z,%) = g - (z,u) of the system
S, for all g € G.

Let X € g be a generic element of the Lie algebra g associated with the Lie group of
transformations G. We consider vector fields of the form

m

= 0 - d
X=Z&($;U)£+Zn](:c,w@. (5.46)
i=1 '

Jj=1

Then, the local action of the symmetry group G is given by the map ¢ : Rx M — M,
which in coordinates yields

(Z,0) =9 (z,u) = (Ey(z,u), ¥y(z,u)) C M (5.47)

for g = g(e) = exp(eX) € G, € € R and some smooth functions Z4 : M — 27, ¥, :
M — % . Hence, the following relations hold

dz; dq)g(e) (-rv u)
é’L (1.7 ’LL) - d6 —o - d6 —o Y
| - (5.48)
) di A\ T, u
¥l _ 7 — g(e)\*b
(e u) = — e
with the initial conditions Z;(x,u,€)|._q = 4, ﬂj(az,u,e)L:O =ul, fori=1,...,n
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and j=1,...,m.

This gives rise to a one-parametric group of infinitesimal transformations

@ = + enpd (z,u) + O(e?),

where € € R is the parameter of the group, and the associated vector field for the
group of transformations (5.49) is given by expression (5.46).

The infinitesimal transformation (5.49) is call a Lie point transformation if the associ-
ated infinitesimals & (z,u) and 1/ (x, u) are functions of (z,u) foralli =1,...,n, j =
1,...,m, i.e they do not depend on higher-order derivatives of u. Hence, the asso-
ciated symmetry is said to be a Lie point symmetry. In the remainder of this thesis,
only Lie point symmetries will be considered.

Nevertheless, in the most general case, coefficients &;(z, w, u1, ..., ug), n’ (z,u,u1,. ..,
ug) may be allowed to depend on higher-order derivatives of u up to some finite or-
der k. These kinds of transformations are usually called generalized symmetries or
Lie-Bdcklund symmetries. The formalism of point symmetries can be generalized to
construct an analogous geometric or algebraic framework to characterize those sym-
metries, as well as an algorithmic procedure to compute them [52,323,394,395|. In
the particular case of dependence on the first derivatives uq, the infinitesimal trans-
formations are said to be contact transformations and the associated symmetries are
called contact symmetries. In fact, it can be proved that a contact transformation
is a extended point transformation for systems of PDEs with a single dependent
variable (m = 1) [52,323|.

3.2. Extended jet space and prolongations

Let us consider the local group of transformations G acting on M C M as a symmetry
group for (5.44). There exists an induced local action of GG on the pth jet space My,
called the pth prolongation of G and denoted by pr® G. This extension is defined such
that the derivatives of the dependent variables u are naturally transformed in order to
preserve the contact structure of the associated submanifold (5.45). The prolonged
action of the group G amounts for the map ® : R x My = My, (T,u()) =
(T, 0p) = @(e,x,u(p)) = prPyg . (7,u@p). In this sense, we can reformulate the
notion of symmetry as follows.

G is a symmetry group of transformations for the system . (5.44) if its prolongation
leaves invariant the corresponding submanifold 7z C M, (5.45). In terms of the

prolongation of the group action, the previous proposition means that, if for every
point (z,u(,) € S, we have prPg . (z,u@p)) € S¢ for all g € G such that this is
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5.3. Lie symmetries

defined, then G is a symmetry group for ..

We will be concerned about the infinitesimal description of this problem, formulated
in terms of the prolongation of the generating vector field of the group of transforma-
tions G. Let X be such vector field of the form (5.46), generator of the one-parameter
group of transformations (5.49) on M C M. The pth prolongation of X, denoted by
pr® X or X®  is the vector field defined on the pth jet space M) that generates
the prolonged one-parameter group of transformations pr® [exp(eX)]. Thus, for any
point (z,u(y)) € My,

= x®

(») x
pr
(Tu(p))

(,u(p)) de e=0

prP[exp(eX)](z, U(p))- (5.50)

It can be shown [323,395| that the pth prolongation of a vector field X (5.46) may
be displayed in local coordinates as

x® — Zgzxu +) (= ai +Y Y niu,. ., )8‘;, (5.51)
Jj=1 g

J=10<]o|<p
where the derivatives v, j = 1,...,m are given by (5.40) and ¢ = (i1, . . . ,i,) stands
for the usual multi-index such that 0 < |o| = 11 +--- + i, < p up to order p. The
coefficients {n%(z,u,...,us)}, j = 1,...,m are analytic functions of their variables

and denote the prolongations of 1’ (x, u) for a given multi-index o. Those coefficients
are usually called extended infinitesimals.

We may introduced the total derivative operator with respect to the coordinate zj,
defined in M), as the differential operator

0 = oul, .
:vl - (97 g Z 6 7 8u{7’ (0.0Q)

0<lo|<p

where the summation over the multi-index o ranges such that 0 < |o| < p, with the

j ; [o]+14,9
ansatz v} = v’ and %?E” = — < T P
l Ozt Oz’ ' oo Oy

multi-index notation, higher-order total derivatives are define by analogy with the
higher-order partial derivative case, as

for all 5 = 1,...,m. Given the above

D’ =D -D2.....Din . (5.53)

Thus, the explicit expression for the extended infinitesimals in (5.51) is given by the
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so-called general prolongation formula,

; ; - ou? - 8uff
n(z,u, ... ,uy) =D <77](x,u) - Z&(az,u) 31:-) + Z&(:ﬁ,u)%, (5.54)
i=1 v i=1 v

for j = 1,...,m and the multi-index 0 < |o| < p. This expression can be demon-
strated by induction, the sketch of the proof is illustrated in Appendix A.1.

The prolonged vector field X () (5.51) yields a natural extension or prolongation for
the infinitesimal transformations (5.49) up to derivatives of order p, giving rise to
the following one-parameter Lie group of extended transformations acting on M,

of the form
T =x; + €&z u) + (9(62),

@ =ul + enj(:r, u) + 0(62),

W =l +enl(z,u,. .., us) + O(),
foralli=1,...,n,j=1,...,mand 0 < |o| < p.

Finally, we introduce the notion of the characteristic of a vector field X of the form
(5.46), which is usually referred to the collection of m functions defined by

n .
ou?

Qj(m,u(l)) =1/ (x,u) —Zf,-(w,u) e j=1,...,m. (5.56)

With this definition, the general prolongation formula (5.54) may be alternatively
written as
- 8ug

ng(m,u,...,ug):DUQj—i—z

Ry i=1,...,m,0<|o| <p. 5.57
2:1&8% j m lo| <p (5.57)

3.3. Classical Lie symmetries

In this context, the following fundamental result arises as a criterion of infinitesimal
invariance for partial differential equations. Theorem 5.1 fully characterizes a sym-
metry group G for a given system of PDEs from the infinitesimal point of view, and
provides a rigorous mechanism to performed the calculation of the aforementioned
symmetries.

Theorem 5.1. Let
Ev(T,up)) =0, v=1,...,q, (5.58)

188


mini
Subrayado

mini
Subrayado


5.3. Lie symmetries

be a system of ¢ partial differential equations of order p, defined in the open subset
M C M, understood as a submanifold on the jet space M, as

T ={(z,up)) : Eu(T,um)) = 0} C My, v=1,...,q. (5.59)

A local group of transformations G acting on M is a symmetry group of (5.58) if

X0 &, (2, ug))] ’520 —0, wv=1,....q, (5.60)
n m
for every infinitesimal generator X = Y &(x, u)% + > (x, u)% of G.
i=1 toj=1

Proof. In order to simplify the notation, let us denote jPu = (z,u(p) € My as
a generic point of the pth-order jet space My, and j2a = D (e, jPu) = (Z,Up)) =
pr®g. (z, U(p)) as the transformed one under the action of the group G'. By definition
of symmetry, G is a symmetry group for .7 if for every point jhu € .#¢, then
jbu € S for every e € R. This condition is equivalent to say that if £(j5u) = 0,
then £(j2a) = 0. Hence, for every jbu € .7, we have

da
de

et = 7| @) = +

Pu) = 0. 5.61
“|egw =0 (56

e=0

e=0 e=0

On the other hand, by applying the chain rule and considering the result given in
(5.28), we may write

a4
de

d
D~
ezog(jju)_ d€

d®.(jhu)
€

el ) = del,

€0> (5.62)

e=0
= d€| p, (X (ju)) = XD(E)(jhu).

Therefore, X P)[£(j5u)] = 0 whenever £(j5u) = 0 for every jhu € L, i.e. XP)(E) =
0 on 7. O

Theorem 5.1 provides an effective algorithmic procedure to compute the symme-
try group of a given system of PDEs. This process, often called Lie’s method, is
illustrated as follows:

Given a system of PDEs of order p of the form (5.44), let us consider an e-
parametric group of transformations (5.49) generated by the vector field X
(5.46).
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1. In the first step, we should construct the pth-order jet space My, C M,
associated to the starting system of PDEs, defined in (5.43). Then, it is possible
to introduce the prolonged vector field X as (5.51) and the extended group
of infinitesimal transformations (5.54).

2. Now, Theorem 5.1 can be applied to (5.44) as a criterion of infinitesimal in-
variance, providing a set of ¢ differential equations, given by (5.60), involving
the variables (z,u), the derivatives of u up to order p, the coefficients &;,n’
and their prolongations up to order p.

Alternatively, one may introduce the extended Lie point transformations (5.54)
in the starting system of PDEs (5.44), and perform a Taylor expansion in the
group parameter e, neglecting the second order and higher contributions O(€?)
of the formal series. The leading-order terms allow us to recover the original
untransformed equations £ = 0, and the first-order terms should provide the ¢
differential equations (5.60).

The restriction £ = 0 in expression (5.60) can be implemented by isolating the
higher-order derivatives u from (5.44) (if possible) and properly substituting
them in the condition X®) [€,(z, u@))] = 0.

3. We can introduce the explicit expressions for the prolonged infinitesimals ng
given by (5.54). At this point, we should remind that expression (5.60) is de-
fined on the Jet space M,y and only Lie point symmetries are being considered,
i.e. & and 77 do not depend on derivatives of u. Therefore, we are able to
select the coefficients of the remaining unconstrained derivatives of u, treated
as independent coordinates in M,), and set those terms equal to zero. This
procedure results in an overdetermined system of linear differential equations
for the infinitesimals &, 7/, called the determining equations, whose solution
provides the desired Lie symmetries.

As it is proved in [323], the resulting system of infinitesimal generators forms a
Lie algebra of symmetries, which fully characterizes the symmetry group for the
considered system of PDEs (5.44).

3.4. Nonclassical symmetries

Nonclassical symmetries may be understood as a generalization of the classical sym-
metries that not only leave invariant the system of PDEs under study but also certain
submanifolds defined by the invariant surface conditions. The description of the the-
oretical framework of the so-called nonclassical method can be found in [50,326,327].
The set of nonclassical symmetries is potentially larger than the one obtained by
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5.3. Lie symmetries

Lie’s classical approach, since there are fewer determining equations, and hence,
more symmetries. The additional symmetries provided by this method are inacces-
sible from the conventional Lie’s method, but they can be recovered (not always) by
other procedures, as the direct method [98]. Nevertheless, nonclassical symmetries no
longer transform all the possible solutions of the PDE into new solutions, they leave
invariant just a subset of them. In addition, nonclassical symmetries will not form a
Lie algebra. The computation of nonclassical symmetries requires the resolution of a
smaller system of PDEs for the infinitesimals, with the significant difference that the
resulting overdetermined system is nonlinear. This fact entails a remarkably harder
symmetry calculation.

Let us illustrate the nonclassical method to compute nonclassical symmetries here-
after. Let us consider a system of PDEs (5.44) and let Z¢ = {(7,u()) : & (2, u(p)) =
0} C M, be the associated submanifold containing all the solutions of this system.
Let us consider now a one-parameter group of infinitesimal transformations for (5.44)
of the form

T = + e&i(x,u) + O(2), . . -
{ﬂj:uj—i-enj(x,u)—i-(’)(ez), i=1,...,n, j=1,....m, (5.63)

n m
associated with the vector field X = > &(x, u)% + > (x, u)%
i=1 Yoj=1

The so-called invariant surface conditions are closely related with the characteristic
of this vector field (5.56) and are given by the m system of first-order PDEs

. n ou? ) .
A (2, u) Enj(x,u)—zgi(m,u)%zo, ji=1,...,m, (5.64)
i=1 v

or A = 0 for brevity.

The nonclassical method requires that the symmetry group (5.63) leaves invariant
not only the system (5.44) but also conditions (5.64). This implies that only the
subset of .#¢ defined by

Fen = {(m,u(p)) : S(x,u(p)) =0, A(x,u(l)) = 0} C S C M(p) (5.65)

must remain invariant under the infinitesimal transformations (5.63). Other solutions
for the system (5.44) in .%¢ that do not belong to the subset .#¢a are not necessarily
transformed back to the set ..

This procedure yields the following criterion of infinitesimal invariance (analogous to
Theorem 5.1) for the nonclassical symmetries

191



Chapter 5. Lie symmetries for differential equations

x@) [Sy(x,u(p))] ‘5:0’ N 0, v=1,...,q, (5.66a)

X (A (2, u01))] ‘ 0, j=1,....m. (5.66b)

£=0,A=0

It is worthwhile to notice that condition (5.66b) is identically satisfied, since it can
be proved that (see Appendix A.2)

. m j
X [AI(z,uq)] = ZAZ oA7 j=1,...,m, (5.67)

which holds for every Al = 0,1 =1,...,m. This result implies that equation (5.66b)
imposes no additional restriction over the coefficients of X, and hence, every classical
symmetry is also a nonclassical symmetry.

As (5.66b) does not provide further constraints in the infinitesimals, the invariant
surface conditions can be interpreted as restrictions on the first derivatives of the
dependent variables {u},},i = 1,...,n,j = 1,...,m, since due to (5.64) they are
not longer independent. Then, we could assume that at least one infinitesimal for
the independent variables is nonzero, &, 7& 0 for a fixed 1 < a < n, and eliminate
the corresponding m first derivatives of u},, from (5.64), as

) n )
B n - Z;é &2;2
(v i=1,i#«

= ’ . Yj=1,...,m. 5.68
9z c. j (5.68)

Besides equation (5.68), we should compute its differential consequences, i.e.
D7 (A7) =0 (5.69)

for every multi-index & such that |6] < p—1, for all j = 1,...,m, in order to obtain
up to the pth higher-order derivatives associated to uZ,,.

Direct substitution of these derivatives {ul,, (u},)s}, Vj = 1,...,m in (5.66a) and
setting the remaining derivatives equal to zero, will provide the overdetermined sys-
tem of PDEs for the infinitesimals whose solution gives rise to the desired nonclassical
symmetries. It is immediate to see that the resulting number of determining equa-
tions is smaller than the classical one, and consequently, the set of solutions will be
larger. Furthermore, the arising system of PDEs is in general highly nonlinear.

Thus, condition (5.66) can be summarize in the following compact and sufficient [346]
infinitesimal criterion of invariance associated to the nonclassical symmetries
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X®) (&, (z,u(y)] ‘5:0, oo =0 Y=L lelSpol (5.70)
Computationally speaking, the algorithm to determine the nonclassical symmetries
is completely analogous to the classical one described in the previous Section, with
the subtlety that now the criterion of invariance is given by (5.70). Moreover, a
plethora of different cases arise depending on whether the coefficients £,, 1 < a <n
are null or not. Each of these cases should be analyzed separately, giving rise to a
richer spectrum of symmetries. Unfortunately, nonclassical symmetries do not form
a vector space and neither a Lie algebra, since they do not necessarily satisfy the
closure property [272].

4. Symmetry reduction and group invariant solutions

One of the central applications of Lie groups on differential equations is that sym-
metry group techniques provide methods to obtain solutions for those differential
equations. In particular, Lie symmetries may be exploited to derive exact or special
solutions of a given equation in terms of solutions of lower dimensional differential
equations. If a partial differential equation is invariant under a one-parameter sym-
metry group, then it is possible to reduce the total number of independent variables
by one by means of the invariants of the system. In the case of ordinary differential
equations, this procedure implies the reduction of order by one, where the solutions
to the original equation may be recover by quadratures from the solution of the re-
duced problem. For first-order ODEs, this method provides an explicit formula for
the general solution. This procedure is know as the symmetry reduction method or
similarity reduction method, the resulting equations after the reduction process are
called reduced equations (or simply, reductions) and their corresponding solutions
give rise to the similarity solutions. A detailed description of this technique is found
in [51,52,323|.

Let us consider a system of PDEs of order p of the form (5.44) and let (5.49) be a
one-parameter group of infinitesimal transformations on M for this system generated
by the vector field (5.46). A (local) invariant of the group of transformations (5.49)
is a real-valued smooth function F' : M — R such that F' is an invariant under the
action of the group, i.e.

F(z,u)=F(g- (z,u)) = F(z,u) (5.71)

for all g € G. Then, F(x,u) is solution of the following linear, homogeneous, first-
order partial differential equation
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" OF <~ .0F
X(F) = Z;&axi+ > W =0 (5.72)

J

defined on M. The general solution of equation (5.72) may be achieved by the
so-called method of characteristics [163], which implies the integration of the char-
acteristic system of ordinary differential equations

dzq dx, du? du™
I — = == 5.73
fl(xvu) fn(xvu) 771('1"7’“) nm(x’u) ( )

The solution of system (5.73) gives rise to a n+m — 1 constants of integration, which
allow to construct n +m — 1 functionally independent invariants on M.

The standard procedure to solve the system of ODEs defined above is described
in the following. We should fix one of the independent variables, x, without loss
of generality, and integrate the system (5.73) by pairs. The reduced variables are
obtained by integrating the subsystem of (5.73) involving the independent variables

dry dx, dry  dx, dx, dx,
dzj=———=0, dpn=——-——=0, ..., dzp_1= L — =0,
GG & & b1 &
(5.74)
giving rise to a set of n — 1 new reduced variables z = (z1, ..., z,—1), which enables

us to reduce in one the number of independent variables of the associated reduced
problem. The reduced (scalar) fields are given by the integration of the system

dUlzd—lil—d:”—"zo, dU2:d—“22—dﬁ=0, =
n én n &n n
(5.75)
providing the remaining m invariants U = (U!,...,U™) such that U = U(z). It
is worthwhile to remark that any smooth combination of functions involving the
reduced variables and/or reduced fields (z,U) is also and invariant (of the same
kind), since it is solution of (5.72).

Let us denote the following sets of coordinates as & = (z1,...,2,—1). Hence, the
general solution for the characteristic system (5.73) may be expressed as

2k = 2k (T, Tp, u), Ul:Ul(i,xn,u) Ve=1,...,n—1,1=1,...,m. (5.76)
We can always invert relations (5.76) such that
x; = xi(xn, 2,U(2)), W=l (xy,2,U(2)), Vi=1,...,n—1,j=1,...,m.

(5.77)

The above change of variables induces a transformation over the derivatives of u?, j =
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1,...,m up to order p, which can be easily computed by means of the chain rule.
Hence, the desired reduced problem is obtained by introducing the change of variables
(5.77) and their differential consequences over the derivatives of u into the starting
problem (5.44), giving rise to a system of ¢ partial differential equations of order
p depending on n — 1 independent variables z = (z1,...,2,-1) and m dependent
variables U = (U1,..., U™), of the form

Ev(z,Up)) =0, v=1,...,q. (5.78)

In particular, if n = 2, the starting problem (5.44) reduces to a system of ¢ ordinary
differential equations.

5. Toy example revisited: NLS equation in 1+ 1 dimen-
sions

Let us illustrate the main procedure of Lie’s symmetry method described above for
the toy example considered before, the famous NLS equation [3,13,130] defined in
(2.58)
Uy +u —2u2w:O,
L e ) (5.79)
— W + Wep — 2w u = 0.

This system of PDEs is defined in 1 4+ 1 dimensions, it is expressed in terms of two
independent variables, the spatial coordinate x and time ¢, which implies n = 2, and
two complex conjugate scalar fields {u, w}, which provides m = 2. The associated jet
space Mz) may be constructed as in Example 5.8 for p = 2, with local coordinates

=
(.T, t? U, Wy Uz, Uty Wy, W, Ugg; Ugt, Utt; Wex, Wat, wtt) 3 (‘)8()>

so that the system (5.79) can be considered as a submanifold in M ).

5.1. Classical Lie symmetries for NLS

Let us consider the following e-parametric group of infinitesimal transformations

F=x +e&(x,t,u,w) + O(?),
( ) €

t=1t+ ek 2

uU=1u + en

)
z, t,u,w) + O(e%), _
z,t,u,w) + O(e2), (5.81)
)+ O(€)

x,t,u,w €),

(
(

W= 1w+ eny
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generated by the vector field

0
+ g (5.82)

0
X = 51 +§2 +7]1 B

ou

It is possible to extend these infinitesimal transformations up to second-order deriva-
tives,
( Uz = ug +€(m)a(z,t U(1), 1)) +O(e?),

)
;= ug + (), b ugy, way) + O(€),
Wz = Wy + €(12)a(2, T, uq), (1>) +0(e),
Wy = wy + €(m2)e(@, t, 1y, wy) + O(e?),
lizz = Uga + €M) 2 (2, t,u(2), w(2)) + O(€?),
Uy = gy + €(1)at (@, T, ug), weay) + O(é?),
g = ug + €(m)u(, b, uz), wa) + O(e%),
sz = War + €(12)a (T, 1, U), w(2)) + O(),
Wi = et + €(M2)at (T, 1, u2), w2)) + O(é?),
Wy = wir + €(2) (%, 1, u(2), w(z)) + O(€?),

where the corresponding prolonged vector field reads

0 0 0 0 0 0 0
51 + 52 + U + Ll + (771)9087 + (m)e D + (12) . + (ﬁz)taTUt
(9 0 0 0 0 0
+ (771):,:9387” + (Ul)zt% + (Ul)ttﬁtt + (ﬁ?)xxm + (ﬂQ)wtm + (UZ)ttaTtt

(5.84)
By applying Theorem 5.1 to (5.79), we arrive at the following system of determining
equations
i(m)e + (M)ax — duwm — 2U2772 =0,

' (5.85)
—i(n2)e + (12) 2z — duwng — 2wy = 0,

under the restriction imposed by the original NLS system t,, = —iu; + 2u’w, we, =
iwg + 2uw?. The prolonged infinitesimals (1;)¢, (1;)zz, j = 1,2 can be computed by
the general prolongation formula (5.54), and the substitution of the expressions for
Uge and wy, in (5.85) yields

8771
ou?

2 (52,uux + E2,wwz + 5271) Uyt + El,uuui + < + 251 wwWg + 251 zu T+ 52 uuut) u2

2 (e = ZM gy o ) s — 28 4 9 (B0t — i) + 261 o (u? + i)
’ oudw oxou ’ ’

+£1,mz + igl,t} Uy + [7152,15 - 27;51,1’ + 252,717-’/211} + 252,74) (wt + uw2) + g2,xz + 252,xuuz} Ut
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% 2 9 . Pm 9 2
+ gl,’wwux + 62,wwut - w wy, + (62,%11) - Zgl,w)ut - W + gl,wu W | Wy
Om OmY 2, _o0m, 2 Pm om
— 9= 2(26, - 22 —o2 L il 4y 2 =0
"ow { ( Sro = By ou " g2 iy +Amuw + 2| =0,
(5.86)
3 9’2 9
2 (SQ,uux + f2,wwz + 62,27) Wyt + fl,wwww + | — 8w2 + 251,uwur + 261,1“) + 62,u1u;wt Wy

ny 9ne
+ |:2 <£1,mu - m + 52,uwwt> Uy xow

+£1,zr - ifl,t} Wy + [_i£2,t + Qigl,x + 252,wuw + 2£Z,u<ut + u2w) + 52 zz T 252,zwwx] Wy

b (Gt + o — T2V 2 2 [+ i — T 4o
1,uuWz 2,uu Wt 8U2 Uy 2,xu Q1,0 )Wt — a ou luuw Uy

(3uw +iwe) + 26 u(u w — tuy)

+ Qi%ut + {2 (2{171. — g?j) uw? 28822 wlw — %772 +1 8877; + dnouw + 27]1w =0,
(5.87)
where the subscripts {z,t,u,w} denote partial derivation with respect the corre-
sponding variables. We should now extract the coefficients in the different derivatives
of u and w and equate them to zero, leading to an overdetermined system of linear
PDEs for the infinitesimals {&1, &2, 71,12}, whose solution provides

51(x7 tv u, w) = a1 + a4x + a5t7
Eo(x, t,u,w) = ag + 2a4t,

(.t u,w) = <w25x — a4+ m3> u, (5.88)
772($,t, u, U}) - (_“125.%. — a4 — Zag)
where a;, ¢ = 1,...,5 are arbitrary real constants. Relations (5.88) constitute the

classical Lie symmetries for the NLS equation (92,165, 166]. The associated vector
fields define the transformations

X1 =0, Space translation

Xo =0 Time translation

X3 =1 (udy — wdy) Phase translation (5.89)
X4 =20, + 2t0; — udy, — woy, Scaling ’
X5 =10, + % (u0y — W) Galilean boost

and constitutes the basis of a five-dimensional Lie algebra with nontrivial commuta-
tion relations

197



Chapter 5. Lie symmetries for differential equations

1
X1, X4l =X X1, X5 ==X Xo, X4] = 2X
[ 1 4] 1, [ 1 5] 9 3 [ 2, 4] 2, (5()()>
[X27X5] = X17 [X47X5] = X5'

This algebra is solvable and isomorphic to the one-dimensional extended Galilei-
similitude algebra sg(1), subalgebra of the so-called Schrédinger algebra sch(1) [180,
356]. The matter of classification of symmetry groups associated to generalized ver-
sions of n-dimensional Schédinger-like equations has been a subject of keen interest
during the past years [58,59,62,177,178,315], where Schrédinger groups Sch(n) and
extended Galilean groups Gal(n) play an important role. In particular, for the one-
dimensional case, the group Sch(1) ~ SL(2,R) > W; naturally arises, expressed as
the semidirect product of SL(2,R) and the Weyl-Heisenberg group Wi, representing
the symmetry group of the (1 + 1)-linear Schrédinger equation for the free parti-
cle [59,315].

5.2. Nonclassical Lie symmetries for NLS

Nonclassical Lie symmetries for NLS equation (5.79) can be analogously computed
by applying the procedure described in Subsection 3.4 of this Chapter.

Together with the extended group of infinitesimal transformations (5.84), we should
impose the invariant surface conditions (5.64), which are given by

- x = 07
A= {771 §1ug — Souy (5.91)

N2 — 1wy — Sowy = 0.

In view of equations (5.91), the nonclassical method applied to (5.79) gives rise to
two different cases of analysis:

L &#0

Without loss of generality, we may set & = 1 in order to simplify the ensuing
calculations. Then, solving (5.91) for uy, wy, we get

ur =M1 — §1Uag, wy =M1 — §1Wg, (5.92)
whose differential consequences up to second order imply

Ugt = D:v(nl) - Dx(gl)u$ - §1u$$; Ut = Dt(nl) - Dt(gl)u:v - fluzb

5.93
Wet = Dg(m2) — De(&1)we — §1wee,  wi = Dy(n2) — Di(&1)wae — 1wy (5.93)

Finally, by applying condition (5.70) to (5.79), computing the corresponding pro-
longed infinitesimal by the general prolongation formula, and properly substitut-
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5.5. Toy example revisited: NLS equation in 1 + 1 dimensions

ing the restrictions imposed by (5.79) itself, (5.92) and (5.93), one arrives at the
following system of nonlinear PDEs

) 02 0?
gl,uuui + <2£1,xu + QZfl,ugl ou 7721 + 251 uwwx> ui + <§1,wwux - 8’[1721> w?c

827]1 2 82771 8771
2 (gl,mw - 8’11(9’[1)) Up Wy + 2 |:2€1,u1u w — Ozdw (751 f1,w771)] w

0xou

1o} 0 0
+2 281, — an w + M2 u? + 2m — ﬂw uw — ¢ n — 12 + §1 2N
ou Jw ow
o Pm\ _ _o,
ot Oz

. 0? 0?
gl,wwwi + (2§I,J;w - 2151771)61 - 8117)722 + zgl,u’wu%) ’LUi + (gl,uuww - 612’22) ’U,i
2

82772 2 8 2 8772
2 <§1,xu - Mﬂ) UgWy + 2 |:2§1,uuw - 8:1;‘(9’11, (fl gl,uﬁQ)] u

02n2 . 1.
+ 2 {(351 wW + &1y u)uw — 0w i(&1,um — &1w + &1,081Mm2) — 5 (21t — glwx):| Wy,

—I—Z{[(Qflx—gn)u-i-m]w + [2772—%75“} Uw-f-l(aan Tll+§1z772>}
-(S+ ) -0

whose solutions for the infinitesimals have the following form

0% 1,
2 |:(3§1,uu + & ww)uw — ——— + (& wne — 1w+ &1a8m) + §(Z€1¢ + gl,zz):| Uy

by +x + byt
§1= T
S =1,
1%456 — 1+ ibs (5.96)
m= —b2 1ot u,
% a 4 1+ibs
2 = 7—b2 1ot )
where b;, 1 = 1,...,4 are arbitrary parameters. Nonclassical symmetries for NLS

5.96) do not provide further information to the symmetry analysis, and, in fact,
5.96) d t ide further inf tion to th t lysi d, in fact
they fully coincide with the classical ones (5.88) in that case.

2.6£=0,4#0
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For this case, we take £; = 1, and the invariant surface conditions (5.64) and their
differential invariants provide

Uy = 11, Ugy = Dl‘(nl); Ugt = Dt(nl)a

(5.97)
Wy = 12, Wgy = Dx(772); Wyt = Dt(772)7

which yields the following system of PDEs for the infinitesimals (that do not
depend on any derivative of the dependent variables)

Oom Py (3771 _om O(nt) Ony , 0(n3) Im

w) — dnpyuw — 2n9u® +

“or T o2 ou ' w ow ou | ow ow
oy Onz 1 9% d*m 207 0Py,
o 01 112 2 2 =
* ow Ox + Oudw +em 0x0u + e OxOw i Ou? + w2 2 0,

2
3772 + 0 72 — 2uw (amu _ amw) — 4772UU) — 2771’11]2 +

O(z) Onz , 0(nz) Om
ou ow

ou Ou ou Ow

2 2 2 2 2
+ 2% 63771 + 20712 8u31211 + 202 86902121) +2m gxgi 13 68111)722 + 801722 i =0,
(5.98)
whose solution is
&G =1,
ERICEES
e (5.99)
_i(wter)
e T

where c1, co are arbitrary constants. This result constitutes, again, a subset of
the classical Lie symmetries for NLS.

The fact that the nonclassical method does not produce any result beyond the set
of classical Lie symmetries for NLS equation was already noticed in [272|. Unfortu-
nately, this situation also occurs for other famous integrable equations, such as KdV
or mKdV [98]|. Nevertheless, some other systems as Burgers equation do possess
additional symmetries and reductions due to the nonclassical method [346].

5.3. Symmetry reduction: travelling wave solution

Let us implement, as an illustrative example, the reduction method as a tool to derive
solutions for the NLS equation in 1 + 1 dimensions (5.79). We will be interested in
travelling wave solutions, i.e. solutions of the form u(x,t) = f(x — vt) with velocity
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5.5. Toy example revisited: NLS equation in 1 + 1 dimensions

v. In order to achieve that, let us consider the following vector field

o 0 . 0 0 -
X:le—i-Xg—i-’ng:v%—i-a%-w (u(?u_w8w> , (5.100)

where we have taken v # 0 in order to allow additional phase shifts in the fields.
The associated characteristic system to (5.100) is given by

da
v 1 diyu iyw

dt _ du

_dw

(5.101)
The integration by pairs with the variable t of the system above results in the reduced
variable and the reduced fields of the form

z =x — vt, U(z) = u(z, t)e, W(z) = w(z,t)e” . (5.102)

Substitution into the original equations (5.79) provides the reduced equations as the
coupled system of ODEs

U" = iU +~U + 2U0°W,

5.103
W' = —ioW' + AW + 2UW?, ( )

where U = U(z), W = W (z) and the prime denotes derivation with respect to z,
[

=1
It is immediate to see that throughout this procedure, we have been able to reduce
the order by one, starting from the (1 + 1)-NLS equation (5.79) and leading to the
system of ODEs (5.103) in the reduced variable z. In order to solve (5.103), let us
introduce the change of coordinates

U(z) = p(2)e?®),  W(z) = p(z)e ),

where p(z) and ¢(z) are real functions. Then, system (5.103) reads

p"=p(? —vp) +p(v+207), (5.104a)
/
o = — (2¢' —v) %. (5.104D)

Equation (5.104b) can be easily integrated as

I
p?’

/

Y = + IQERa

N <

with I3 as the arbitrary constant of integration. Thus, equation (5.104a) gives rise
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to the following second-order decoupled ODE for p

" 3 U2 I22
o =203 + (7—4>p—|—p3. (5.105)
According to the seminal work of P. Painlevé [331,332], one should be able to classify
this equation in onelof the 50 standard Painlevé type equations. Implementing the
ansatz p(z) = R(z)2, equation (5.105) may be easily expressed into the standard
form [228]

R/Z 2[2
R' = spt AR* 4 2aR + f?, (5.106)

where we have defined a = v— %. Equation (5.106) corresponds to equation XXXIII°
[228], and its first integral is

R?=4(R*+aR*+ L R-13), (5.107)

where [ is the arbitrary constant of integration. This first integral is solvable in
terms of Jacobi and Weierstrass elliptic functions, giving rise to a plethora of diverse
solutions, depending on the different values of the parameters {a, Iz}, with different
behaviours for R(z). Solutions of this kind have been extensively studied in [179].

Let us examine, for example, the travelling wave solutions arising from the case
a # 0, I = 0. The form of the solutions depends on the value of I1, as well as the
nature of the roots of the polynomial in the right-hand side of (5.107). A particular
solution® for this case reads

R(z) = &7 sn? (622 + I3, k), (5.108)

where sn(-) denotes the elliptic sine function, I3 is the constant of integration and
the parameters {01, 2} and the elliptic modulus & are given by

_a—l—va2—411 —CL—|—\/—(12—411

2 2
a++va? — 41
—a+ a2 -4l

52 = 52 =

(5.109)
k? = —

®This classification arises in the most general case when a # 0, I # 0. If a = 0 = I, equation
(5.106) corresponds to equation XVIII in [228], and if a # 0, I> = 0, to equation XIX, respectively.
The corresponding first integrals for these subcases can be easily recover by selecting the particular
values of {a, Ix} in (5.107).

5This solution is valid in the regime % > I > 0, where the elliptic integral (5.107) has three
real and different roots. Taking into account that R(z) > 0, the solution (5.108) has been computed
following expression 233.00 in [66].
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Thus, this result provides
p(z) = 61sn (022 + I3, k), o(z) = §z+14, (5.110)
being Iy a constant of integration, which implies that the reduced fields are
U(z) = 01sn (d2z + I3, k) ei(%zﬂ“), W(z) = 01sn (d2z + I3, k) eii(%zﬂ‘*), (5.111)

which identically satisfy relations (5.103). Finally, the solutions for the original fields
u and w have the form

u(z,t) = 01 sn[da (x — vt) + I3, k] 6i[%(x—vt)+[4+»yt],

A (5.112)

w(zx,t) = dysn[dg (z — vt) + I3, k] 6_2[%(z_vt)+14+7t],
which constitutes bounded and periodic travelling waves for (5.79) where the param-
eters are given in (5.109). According to [179], there exist no other regular travelling
wave solutions for the (1 + 1)-defocusing NLS equation (5.79) with the choice of
I, = 0 arising from symmetry reductions of the form (5.100).

It is worth studying the limiting case k = 1 arising from the elliptic functions, which
2

is equivalent to consider I = % . Hence, renaming a = —242, solutions (5.112)

behave as

o v2
u(w,t) = 6 tanh? [§ (x — vt) + I3 6%[g(ac—vt)Jr(7—262>t+14]7

To »2
w(z,t) =9 tanh? [0 (z — vt) + I3] e—l[5(9&—1}1&)+(7—252)1:4-14]7

(5.113)

which represens a bounded and non-periodic solitary wave known as kink.
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Chapter 0

Lie symmetries for spectral problems

This Chapter is devoted to the applications of Lie’s formalism of classical (and non-
classical) symmetries to several integrable models arising from the fields of Mathe-
matical Physics and Materials Sciences. Lie’s procedure will yield the direct com-
putation of the classical or nonclassical symmetries, which allows us to characterize
the underlying Lie algebra structure of such systems and investigate the associated
similarity reductions.

As already mentioned in Chapter 5, Lie symmetries were first introduced by S.
Lie [273-275] as a valuable technique to solve differential equations or reduce a system
of equations to a simpler form. The overwhelming advantages of this procedure are
evidenced by its countless successful applications when dealing with the study of
differential equations [52,323,378].

Throughout this thesis we will consider a slightly different approach. In this research
we will be more concerned about the application of Lie’s method to the spectral prob-
lem associated with these integrable systems. Lie symmetry analysis for any kind
of differential equations has been an extensively studied topic in the last decades.
Nevertheless, much less frequent is the identification of Lie symmetries for the asso-
ciated Lax pair in the case of integrable nonlinear problems. The first contributions
to this matter were developed in [268,292] and a fruitful work in this topic has been
conducted by Estévez and collaborators [61,143,144,154-156].

The inspection of Lax pairs is interesting since they are considered a proof of inte-
grability for the corresponding nonlinear differential equation [3,13|. The associated
linear problem can be characterized in terms of a system of PDEs, which linearly
depends on a new set of dependent variables, the eigenfunctions, and an additional
element: the spectral parameter (either isospectral or nonisospectral). As the Lax
pair constitutes an equivalent system to the former nonlinear equation, it is expected
that the symmetries of the spectral problem include the symmetries of the starting
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Chapter 6. Lie symmetries for spectral problems

PDE [268]. Furthermore, Lie symmetries for Lax pairs yield much more informa-
tion than just the symmetries of a set of PDEs. This procedure allows us not only
to obtain the symmetry transformations of the fields, but also provides how the
eigenfunctions and the spectral parameter are transformed under the action of the
symmetry group [24,25,27,28,144,155|.

This fact will play a crucial role in the study of symmetry reductions arising from
those systems. As already illustrated in the previous Chapter, each Lie point sym-
metry leads to a reduced version of the equation with the number of independent
variables diminished by one. Similarity reductions, when applied to a given Lax
pair, require to consider the eigenfunctions as usual fields and include the spectral
parameter as an independent variable for the eigenfunctions. This process allows to
simultaneously derive the reduction of the fields together with the reduction of the
eigenfunctions and the spectral parameter itself. Hence, this formalism straightfor-
wardly yields new families of integrable differential equations in lower dimensions
together with their associated spectral problems. This whole procedure is also ap-
plicable for hierarchies of PDEs [154, 155].

Another core component of the symmetry analysis for Lax pairs rests on the spectral
parameter. Particular importance should be given to nonisospectral Lax pairs, i.e.
associated linear problems where the spectral parameter is not constant, but a func-
tion of the independent variables of the system. In those cases, the spectral problem
generally satisfies an additional differential equation' called nonisospectral condition
or nonisospectral equation. Nonisopectral Lax pairs generally appear in multidimen-
sional integrable systems in 2+ 1 or higher dimensions, which typically describe more
realistic models and display a richer dynamics [247|. From the symmetry point of
view, the spectral parameter should be treated as a scalar field and the reduction pro-
cedure shall be extended to the nonisospectral condition. Thus, Lie symmetries for
nonisospectral Lax pairs allow us to analyze how the nonisospectral condition prop-
agates under the reduction, and eventually obtain nontrivial nonisospectral reduced
problems in lower dimensions [24,155, 156].

This Chapter is organized as follows. Section 1 is aimed at the application of Lie’s
symmetry method to nonlinear systems in 1 + 1 dimensions and their associated
spectral problems. We analyze three nonlinear differential equations of interest, aris-
ing from the integrability analysis for the generalized DNLS equation described in
Section 2 from Chapter 3. As it has been shown, each of these equations possesses
two equivalent Lax pairs that are isospectral. The associated similarity reductions
will provide two equivalent reduced Lax pairs for each reduced ODE, linked by the

Notice that the nonisospectral condition and the spectral problem do not necessarily present a
linear dependence with the spectral parameter.

206



6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

reduction of the compatibility condition in each case. The research conducted in
this Section is partially covered in publications [23,28|. Section 2 is dedicated to
the symmetry analysis performed over nonlinear models in 2 + 1 dimensions. The
dynamics in multidimensional systems is richer than in the (1 + 1)-case due to the
versatile nature of the spectral parameter. In this Section we will analyze two exam-
ples, following the constributions [24, 25|, respectively. The first example accounts
for an integrable generalization of the NLS equation in 2 + 1 dimensions with an
associated nonisospectral Lax pair. The second example displays a multi-component
generalization of NLS equation with a Lax pair that does not possess a spectral
parameter. In this case, the proper process of symmetry reduction for the spectral
problem provides a natural way to introduce the spectral parameter in the reduced
problem.

1. Lie symmetries for nonlinear systems in 1 + 1 dimen-
sions

This Section is devoted to the Lie symmetry analysis applied to nonlinear systems of
physical relevance in 1+ 1 dimensions and their associated linear problems. In this
Chapter, we will not be concerned about the explicit obtention of the Lax pairs for
those equations, they will be taken as known. In particular, the spectral problems
treated hereafter have been derived by means of the SMM by the author of this
manuscript in [28|.

1.1. Derivative NLS equation in 1 + 1 dimensions

We begin this Section with the symmetry analysis for the generalized DNLS equation
in 14 1 dimension proposed in Section 2 from Chapter 3. Equation (3.90) can be
rewritten as the system

1
ime — Mgz +i(y — 2) mmmy + i(y — l)m2 My — Z’y(’y — l)m3 m2 =0,
(6.1)

2

1
— My — Mgy — i(y — 2) mmmy, —i(y — 1)m my — Z'y(’y —m*m? =0,

_ . 2 _ .
where m and T are, as usual, complex conjugates, |m|® = m - m, and ~ is a real
parameter.
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Chapter 6. Lie symmetries for spectral problems

It has been proved that equation (6.1) has an associated spectral problem given by

. iy —2 m 17 .
Xzz = |IA — 9} ) |m|2 + | e+ - [Qmez —(y-1) |m|4} X,
2 m 4

2 : i(y — 1) 1 (62)
— im, i(y —
xe=— 2+ = i+ B )t S|
2 m 4 2
and its complex conjugate
‘ i(y—2 0 | L —
Tow = |~ir+ O e T L i, — (= 1) i) .
2 m 4 )
2 T i(y — 1) 1 (6.3)
— im, , i(y — _ _
;mz—[A+”2mﬁ—-'ﬂxz—ﬂﬂV—”4|m#+2mm4x,

where \ acts as the spectral parameter and it can be checked that the conjunction
of the compatibility conditions Xzzt = Xtzz and Xppr = X retrieve (6.1). Equation
(6.1) is demonstrated to possess another Lax pair, which reads

(=D mf*m — 2im,.)

. i(y —2) 2
= [—id+ " |mf +
Vs ™ (v — 1) |m|*m — 2im, v
1. A
+ 1 [2imm. = (= D ml] v,
(6.4)
NP i((’y— 1)\m|2m—2z'm)
v I Dl |
i(y—1 1
+ [iN2 + =1 Im|* + Zmim, | 1,
4 2
and its complex conjugate
2 .
o 2 (y = 1) |m|* m + 2im, *
1 _
— 7 [2imma + (v = 1) Iml"] %, (6.5)
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i ((’y —1)|m|*m + 2imm>

(v—1) \m|2 m -+ 2imy,

T

- 2
—— Im[" + .

(v —1 1 _
ix2 + 1(74 ) lm|* — 2mmx} .

Both spectral problems (6.2)-(6.3) and (6.4)-(6.5) are linked via the conditions

_ »
wXe | g + LS

— T 4 . o
= =0. (6.6
o2 1 2 =0 60

Lie point symmetries

Thereupon, we proceed to analyze the Lie point symmetries of the spectral problem
for equation (6.1), given by the system of PDEs (6.2)-(6.6). Symmetry analysis for
Lax pairs requires to consider the spectral problems as a system of PDEs where the
eigenfunctions {x,X, %, v} are treated as fields depending on the variables (x,t, ),
while {m,m} exclusively depend on (z,¢). The inclusion of the dependence on A for
the eigenfunctions constitutes the novelty and the cornerstone to the whole procedure
concerning the extension of Lie symmetries for Lax pairs. This fact will allow us
to naturally define the notion of infinitesimal transformation for this parameter as
well as for the eigenfunctions, leading to a straightforward framework to apply Lie’s
formalism. This approach successfully provides the correct criterion of invariance
for the spectral problem and the associated similarity reductions. Then, the space
of independent variables 2 has coordinates (x,t, A) while the space of dependent
variables % is endowed with coordinates (m,m, x,X,%,%). Since we are dealing
with a second-order Lax pair, the set of PDEs (6.2)-(6.6) defines a submanifold in
the second-order jet space M) = 2 X %(3).

In order to apply Lie’s symmetry method to the linear problem (6.2)-(6.6)%, let us

*Notice that Lax pairs (6.2)-(6.3) and (6.4)-(6.5) are completely decoupled in terms of the eigen-
functions {x,%} and {1,%}, and that the compatibility condition of each Lax pair successfully
provides equation (6.1). Then, we may conclude that each Lax pair should be considered indepen-
dent from the other, and that conditions (6.6) exclusively link two versions of the same problem.
Thus, from the symmetry point of view, it is not necessarily to consider the complete problem
(6.2)-(6.6), it suffices to analyze either (6.2)-(6.3) or (6.4)-(6.5) and the resulting symmetries should
be consistent by construction with conditions (6.6).
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consider the following one-parameter group of infinitesimal transformations

IS
Il
&

+ Eé.x(x, t7 A? m7m7 X? Y? w?@) + 0(62)?

t=t+e&(x,t,\,m, 7, X, X, ¥, ¥) + O(e?),

A=A+ e&n(z, t, \,m,m, X, X, ¥, ¥) + O(?),

m=m+ eny(z,t,\,m,m,x,X, ", ) + O(?),

m =+ enm(z, t, \, m, 7, X, X, ¥, ¥) + O(e?), (6.7)
X =X+ en(z,t, A, m,m, x, X, ¥, %) + O(€%),

X =X + engla, t, A, m,m, x, X, ¥, ¥) + O(e?),

) =P+ eny(@,t, A m,m, X, X, ¥, ¥) + O(e%),

G =0+ eyl t A m L X X ¥, ) + O(2),

where € is the parameter of the group. The associated vector field that generates the
transformation above reads as

o 0 9 d 9 d d d 9
X il? m m
Sogg Toigy H gy Tl g g F g g T g T o (6.8)

This infinitesimal transformation induces a well known one in the derivatives of the
fields {m,m} and the eigenfunctions {x, X, ¥, ¥} given by (5.55), such that it must
preserve the invariance of the starting system of PDEs,

Mz = My + e(nm)x + 0(62)7 ﬁi =myz + 6(%)w + 0(62)7

Mzz = Mgy + E(nm)xz + 0(62)1 ﬁ:f:’i = Mgy + 6(%)11 + 0(62)7

Xz = Xo + €0 )z + 0(62)’ igz =Xz t€(x)s + 0(62)a

Xi = Xt + () + O(), Xi =X +e(ng)e + O(€?),

)Zi;i = Xzz + E(ﬁx)m + 0(62)7 i:E:E = y$$ + €(W)mx + 0(62)7 (6'9>
1;5{? = % + 6(771#)% + 0(62)a @.ﬁ = @z + 6(%>Z + 0(62)7

br = + e(ny)e + O(), 752%4‘6(%)15 +0(e%),

"Z):E:T: = 'QZ}:E:L" =+ 6(777/)):10:1: + 0(62)7 Eifc = @:px + 6(%)51333 + 0(62)7

where the different coefficients (1q)z, (1)t (1Q)ze for Q = {m,m, x, X, ¥, ¥} can be
easily computed by the general prolongation formula (5.54) from Chapter 5. We have
analyzed both the classical and nonclassical approaches to Lie symmetries for the
spectral problem (6.2)-(6.6), following the theoretical prescriptions given in (5.60)
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

and (5.70), respectively. Unfortunately, nonclassical Lie symmetries do not provide
any further information, since they fully coincide with the classical symmetries, of

the form o
§$ (L’,t, Avmama X7Y7w7¢) - AlIII + A27

(
é-t(:rv ta )‘7 mama X?Y’ 7/%@) = 2Alt + ASa
gk(l’ata )‘amvma XaYﬂj}aw) = _Al )\7
(

— A
T]m x? t? A? m7 m? X7Y7 w? ’l/}) = <_1 + ZZl(t)> m7

2

[ — A ) _ 5.1
’r]m(x? t? )\7m7 m’ X7X7 w7w) = <_21 - ZZl (t)> m7 <6 ()>
nX(‘II:?ta)‘vmamaX7Y7w7$ = Kl )‘ X7

(@, £ Ay, 0, X X 5 )
77w(337 ta >\a m,m, X, X, d}aw
%(ZL‘, t, )\7 m,m, X, X, Qﬁa@

)
)
) =Ko
)

where A;, i = 1,...,3 are arbitrary constants, Z(t) is an arbitrary real function
of t and K;(\), K;(\), i = 1,2 are arbitrary complex (and conjugate) functions of
A. It is easy to check that the infinitesimals {&;, &, 9m, N} in (6.10) provide the
full set of Lie point symmetries for the nonlinear equation (6.1). The symmetry
associated with A; amounts to a scale transformation, As and Ag define translations
in space and time, respectively, whilst Z;(t) creates a phase translation in the fields
m and m. The Lie symmetries for the associated Lax pair are augmented with the
corresponding transformations for A and the eigenfunctions. The infinitesimal &)
allows to extend the scaling transformation to the spectral parameter. Symmetries
associated to K;()\), K;(\), i = 1,2 represent a phase shift in the eigenfunctions due
to the linearity of the spectral problem.

Classification of the associated Lie algebra

Hereafter, we will characterize and classify the Lie algebra associated to the sym-
metry group for the spectral problem (6.2)-(6.6). Since the symmetry group (6.10)
depends on up to eight arbitrary elements, we may construct eight infinitesimal gen-
erators associated to these symmetries, listed as

0 0 0 m 0 m 0
X = S T N 2 om 2 o

0

Xo= 2
2 axa
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Chapter 6. Lie symmetries for spectral problems

0
Xa = —
3 at)
. g __ 0
iz =i(0) (m o =), (6.11)
0
X _
Tl oy = Ki)xg e
%o = Fi e
{K1(M)} ox’
0
Y _
Ty = K250
7 — 0
P — —
(K20}~ K2(A)wa@’
where generators X1 — X3 arise exclusively from the arbitrary constants in the symme-
tries, Y(z, (1)} depends on an arbitrary function of time and Ff{’n( NS k() p0, denotes

the generic generator associated to the arbitrary functions x(A) = {K;(\), K;(\)},
j:172andp:{X7Y’w7¢}'

It is worthwhile to remark the presence of arbitrary functions in the Lie symme-
tries. The influence of these arbitrary functions should not be taken lightly and it
deserves a meticulous analysis. According to [378], symmetry generators depending
on arbitrary constants will give rise to a Lie algebra, while generator depending on
arbitrary functions will not, since we are dealing with an infinite-dimensional basis
of generators. Notwithstanding this, the commutator of two symmetry generators is
still a generator of a symmetry, in a sense that will be highlighted later. Arbitrary
functions will play a decisive role in the symmetry analysis of differential equations,
specially in the case of higher spatial dimensions, as it is illustrated in Appendix B.

Commutation relations among the symmetry generators may be performed. The
results are summarized in the following table, where entry in row i and column j
symbolizes the operation [V;, V;], with V;, V; two generators of the symmetry group,

X, X X5 Yimey Doy

Y 0 -X;  -2X3 Y, Iy

1 2 3 {2t = {&
Xy Xo 0 0 0 0
X5 2X3 0 0 Y{ dzq } 0

dt

Yizw} _Y{Zt a2 0 - 2 ! ’

P _ TP
ey | Ty 0 ’ ' |
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

Notice that the generic generator F’{)H( » defined above satisfies that [Ff{’n( N Ff{)g( M)

= 0 for any combination of the arbitrary functions x(\), #(\) and the eigenfunctions
p, p- As mentioned, it may be observed that every commutator of two infinites-
imal generators provides a nontrivial result, due to the presence of the arbitrary
functions [323]. However, every commutator can be expressed in terms of other
generators of the group, with the appropriate choice of its corresponding arbitrary
function. This property provides an analogous notion of closure with the finite-
dimensional case. In general terms, these infinitesimal generators do not form a Lie
algebra, but it is possible to obtain a finite-dimensional Lie algebra by adopting
special values for the arbitrary functions |77,119].

In order to illustrate this, we will deeply review and classify the Lie algebra associated
to the Lie point symmetries of equation (6.1). This can be achieved by considering
the ansatz Z;(t) = A4 constant and K;(\) = Ka(\) = 0. Hence, the resulting Lie
algebra has dimension four, and it is generated by the vector fields X7 — X3 given in
(6.11) and X4 = im0y, — im 0. Thus, the nontrivial commutation relations among
theses generators are

[XlaXZ] - _X2a [XlaX?)] = _2X37 (612>

which define a four-dimensional real Lie algebra which is solvable and decomposable
(X1, X2, X3) © Xy, and it can be classified as A3 ; @ A; for a = % [333,334]. This Lie
algebra in turn constitutes a subalgebra of the Schrodinger algebra sch(1) [178,180].

Similarity reductions

Let us proceed with the explicit computation of the similarity reductions of the spec-
tral problem (6.2)-(6.6). This procedure will allow us to simultaneously obtain the
reduction of the eigenfunctions and the spectral parameter. Since we have consid-
ered that the eigenfunctions possess a dependence on A, the arising reduced spectral
problem will consist on a system of two PDEs for the reduced eigenfunctions on
terms of the reduced variables z, A. Nevertheless, the original nonlinear equation
(6.1) is described in 1+ 1 dimensions, and therefore the resulting reduced nonlinear
equation, obtained as the compatibility condition of the reduced spectral problem,
is expected to be an ODE in the reduced variable z.

In the following, we shall use the next notation regarding the reduced parameters in
the upcoming calculations
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Chapter 6. Lie symmetries for spectral problems

Original variables New reduced variables

Independent variables x,t, A z, A

Fields m(z,t), m(x,t) M(z), M(2)

Eigenfunctions x(x,t,N), X(z,t,\)  ®(2,A), D(z,A)
vz, t,N), Y(x, t, ) ¥z, A), U(z,A)

Similarity reductions may be computed by solving the characteristic system given by

dz _ dt _ dA dm _dx _dx _d¢ _d¢ (6.13)
& & S Mmoo Mmoo M My My Ty '

dx dtid)\idm

The symmetries that will yield nontrivial reductions are those present in the transfor-
mations of the independent variables, i.e. the ones related to the arbitrary constants
A, Ay and As. The remaining symmetries will provide trivial reductions. Several
reductions may emerge for different values of these constants, yielding three different
cases with an independent reduction each. The relevant reductions correspond to
the cases

(i) A1 #0
(i) Ay =0, Ay £0, Ay #£ 0
(i) Ay =0, Ay =0, A3 £0

that should be studied separately.

Without loss of generality and for the sake of simplicity, we may consider all the
arbitrary functions K;()), K;()), j = 1,2 to be zero, since the associated symmetries
are phase shifts over the eigenfunctions that are trivially satisfied due to the linearity
of the Lax pairs. Conversely, the arbitrary function depending on ¢, Z;(t), does need
to be taken into consideration.

e Casel A1 #0

By solving the characteristic system (6.13) in the general case, the following results
have been obtained

— Reduced variable and reduced spectral parameter

A1$ + AQ A
= , A= 2 A+ 2ALL 6.14
VA A+ 2 At A YA (6.14)
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

— Reduced fields

l Zl<t) dt
A} Az +241t
m(z,t) = M(z)
(Ag + 2A1t)7 .
. 71(6) (6.15)
_  A%e —if Agoard
m(w,t) = M(z) —
(As + 2A1t)1
— Reduced eigenfunctions
x(z,t,\) = ®(z,A), X(x,t, ) = ®(z,A), (6.16)
Pz, t, ) =U(z,A), P(z,t, ) = U(z, A). .
— Reduced ®-spectral problem (reduction of (6.2)-(6.3))
3., (m i )
2 M
1 .
+Z((7—1)M M — 2%iMM )
(6.17)

i - M-
A@A—(Z—A—2(7—2)MM M><I>Z

) 1
+ <i(’y — DHMEA + MM + ¢A2> d =0,
and its complex conjugate.

The link between the two equivalent reduced Lax pairs is given by the reduc-
tion of conditions (6.6), which provides

o0, 1 Y 5z@z} B 4 i B
oy T DIMI =g MM =0, = +5 (=) IM[*+5 MM = 0.
(6.18)
— Reduced W-spectral problem (reduction of (6.4)-(6.5))
1 — _
Vst M ((7 ~ MM - 21‘/\/12) v
) - (i('y — MM + 2ﬂz)
+i|A—=(y—2)MM + — —= | ¥, =0,
2 (v = MM — 2iM.
(6.19)
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(it = DMA + 2.
(v — DMM’ — 2iM,

1
AU, + A—z+§(’y—2)/\/l/\/l—

P

- i ((7 — YMEM® — 2iMM., + 4A2) v =0,

and its complex conjugate.

— Reduced equation

The compatibility condition between both Lax pairs (6.17) and (6.19) and
their complex conjugates provide the reduced equation (and its complex con-
jugate), which may be integrated as

iMZZ —_ Mz —_ /) 22 _
M (z + MM) v T (MM)Z+17(7—1)M M ] = 0.
(6.20)
e Case II. A1 =0, Az #0, A3 #0
By applying the same procedure, integrating (6.13), we get
— Reduced variable and reduced spectral parameter
AQ AZ AS 3
. _ =z ==\ 21
z 1, (x A3t> , A Az)\ (6.21)
— Reduced fields
Ay i
m(z,t) = /A72 o3 fZl(t)dtM(z),
A3 | (6.22)
m(x,t) = \/—2 ¢ Az [ At M(2).
A3
— Reduced eigenfunctions
x(z,t,\) = ®(z,A), X(x,t, ) = ®(z,A), (6.23)
Pz, t,A) = U(z,A), P(z,t,\) = U(z, A). .
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— Reduced ®-spectral problem

o, — (z’A — Ly —2)MM + MZ) o,

2 M
1 . .
+4 ((r = MM = 2iMM. ) @ =0,
] M (6.24)
1 —-— . z
. 1
. (;(V — MM + GMM. + ¢A2> & =0,
and its complex conjugate.
Reduction of conditions (6.6) gives the same equation as (6.18).
— Reduced U-spectral problem
1 — _
Vst M ((7 ~ MM - 27;MZ) v
. - (i('y — MM + 2ﬂz>
+i|A—=(y—2)MM + — —= | ¥, =0,
2 (y = HYMM™ — 2iM,
(6.25)
. —2 o
. - (1(7 — MM + 2Mz)
A—1—|—*(’7—2)MM— £ ‘I]z

2 (v = VMM’ — 2iM.

- i ((7 — YMEM® — 2iMM., + 4A2> v =0,

and its complex conjugate.

— Reduced equation

The compatibility condition between both Lax pairs (6.24) and (6.25) and
their complex conjugates provide the reduced equation

M

~ 1+ MM) f/‘a (= 1) (MM, + b - DML =0

(6.26)

e Case IIl. A; =0, A, =0, A3 #0

By integrating the characteristic system (6.13), the following results arise
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Chapter 6. Lie symmetries for spectral problems

— Reduced variable and reduced spectral parameter
z=uw, A=A\ (6.27)

— Reduced fields

(6.28)
m(z,t) =e 43 Sz dt M(z)
— Reduced eigenfunctions
x(z,t,A) = @(z,A), X(z,t,A) = ®(z, A), (6.29)
P(a,t,\) = ¥(z, A), Dz, t,\) = ¥(z, A). -
— Reduced ®-spectral problem
Wl — M
D,, — <ZA— 5(7— 2)MM + v ) d,
1 . _
+3 ((’y ~ MM - QiMMZ> ® =0,
. (6.30)
At Z(y— 2)Mﬂ+z‘Mz )
2\’ M) ?
. 1
- (jl('y — 1)./\/12./\/12 + §MMZ + iA2> =0,
and its complex conjugate.
Reduction of conditions (6.6) retrieves again equation (6.18).
— Reduced U-spectral problem
1 — _
.+ M ((’y — MM’ — 2i/\/lz) v
. - <¢(7 ~ MM + 2ﬂz)
iA=L —ymMmi+ — ). =0,
2 (y = H)MM” — 2iM,
(6.31)

) B (i(’y — MM + 2ﬂz)
A+*(’7*2)MM* p— —= |,
2 (y = D)MM™ — 2iM,

. i ((’y ~DMEM — 2iMM, + 4A2> v =0,

and its complex conjugate.
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

— Reduced equation

Finally, the reduce equation reads

M

— MM +(y = 1) (MM), + %’Y(’Y —DOMEM| =0, (6.32)

z

1.2. Conservative equation in 1+ 1 dimensions

Throughout the Painlevé analysis for DNLS equation (3.90) conducted in Chapter
3, we derived the following nonlinear equation expressed in conservative form

CW} | (6.33)
€T

o2 = ], = [agss + - 27

to be satisfied by the real field a(x,t) that is related with the probability density of
DNLS equations as 20, = |m|?. Equation (6.33) is proved to have two equivalent
Lax pairs given by

;2 . 2 .
o = X |iX + 10y + Qg + 10y +x oy + 10 + oy 7
20, 2 N
p — 10, + o i — o — 02 (6.34)
Xt =Xa |-A+ Sy [Nt
200, 9
and
- .4 2 _ 2 2 . 2 . 9 2
Yo = Vs | —iA + 10, + 2000550y OOy — 10 — 100, + amaz]
o 1 20 (—02 + iagy + o)
P
—ai 4 10, + oy
oy |2 ] |
2
r 4 oy s 9 . (6.35)
Vi =Py | =X — O + 20020 + 2105000 — Of — Qo — QZaxtax:|
t : L 2a$ (_a% + 0, + Oét)
-~ —toy + Qg + iOéQ
A2 z
+ _z + 5 ] ’
where A represents the spectral parameter and the eigenfunctions satisfy
YaX . o
2 Q:’ZXQC + ai — ap — Ty, =0. (6.36)

We can easily check that the compatibility condition of (6.34) and (6.35), xgzt =
Xtzz, Yzat = Yrze respectively, retrieves equation (6.33) in each case. Since a stands
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Chapter 6. Lie symmetries for spectral problems

for a real field, we do not have to additionally consider the complex conjugates of
the aforementioned linear problems.

Lie point symmetries

In order to compute the Lie symmetries for the spectral problem (6.34)-(6.36), we
analogously proceed by proposing the following infinitesimal transformation

i= x4 e&(n,t N\ a, X, ¥) + O(e?),
~=t+65t(93t)\04Xu ¥) + O(e )v
A= A+e&n(z, b\ a,x,¥) + O(E),
a=a+ena(z,t,\a,x,v) + O()
X=X +end(z,t,\ a,x, ) + O(e?),
@L:@Z}—l—enw(a?,t,)\,a,x, ¥) + O(e?),

(6.37)

)

with € as the parameter of the symmetry group. The associated vector field is given

by
B ) ) ) ) )
X=too o = = 38
Cogr Hg TOgy T 8a+nxax+nwa¢ (6.38)

This transformation can be easily extended to the different derivatives of the de-
pendent variables by the usual procedure [323]. Notice that although the Lax pairs
are PDEs of second order, there appear third-order derivatives of « in (6.35), so
the associated prolongations have to be performed up to third order. Classical and
nonclassical Lie symmetries have been computed, finding that although the overde-
termined systems for the infinitesimals are different, the corresponding results give
rise to the same set of symmetries

Ex(m,t, N\, o, x, ) = Bix + Bo,

&(x, t, N\, a, x,¢) = 2Bt + Bs,

(1A, x,8) = B ) o
Na (T, t, A\, v, X, ) = By,

(@, t, A o, x,¥) = Ki(A) X,

ny(x, 1, A, a, x, ) = Ka(X) 9,

where B;, i = 1,...,4 are arbitrary real constants and K;(\), j = 1,2 are arbitrary
complex functions of A. The symmetry associated to B; generates the usual scale
transformations, the ones associated to By — By induce translations in the variables
{z,t,a}, respectively, and K;(X), for all j, are responsible for phase shifts in the
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

eigenfunctions due to linearity.

Similarity reductions

Similarity reductions can be achieved by integrating the associated characteristic

system
de dt d\ da dy dy

& & & ma oy m

giving rise to two nontrivial reductions

(i) B1#0
(i) Bi=0,By#0, B3 #0

(6.40)

that should be treated independently.

The reduced variables will be denoted as usual as {z, A}, the reduced field will be
displayed as A(z) and the reduced eigenfunctions are ®(z, A), ¥(z,A). Without loss
of generality, we will consider K;(\) =0, K2(\) = 0.

e CaseI. B; #0 (B, = B4)

— Reduced variable and reduced spectral parameter

Biz + By A
z = , A= ——+/B3 +2Bt. 6.41
vV BivVBs + 2Bt v/ B1 3 ! ( )

Reduced field

B
az,t) = 2—5‘1 log(B3 + 2B1t) + A(z), (6.42)

where log(+) denotes the natural logarithm.

— Reduced eigenfunctions
x(z,t,A) = ®(z,A), Pz, t,\) = U(z,A). (6.43)

— Reduced ®-spectral problem

Az i
A,
iA.. +1
A,

20, — (2¢A +iA, + ) ®, — (1A, —AZ+1) @ =0,

2A<I>A—<2z—2A+Az+ ><I>Z+(2z‘A2+z‘A§—AZZ+z‘)<I>:0.

(6.44)
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— Reduced Y-spectral problem

. . 2
QAEAzerzAzZﬂ) v, + (A2 -1) +A§z\p:07

2\1’2,2 — | —2iA . .

2 2 - 12 .
%A, + <2iA gy 4 2AA AL+ Z> v,

Az (A2 —iA.. — 1)
+ (2% — A2 —iA.. +1i) ¥ =0.

(6.45)
The link between these two equivalent reduced Lax pairs is given by
.U, 9 B o
— Reduced equation
A2 +1

e Case II. By =0, By # 0, B3 # 0 (By = B2/Bs3)

— Reduced variable and reduced spectral parameter

B By Bj
== |- = A== 4
z B (x B3t> , Bg)\ (6.48)
— Reduced field B
alz,t) = 2y A(z). (6.49)
Bs
— Reduced eigenfunctions
x(z,t,A) = @(z,A), Pz, t,A) = W(z, A). (6.50)
— Reduced ®-spectral problem
20, — <2¢A +iA. + Aj“) P, — (iA — AZ+1) @ =0,
(20 —2A4. +iA.. — A2 — 1) . + A, (2iA* +iA2 + A.. — 1) @ =0.

(6.51)
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6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

— Reduced Y-spectral problem

QAPA, +iA2, +i A2 1) 4 A2
z zZZ zZ \PZ ( z ) ZZ‘IIZO7

2\IIZZ—<22A—AZ(A2_Z,AZZ_1) Ag—iAzz—l

A, (A2 —iA,, — 1) z

— (20A% —iAZ + A +i) U =0,

where the two equivalent Lax pairs are connected via the transformation
(6.46).

— Reduced equation

AL+

AZZZ AZ

+ A2+ A2 =o. (6.53)

z

1.3. Nonlocal Boussinesq equation in 1+ 1 dimensions

Painlevé analysis for the generalized DNLS equation in Section 2 from Chapter 3
yielded a third PDE of interest

2
|:utt + Upgzs + QUZx -

2 2

u:r;t + ux:c:r: =0

— Y
Uz z

which is known as the nonlocal Boussinesq equation [261,419]. This equations has
proved to be integrable and its connection to the Kaup system has been studied
in [141]. The SMM provides the following spectral problem for (6.54)

. Upzs + 1U
Xz = Xz |:2A + a:a:; act:| — Uzx X,
Ugy
. 4 (6.55)
—iu u .
Xt = Xz |:—)\+ m23:xanf:| -1 [)\2 +Uxm] X
Ugq
. Ugpr — 1U
wmc = wx |:7J)\ + m;mt:| - umx¢7
Ugy NN
, N (6.56)
zu U )
b= [ B2 ]
Uz

where {x, v} are two complex conjugate eigenfunctions satisfying % 4+ Ugy = 0
and A is the spectral parameter.
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Chapter 6. Lie symmetries for spectral problems

As stated in Chapter 3, the complex conjugate of u, named as u, satisfies the same
equation (6.54). Then, the system (6.55)-(6.56) also constitutes a Lax pair for .
Notwithstanding, v and w must obey the following coupling condition

iUy + Upy — Ty + Ty + (Up — Tg)? =0 (6.57)

as a consequence of the ansatz (3.98) and relation (3.99).

Lie point symmetries

Lie symmetries for the Lax pair (6.55)-(6.56) and their conjugates have been com-
puted, as the associated spectral problems to the nonlinear equation (6.54) for u and
w, respectively. In this case, we also need to take into account the coupling condi-
tion (6.57) in the symmetry analysis. If we introduce a uniparametric infinitesimal
transformation of the form

X + ffcc(xat7 )‘7 U,H,X,Y7¢7a) + 0(62)7
t=t4 &z, t,\u, T, X, X, ¥, ) + O(e?),
2

z

(
i =u+ enu(z,t, A\, w0, x, X, ¥, 9) + O(e%),
U =1+ eng(z,t,\,u,T, X, X, ¥, ¥) + O(e?), (6.58)
X =X+ en (@ t, A\ u, 1, x, X, 1, ¥) + 0(62),
X = X + engla, t, A, u, T x, X, ¥, ¥) + O(?),
b=+ eny(@,t, A\ x, X, ¥) + O(),
b =0+ enle, b\ w0 X, X ¥, 0) + O(2),

and apply Lie’s method to compute the classical Lie symmetries, we obtain

fm(l',t, )\a U,E,X,X,@ZJ,@) = Cl.’E + 204t + 027

5&%@%%@%%%@) = QClt + 031

§A<$7t7A7u7ﬂ7X7Y7¢7$) = _Cl A + 047

nu(xvt’)"u’ﬂv X?X:@bﬂp) = (CS + 1’24> T "‘ Zl(t) —l— iC&
1C

%(%u&%@%%d&@) = <C5 - 24> T+ Zl(t) - Z‘CY67 (659)

nx(l'a t, >‘a Uy Uy X5 X @bv@) = (—2iC4t>\ + Kl()‘)) X

224



6.1. Lie symmetries for nonlinear systems in 1 + 1 dimensions

W(:Ua t, )‘a u7ﬂ7 X?ya @bv@) = (2204t)‘ + fl(A)) X’
771/)($7 t7 >\a Uy Uy X5 X ¢>$) = (2204t>‘ + KQ()‘)) ’(7[)7
%(l‘, ta )\a U, U, X?Xa %@) - (_2Z614tA + FQ()‘)) Ja

where C;, i = 1,...,6 are arbitrary real constants, Z;(t) is an arbitrary real function
of t and K;(X),j = 1,2 are arbitrary complex functions of A. It is worth stressing
the presence of a complete new symmetry associated to Cy, induced by the Miura
transformation applied over a (3.98). The nonclassical method provides exactly the
same Lie symmetries (6.59).

Similarity reductions

Similarity reductions for the spectral problem (6.55)-(6.56) are obtained by the usual
procedure described above, which requires the integration of the characteristic system

do _dt _d\ _du _du _dx dy _dy _dy (6.60)
& & & o N % Mg '

U(z) and U(z) will denote the reduced fields for u, U respectively, while the remaining
reduced variables follow the notation introduced in the above Subsections. In this
case we are particularly interested in the role of the constants C; and Cy in the
similarity reductions. Hence, three nontrivial cases emerge, listed as

i) C1#0
(i) C1=0,05%£0,Cy#0
(iii) C1=0,C04=0,C35#0,Cs5#0

We will set Cg = 0, K1(\) = 0, K2(A) = 0 in order to perform the reductions. We
have selected particular values for some arbitrary constants in order to simplify the
resulting reduced problems.

e Casel C1 #0

— Reduced variable and reduced spectral parameter

2
—(2 — —
. Cla—( 5;42(01754-03) GiCa) %/204 Cs + 2011,
Cy Cs3+2Ct Oh

(6.61)
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— Reduced field

_ Z1(t)
u(mt)flxl(z)—l—/CB_i_zclt ( |
6.62
iC4 zZ\/ Cg + 201t C4t Clcg — CgC4
# (0 7) l e B |
— Reduced eigenfunctions
_;Cs%
\— Oyt T %4 (201 (C5+C1t)—Ca(C3+C11)A
Xt A) = G 3/204 P Tiet 0 Oi=Ca(C 1)))<I>(z,A),
Ch
. C30%
Ci\—Cut\ 1 i4(201(C3+C1t)—Cu(Ca+Crt))A
Dt N = [ D 3/24 ! elc'f( 1(C3+C11)—Ca(C3 1)))‘1!(z,A).
Ch
(6.63)
— Reduced spectral problem
P, + z—iA+M O, —U,,® =0,
2 2U.,
o (6.64)
z i
APy + [ —S+A+ )@, 44 (AP —U.) 2 =0,
2 2U.,,
' iU, +U
U, + —Z—i—iA— Wy + Uzzz U, —U,, U =0,
2 22U, -
" — il (6.65)
PN (A W - U, —i (A —U..) ¥ =0,
2 2U,,
that are linked via the relation %32 —U,, =0.
— Reduced equation
U? Uu?
u,,, — 2= U, + U, =0. (6.66)
Uy, 2

Similarity reductions for the field Z{ and its associated spectral problem given
in terms of the eigenfunctions {®, ¥} can be computed by taking the com-
plex conjugate of (6.64)-(6.65) and (6.66), respectively. Besides, the coupling
condition (6.57) that relates U and U reduces as

iUy — Uy + U — il —Use + U — U = 0. (6.67)
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e Case I. C; =0, C5 #£ 0, C4 # 0 (Cy = C/*Cy/3, C5 = 0)

— Reduced variable and reduced spectral parameter

o Cy, Cu, AL GG
1/3 r— —t— —t s —f/g _Et .

— Reduced field

LG, G G, [ 50
u(x,t)—203 (zt 203t 3C3t + Cs ——=dt+U(z).

— Reduced eigenfunctions

2
.C 2 C .Cyt
i 4 ()\ 4t 4

xX=e 3C3 ) D(z,A), = ezW(A_@t) U(z,A).

— Reduced spectral problem

) — (i —2iA — — NS, U D=0
=215 <Z ! WM., U, =T ’

o Z.UZZZ
2“22 Z/{ZZ

<I>A+;<1—2A— ><I>Z—i(A2—uzz)<I>:O,

V. +

—i+ 26\ — — Z) U, —U,, ¥ =0,

( UZZ>\I!z+i(A2—L{ZZ)\II:O,

N

such that %gz —U,, =0.

— Reduced equation

42/{222,2 2
|:Z/[zzzz + 4]/[72 2uzz - QZ/[Z:| =0.

z

(6.68)

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)

The associated reduced spectral problem for U can be deductible by the
complex conjugate of (6.71)-(6.72) and (6.73), where the coupling condition

(6.57) reduces as
Uy — U + U — il — Uy + U — 2 — U, = 0.

e Case III. C; =0, Cy, =0, Cs #£ 0, Cs #£ 0 (Cy = C/*C}/?)
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Reduced variable and reduced spectral parameter
z = 051/3 <;1: - C2t> A= C;/g <)\ - C2>
ar\""a') AT\
Reduced field

1/3
wet) = &8 (O C) o (204 e,

Reduced eigenfunctions

X(xata A) - (I)(ZvA)a ¢($,t, )‘) - \II(Z7A)

Reduced spectral problem

1 zzz T
(I’zz—2<2iA+uu ><I>Z Uu,,® =0,
(20U, + iU, + 1) <2zU2 — - (2A+1)%U, ) P =0,
v, — % (—21’A+ Uszz “) U, — U, =0,
(AU, — iU, + 1) ( 21&!2 —(2A + 1) U, ) v =0,
such that % - U, =0.
Reduced equation
Uu? 1
uzzzz_ =i _7_21/{2 =0
|: U, U, ZZ:| 2

(6.76)

(6.77)

(6.78)

(6.79)

(6.80)

As usual, the associated reduced spectral problem for I/ can be obtained as
the complex conjugate of (6.78)-(6.79) and (6.80), where U and U satisfy

Uy — Uy + U — il —Use + U — U = 0.
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2. Lie symmetries for nonlinear systems in 2 + 1 dimen-
sions

This Section is aimed at the application of the Lie symmetry analysis to two systems
of PDEs that represent integrable generalizations of NLS equations in 2 + 1 dimen-
sions, with their respective linear problems. The treatment of spectral problems in
higher spatial dimensions is extremely appealing due to the natural emergence of
nonisospectral Lax pairs, and their consequences.

2.1. Generalized NLS equation in 2+1 dimensions with higher-order
dispersive terms

In the present Subsection we consider an integrable system formulated in term of the
NLS equation in 2+ 1 dimensions with higher-order dispersive contributions. Higher-
order dispersion terms emerge in the theoretical description of diverse phenomena
in Physics or related disciplines. In particular, NLS equation constitutes a more
than suitable candidate for this role, given its myriad applications in the context of
nonlinear phenomenology. Several celebrated integrable generalizations of the (1+1)-
NLS equation have been proposed in this fashion, such as the Hirota equation [209],
the Sasa-Satsuma equation [368| or the Lakshmanan-Porsezian-Daniel equation [258].
The extension to higher spatial dimensions naturally arises in order to include more
degrees of freedom in the spatial coordinates and describe more complex scenarios.
Various extensions of NLS equation to 2 + 1 dimensions can be consulted in [5, 69,
167,428|.

Estévez et al. proposed in [142] the following generalized NLS equation with higher-
order terms as a promising starting candidate to describe the dynamics of a-helical
proteins within the continuum approximation in multiple spatial dimensions,

iU + Ugy + 2umy + iy (Ugzsr — BuwWUL)

+ Y1 (Ugzgr — SUWUL, — 2u2wm — duu,wy — qui + 6u3w2) =0,

— Wy + Way + 2wMy — iy (Wege — Buwwy) (6.82)

+ M (Wapgr — SUWWgy — 2wy, — dwugwy — 6uw§ + 6u2w3) =0,
(Mg +uw)y =0,

where u = u(x,y,t) and w = w(x,y,t) are complex conjugates and m = m(z,y,t) is
a real field. This equation can be considered as a higher-order nonlinear Schrédinger
equation that includes third (y2 # 0) and fourth (71 # 0) order derivatives with
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respect to x. The system (6.82) generalizes to 2+ 1 dimensions the system proposed
by Ankiewitz et al. in [34,36], which contains as particular cases many of the inte-
grable generalizations cited above. Furthermore, for v; = 79 = 0, (6.82) reduces to
the (2 + 1)-NLS equation described in [69].

The inspection of the integrability properties of (6.82) has been extensively studied
in [142] and it has been proved that this model has the Painlevé Property for arbitrary
values of v1, v2. It possesses a two-component Lax pair, deducible through the SMM,
and the Darboux transformation approach retrieves a wide family of lump solutions.
The associated spectral problem to (6.82) is a nonisospectral Lax pair of the following
form

Ve = =AY — ux,

Xe = AX —w,

P = 2Xy + Ay + i (myy) — uyx) + (72 — 2A71) A1 (u, w, A, 9, X)
+ iy Az (u, w, A, Y, x),

Xt = 2Axy + AyX — @ (myX — wy) + (72 — 2A71) Ar(w, u, A, X, )
—imAg(w, u, A, X, ),

(6.83)

where ¢(z,y,t), x(x,y,t) are two complex conjugate eigenfunctions, A = A(y,t) is
the spectral parameter and

A (u, w, A, 9, X) =3 (uw + )\2) Yz — Yozz — Uz Xa,

6.84
Ao (U, w, A, P, X) = (3u2w2 + Ug Wy — UWgy — wuxr) P+ (GUU}UI - ua:mc) X ( )

The compatibility condition of the linear problem (6.83) yields the starting system
(6.82) as well as the nonisospectral condition

At — 20\, = 0. (6.85)

Lie symmetries and similarity reductions for (2 + 1)-nonisospectral Lax
pairs

One of the crucial aspects of Lax pairs in higher spatial dimensions lies in their non-
isospectral nature. In those cases, the spectral parameter is expected to satisfy an
additional constraint, given by a (nonlinear) PDE, as in (6.85). Then, Lie’s formal-
ism should be slightly modified in order to incorporate this supplementary condition.
Lie symmetries should now leave invariant not only the system of equations defin-
ing the Lax pair (6.83) but also the nonisospectral condition for A (6.85). In such
scenario, the spectral parameter should be therefore treated as a scalar field of its
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

corresponding variables. This fact establishes a clear difference between the isospec-
tral and the nonisospectral case from the symmetry point of view. Actually, this
distinction enables the possibility of finding nonisospectral linear problems when a
nonisospectral Lax pair in higher dimensions is reduced.

Then, the space of independent variables 2" has coordinates (z,y,t) while the space
of dependent variables % is endowed with coordinates (u,w,\,v,x). After some
manipulations, the spectral problem (6.83) can be expressed as a zero-curvature Lax
pair of first-order in the eigenfunctions. Nevertheless, third-order derivatives for the
fields u, w appear in the aforementioned linear problem, which need to be taken into
account. Then, the spectral problem (6.83) defines a submanifold in the third-order
jet space M3y = 2" X U 3).

Lie’s symmetry method for the linear problem (6.83) requires the consideration of
the following one-parameter group of infinitesimal transformations

=z + €&y (x,y, b u,w,m, N\ 0, x) + O(?),
Q=y+€§2($7y,t,u,w,m,)\’w, ) O(e),
t=t+et3(x,y, t,u,w,m,\p,x) + O(),
U= u+ eny(x,y,t,u,w,m,\, ¥, x) + O(e?),
W = w~+ enz(x, y, t,u, w,m, \, 1P, x) + O(?), (6.86)
m=m+ ens(z,y,t,u,w,m, A\, x) + O(?),
A=A+ ena(z,y, t,u, w,m, \, 1, x) + O(e?),
(4

:¢+6¢1($7?/7t7%w’my)\7¢7 ) 0(62)
X:X+6¢2(x7y7t7u7w7ma)‘7wv ) (

where € is the parameter of the group and &1, &2, &3, 11, 72, 13, N4, ¢1 and @9 are the
associated infinitesimals, which define the vector field

0 0 0
+o1— + ¢2a- (6.87)

0 0
+772*+7737+7748)\ 90

0 0 0 0
X = 51 +§2 +§3 +771 3 3

ou

The infinitesimal transformation (6.86) can be extended to the different derivatives

of the dependent variables as introduced in Chapter 5. This procedure, when applied

o0 (6.83), yields an overdetermined system of PDEs, whose solution provides the Lie
symmetries.

We shall remark that Lie’s approach, either classical or nonclassical, requires the
substitution of the highest-order derivatives in the system of PDEs under study.
The order of the highest derivatives in (6.83) is different depending on whether ~;
and -y are (one or both) null or not. This means that it will necessary to split the
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Chapter 6. Lie symmetries for spectral problems

problem in four different cases depending on the different combinations of v; and
~2, and each of them should be analyzed separately. In this context, the following
integrable equations arise:

1. Generalized NLS equation in 2 + 1 dimensions [142] (71 # 0, v2 # 0)

2. Lakshmanan-Porsezian-Daniel equation [258] in 2+ 1 dimensions (y; # 0, 2 =
0)

3. Hirota equation [209] in 2 4 1 dimensions (v, = 0, 2 # 0)

4. Standard NLS equation in 2 4+ 1 dimensions [69] (v =0, v2 = 0)

where each equation can be obtained by selecting the proper values of the parameters
1, Y2 in (6.82). The associated spectral problems for each case may be easily found
by taking the same ansatz for 1, 2 in (6.83).

It is worthwhile to mention that we have calculated both the classical and the non-
classical symmetries for each case described above. The computational complexity
presented in the nonclassical method substantially rises when considering more de-
grees of freedom, as well as when higher orders of derivation are involved. Therefore,
the nonclassical symmetry analysis emerges as an intractable problem, due to the
highly nonlinear nature of the overdetermined system for the infinitesimals. When
solvable (for the simplest cases with & # 0,7 = 1,...,3), the overdetermined sys-
tem for the nonclassical symmetries provides the same result than the classical one.
Therefore, the results displayed in the ensuing Sections correspond to the classical
Lie symmetries for each pertinent case under consideration.

Hence, in the following we will be dealing with the classical Lie symmetries and reduc-
tions for (6.83). These symmetries obviously provide the corresponding symmetries
and reductions for the nonlinear equation (6.82) as well as for the nonisospectral
condition (6.85). Lie symmetries for any of the aforementioned cases have been an-
alyzed in deep and their associated commutation relations are reflected in Appendix
B.1. Once the classical symmetries (6.86) have been computed, we may conduct
the symmetry reduction procedure to obtain the associated similarity reductions by
the standard method described in Chapter 5. We can achieve that by solving the

characteristic system
dv _dy _dt _du_dw _dm _d\_ dy _ dx

G & & m om m m ¢ ¢

(6.88)

Similarity reductions for (6.83) will provide reduced problems defined as systems of
PDEs depending on two independent variables p, q. A(p,q) represents the reduced
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

spectral problem, whose isospectral or nonisospectral nature is yet to be determined,
and it will depend on the reduction considered in each particular case. F(p,q),
H(p,q), N(p,q), ®(p,q,A) and Q(p,q,A) denote the invariants that arise from the
integration of the charasteristic system (6.88). They correspond to the integration
in u, w, m, ¥ and Yy, respectively. These notation can be summarized in the table:

Original variables New reduced variables
Independent variables x,y,t D, q
Spectral parameter Ay, t) A(p,q)
Fields u(z,y,t), w(z,y,t) F(p.q), H(p,q)
m(z,y,t) N(p,q)
Eigenfunctions v(x,y,t, N), x(z,y,t,\)  Qp,q,A), ®(p,q,A)

The following lines present the Lie symmetry analysis and different similarity reduc-
tions for the four cases under consideration mentioned above. We will proceed in
each case as described in the previous paragraphs.

2.1.1. Generalized NLS equation in 2 + 1 dimensions (v; # 0, 2 # 0)

This case corresponds to the most general scenario for the integrable system (6.82),
where both parameters 1, 72 are considered to be nonzero. Then, by applying the
infinitesimal transformation (6.86) to (6.83) and following the standard procedure
already described, the classical Lie symmetries for the spectral problem (6.83) turn

out to be
fl = Kl (t)a
6-2 = g,
53 = 2,

m =i (Ki(t)y +2K2(1)) .

Ne = —iw (Kl(t)y + 2Ky (75)> ,
1. ) (6.89)

N3 = ZKl(z‘)y2 + Ks(t)y + 6(w,1),

g =0,

o= (SE0+ iR 0+ 0t ).

62 =x (50w - K20+ <)),
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Chapter 6. Lie symmetries for spectral problems

where we have omitted the dependence of the infinitesimals in the variables {z, y, ¢, u,
w,m, A\, 1, x} for the sake of simplicity. The dot notation implies derivation with
respect to ¢, - = %.

The set of Lie symmetries is described in terms of two arbitrary constants ai, as,
two arbitrary real functions of ¢, K1(t), K2(t), one arbitrary real function of {z,t},
d(z,t), and the arbitrary function ((y,t,A) that satisfies the nonlinear differential
equation o o

T 2\ 3y 0. (6.90)
Classical Lie symmetries for the most general case (6.89) therefore depend on up to six
arbitrary parameters. It can be easily checked that both (6.82) and the nonisospectral
condition (6.85) remain invariant under the action of this symmetry group. This fact
is straightforwardly depicted in the associated reductions. Commutation relations
among the associated infinitesimal generators to (6.89) are displayed in Appendix
B.1.1.

The symmetries that yield nontrivial reductions are those related to Ki(t), a1, as
and henceforth, we exclusively analyze the reductions associated to these three cases.
In what follows, we consider diverse subcases depending on whether these parameters
are different from zero or not. In each subcase only a single arbitrary constant or
function will be taken as nonzero, whilst the remaining ones are set as null.

e Case I. K4(t) =1

Reduced variables

p=y, q=t. (6.91)
— Reduced spectral parameter

Aly,t) = Alp, q). (6.92)
— Reduced fields

u(r,y,t) = F(p,q),  w(z,y,t)=H(p,q),

(6.93)
m(z,y,t) = N(p,q).
— Reduced eigenfunctions
V(z,y,t,A) = P(p,q,A),  x(@,y,t,A) =Qp, ¢, A). (6.94)

Nevertheless, this is not an interesting reduction because the reduced equa-
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

tions can be easily integrated providing a trivial solution

F(pa q) = boeiZ(p,q)’
H(p,q) = boe™204)

(6.95)
N(p,q) = —3mbop + ;/azgjj,q) dp,
where by is an arbitrary constant and Z(p, q) is an arbitrary function.
e CaseIl. a1 #0
— Reduced variables
p=u, qg=t. (6.96)
— Reduced spectral parameter
Ay, t) = Aq). (6.97)
— Reduced fields
w(z,y,t) = F(p,q),  w(z,y,t)=H(p,q), (6.98)
m(z,y,t) = N(p,q).
— Reduced eigenfunctions
@,y t,A) = 2(p, g, A),  x(@,y,t,A) = Qp, g, A). (6.99)

Reduced spectral problem

®, +iAd + FQ =0,
Q, —iAQ + H® =0,

Oy + iy BL(F, H,A) + (2071 — v2) Ba(F, H) + 2iAy2(2A2 + FH)} ®
+ i1 Bs(F, H, A) + (2071 — v2) Ba(F, H, A) + zz‘A»yQFp} Q=0,

Qq - -i’YIBl(F’ H7 A) + (2A’Yl + VQ)BQ(Fv H) + 27’A72(2A2 + FH):|Q

| =iy Bs(H, F,A) + (2Ay1 — o) Bo(H, F, A) — 2iA72Hp} ® =0,
] (6.100)
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where
Bi(F,H,\) = —8A* —4A*FH — 3F*H? + HF,, + FH,, — F,H,,
By(F,H) = F,H — H,F,
(B H) =F, P ) (6.101)
B3(F,H,\) = Fp,, — 6FHE, — 4A*F),
By(F,H,\) = Fp, — 2F*H — 4A*F.

The compatibility condition of (6.100) requires that the resulting reduced
problem is isospectral
A = constant. (6.102)

— Reduced equations

V1 (8 FHE,, + 6 HE,”> + 2 F?H,,, + AFF,H), — Fpy,,, — 6 F*H?)

+ive (6 FHE, — Fypp) —iF, =0,
(6.103)
v1 (8 FHH,, + 6 FH,* + 2 H*F,, + 4 HF,H, — Hypy,, — 6 F2H?)

— iy (6 FHH, — Hypp) +iHy, = 0.
This reduction successfully yields the equations and the isospectral Lax pair
of reference [36].

e Case IIl. a2 # 0

— Reduced variables
p=ux, q=1y. (6.104)

Reduced spectral parameter

Ay, t) = A(g). (6.105)

— Reduced fields

u(z,y,t) = F(p,q),  w(z,y,t)=H(p,q),

m(z,y,t) = N(p,q). (6.106)

Reduced eigenfunctions

Y(x,y,t,\) = @(p,q,A), x(z,y,t,A) = Qp,q, A). (6.107)
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

— Reduced spectral problem
O, +iA® + FQ =0,
Q, —iAQ + H® =0,
IND, = [mBl(F, H,A) + (2A%, — 72)Bo(F, H) + 2iAy(2A% + FH) — z‘Nq} @
n [i%Bg,(F, H,A) + (209, — ~2)Ba(F, H, A) + 2iAysF, + i Fq} Q,
2AQ, = — [mBl(F, H,A) + (2A7 + 72) Bo(F, H) + 2iAy(2A% + FH) — iNq} Q
+ [ — i Bs(H, F,A) + (2Av1 — v2) Ba(H, F, A) — 2iAyo H, — in} o,
(6.108)
where By — By are defined in (6.101). The compatibility condition of this

Lax pair implies A = constant, i.e. the spectral problem defined above is
isospectral.

— Reduced equations

v1 (8 FHE,, + 6 HE,”> + 2 F?H,,, + AFF,H), — Fy,,, — 6 F*H?)

+iv2 (6 FHF, — Fppp) — 2 F Ny — Fpy = 0,

Y1 (8 FHH,, + 6 FH,? + 2 H*F,, + 4 HE,H,, — Hyp,, — 6 F2H?)  (6.109)
—iv2 (6 FHH, — Hyypp) — 2 HNy — Hpy = 0,

FHy+ HF, + Ny, = 0.

2.1.2. Lakshmanan-Porsezian-Daniel equation in 2 + 1 dimensions (v, #
07 Y2 = 0)

In this Subsection we are considering (6.83) when 79 = 0. The resulting nonlin-
ear PDE and its spectral Lax pair constitute a generalization to 2 + 1 dimensions
of the Lakshmanan-Porsezian-Daniel equation [258]. If we apply the infinitesimal
transformation (6.86), then we obtain the following classical Lie symmetries

&1 = K1 (t) + a3,
& =a1 +3a3y,

§3 = ag +4azt,
m = iu (Kl(t)?/ +2 K> (ﬂ) — azu,
N2 = —iw (Kl(t)y + 2K, (t)) — asw, (6.110)
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Chapter 6. Lie symmetries for spectral problems

ms = (R0 + Kolt)y + 6(a,0) — agm.
N1 =azA,
=0 (G + i 0+ 00,

b2 =~ 5Ky = K20+ <)),

where «;, 7 = 1,...,3 are arbitrary constants and Kj, j = 1,2 and ¢ are arbitrary
real functions of the indicated variables. The function ((y, ¢, A) satisfies the equation
(6.90). These Lie symmetries depend on seven arbitrary parameters, which coincide
with the infinitesimals in (6.89), except for those terms related to the additional
constant «g, representing the scaling symmetry. The computation of the commuta-
tion relations among the elements of the symmetry group (6.110) are addressed in
Appendix B.1.2.

According to (6.110), we have four nontrivial reductions related to K;(t), a1, ag, and
as, but only the last one gives us a new result. The other three reductions provide
the same results as in the previous Subsection, by imposing v = 0 in equations
(6.95), (6.100) and (6.108). This extra symmetry yields a nonisospectral Lax pair in
1+ 1 dimensions after the symmetry reduction process.

e Case I. ag #0

Reduced variables

_1 t%
p=t"ig, g=2. (6.111)
Yy
— Reduced spectral parameter
Ay, t) =71 A(q). (6.112)
— Reduced fields
1 1
u(x,y,t) =1t 1 ,q), w(z,y,t) =t 1 H(p,q),
(2,y,t) 1 (p,q) (@,y,t) (p,q) (6.113)
m(z,y,t) =t 1N(p,q).
— Reduced eigenfunctions
V(z,y,t,A) = 2(p,q,A),  x(@,9,t,A) = Qp, ¢, A). (6.114)
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

— Reduced spectral problem
O, +iAD + FQ =0,
Q, —iAQ + HP =0,

8A 3 A F
() (3w ()

+im {Bl(F, H,A)® + Bs(F, H, A)Q} + 20 [BQ(F, H)® + By(F, H, A)Q} —0,
<8Ai+3) qQ —i <A4p + ¢ Nq) Q+¢*AQ + <Iip + iq2Hq> i
—im [Bl(R H,A)Q + Bs(H, F, A)@} + 20 [BQ(H, F)Q + By(H, F, A)@} —0,
(6.115)
where By — By are defined in (6.101). The compatibility of the above equations
(6.115) implies the following:

— Nonisospectral condition

A

ANy=———.
T q(8Aq+3)

(6.116)

— Reduced equations

Y1 (=6 F*H? + 2 F?Hyy + 8 FHF,p + 4 FF,H, + 6 HE, — Fpppp)
i

4

Y1 (6 F>H* + 2 H*F,, + 8 FHH,, + AHF,H, + 6 FH,* — H,,)

+2¢* FNy + ¢*Fpy + ~ (pF, — 3qF, + F) =0,
1
+2¢° HNy + ¢*Hpg — 1 (PHy = 3qH, + H) =0,
FH,+ HF, + N, = 0.
(6.117)

2.1.3. Hirota equation in 2 + 1 dimensions (y; = 0, 2 # 0)

In this Subsection we analyze the spectral problem (6.83) when y; = 0. The resulting
integrable system can be regarded as a generalization of the Hirota equation [209]
to higher dimensions. Lie’s formalism for this system yields the infinitesimals listed
below

& =K1 () +azz,
& = a1 +2a3y,
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&3 = an + 3ast,

m = iu (Kl(t)y +2 Ko (t)) —azu,

Ny = —iw (Kl(t)y + 2 Ko (t)) — azw, (6.118)
1 . .

N3 = ZKl(t)yz + Ko(t)y + K3(x,t) — agm,

= —as3 >\7

o= (30 + 80+t )
b2 =x (~ 5y~ K20+ <),

where o;, 7 = 1,...,3 are arbitrary constants, K;, j = 1,2, and § are arbitrary
real functions, while ((y,?,A) obeys relation (6.90). We can easily see that the
scaling symmetry mediated by the constant a3 appears once more in this case. The
associated commutation relations can be found in Appendix B.1.3.

From results (6.118) we can realize that, as in the previous Subsection, we have four
nontrivial reductions related to Kj(t), a1, o, and as. The first three reductions
provide the same results of Subsection 2.1.1 by setting v; = 0. Conversely, the
reduction associated to the new symmetry «g represents the counterpart to the
reduction of the prior Subsection for a NLS equation in 2+ 1 dimensions with fourth-
order derivatives. This symmetry also gives out a nonisospectral reduced Lax pair.

e Case I ag #0

— Reduced variables

1 t3
p=tsz, q=—. (6.119)
Y
— Reduced spectral parameter
Ay, t) = t3A(q). (6.120)
— Reduced fields
1 1
u(z,y,t) =t 3F(p,q), w(z,y,t) =t 3H(p,q),
(z,y,t) (p:q) (z,y,t) (p:q) (6.121)
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

— Reduced eigenfunctions
(Y, t,A) =2(p,q,A),  x(z,y,t,A) =Qp,q, A). (6.122)

— Reduced spectral problem
¢, +iAD + FQ =0,
Q,—iAQ +HP =0,

2 P . . .
<3q+2Aq2> <I>q+§ (FQ+zA<I>)+q2 (Ag® + i Ng® — i Fi2)

+ 42 [2iA2(A2 + FH) — By(F, H)|® + 42 [2iAF, — By(F, H, A)} Q=0

2 P . . .
(3q+2Aq2> Qq+§ (H® —iA Q) + ¢* (A,Q — i N,Q + i H,®)

— 72 [2iA2(A2 + FH) — By(F, H)|Q — 72| 2iAH, + By(H, F, A)} o =0,
) ) ) (6.123)
with By — By being defined in (6.101). The compatibility of this Lax pair
retrieves the following:

— Nonisospectral condition

A

1
Ag=-——".
T 2qBAg+1)

(6.124)

— Reduced equations
. i
iv2 (6 FHE, = Fypp) + 3 (F +pFp — 2qFy) + ¢* (Fyy + FN,) =0,

. i
—ive (6 FHH, — Hyyp) — 3 (H + pH, — 2qH,) + ¢* (Hy, + HN,) = 0,

FH,+ HF,+ Np, = 0.
(6.125)

2.1.4. Standard NLS equation in 2 + 1 dimensions (v, = 0, 72 = 0)

The generalization of NLS equation to 2+ 1 dimensions proposed by Calogero in [69]
and its associated spectral problem are comprised in (6.83) by taking v; = 0 and
~v9 = 0. The symmetries obtained in this case are give by
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Chapter 6. Lie symmetries for spectral problems

& =Ky (t) + asx + 2a5 xt,
§o =01 +asy+ 2at + 2a5 yt,
53 = a9 + ast + ayt + 20[5t2,

m =i (Ki(H)y + 2K (£) + 2a(asy + a6) ) — (a5 + 2a5t) u,

o = —iw (K1 (8)y + 2 Kz (¢) + 2a(asy + ag) ) = (a3 + 2a5t) w,

1. ) (6.126)
N3 = ZKl(t)yz + Kz ()y + 6(z,t) — (a3 + 2a5t) m,
Ny = —az X —as (2tA +y) — ag,
¢1 = ?l) <2K1(t)y + 'LKQ (t) + C (y7 t, A)) + %Z’ (Zl’ (Oé5y + aﬁ) - O£5t) ’
P2 =X <—2K1(t)y — ik (t) + ¢ (y,t, )\)> + x (—iz (asy + as) — ast)
where o, ¢ = 1,...,6 are arbitrary constants and Kj, j = 1,2, and § are arbitrary

real functions of the indicated variables, whilst ((y,t, A) should additionally satisfy
equation (6.90). The results obtained depend on up to ten arbitrary parameters,
four of which, a3 — ag, represent new symmetries compared to the ones found in
(6.89). The symmetry associated with ag defines a scale transformation, ay stands
for a hyperbolic rotation in the (y, t)-plane, a5 describes a kind of a conformal point
symmetry and o represents a Galilean boost. The commutation relations for (6.126)
are given in Appendix B.1.4.

In accordance with the previous Subsections, these additional symmetries will allow
us to obtain four novel nontrivial reductions. The similarity reduction associated to
ag retrieves again a nonisospectral Lax pair in 1 4+ 1 dimensions.

e Case I. ag #0

— Reduced variables
, qg=1y. (6.127)

— Reduced spectral parameter

Ay, t) = Ag). (6.128)
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

— Reduced fields

u(@,y,t) = F(Z’ 2, w(@,y,t) = H(]Z’ 2

m(z,y,t) = N(ZZ’ i o
— Reduced eigenfunctions

U@,y t,A) = 2(p, g, A),  x(@,9,1,2) =Qp, g, A). (6.130)

— Reduced spectral problem

¢, +iAD + FQ =0,

Q, —iAQ +HP =0,

2N D, = (; + ipA — iNq> d+ (pF +iF,) Q, (6.131)

200, = (; —z'pA—i—iNq) Q+ (pH — iH,)®.

The compatibility of the system (6.131) implies the following results:
— Nonisospectral condition

Ag=—-. (6.132)

— Reduced equations

2 FN, + Fp, — ipF, —iF =0,
2 HN, + Hp, + ipH, + iH = 0, (6.133)
FHy+ HFy+ Ny, = 0.

o Case II. oy # 0

— Reduced variables
(6.134)

— Reduced spectral parameter

Ay, t) = Aq). (6.135)
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— Reduced fields

u(x, yat) = F(p, Q)a

m(z,y,t) = N(p,q).

— Reduced eigenfunctions

Y(z,y,t, ) = @(p,q),

— Reduced spectral problem

¢, +iAP + FQ =0,
Q,—iAQ +HP =0,
O, —igQF;+ig®P Ny +2AqP, =0,
Qg +iqg®Hy —igQNg+2AqQ, =0,

w(:r, yat) = H(p, CI),

x(z,y,t,A) = Q(p, q).

whose compatibility condition requires its isospectrality.

— Reduced equations

e Case IIl. a5 #0

— Reduced variables

— Reduced fields

u(z,y,t) =

m(z,y,t) =

F

Np.q)

(,q)
t

t

—iFy 4+ 2q FNy + qFpq = 0,
tHy +2qHNy + qHpq = 0,

HyF + HFy + Ny, =0,

exp (itpq) ,

w(z,y,t) =
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H{(

D, q)

exp (—itpq) ,

(6.136)

(6.137)

(6.138)

(6.139)

(6.140)

(6.141)

(6.142)
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— Reduced eigenfunctions

) it Q —it
P(x,y,t,\) = (p.q) exp (lpq), x(z,y,t, ) = (,q) eXp< mre

Vit 2 Vit 2
(6.143)
— Reduced spectral problem
1.
(pp+§ZA®+FQ:O,
1.
Qp—izAQ—i-H(I):O, (6.144)

Ao, —i FQ+iN,P =0,

AQg+iHy® —iN,Q =0,
whose compatibility condition implies that we are dealing with an isospectral
linear problem, A = constant.

— Reduced equations
2FNg+ Fpy =0,

2 HN, + Hpy =0, (6.145)
FHy+ HF, + Ny, = 0.

e Case IV. ag #0

— Reduced variables

P=x, q=t. (6.146)
— Reduced spectral parameter
2A —
Ay, 1) p.9) ~y (6.147)
2q
— Reduced fields
_ P _ P
u(z,y,t) = F(p,q) exp (z . y) , w(z,y,t)=H(p,q) exp (—z . y) :
m(z,y,t) = N(p,q).
(6.148)

— Reduced eigenfunctions

2
(6.149)

Y(z,y,t,A) = ®(p,q) exp <z 2% y) » o x(@ oy, t,A) = Q(p, q) exp (—i % y> :
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— Reduced spectral problem

q®,+qFQ+iAd =0,
g+ qH®—iAQ =0,

—220, +2pq FQ + 2ipA® — q& = 0, (6.150)
~2¢*Q, +2pg H® — 2ipAQ — qQ =0,
which is an isospectral Lax pair.
— Reduced equations
R (6.151)

pH, +qH, + H = 0.

2.2. Multi-component NLS equations in 2 + 1 dimensions

This Subsection is devoted to the study of the (2 + 1)-dimensional multi-component
NLS equation introduced in Section 1 from Chapter 4, which can be regarded as an
extension to higher dimensions of the Manakov system [286], also known as vector
NLS [8]. This equation reads

1o + Qg +2my a0 =0,
—ioz;f + alw +2my, al = 0, (6.152)

(my +a aT> =0,
x
Oél(xayat)

a2 (CE, Y, t)
conjugate and m(x,y,t) is a real scalar function.

where a has two components, a(x,y,t) = < > , af stands for its complex

System (6.152) has proved to be integrable in the Painlevé sense and a three-
component Lax pair has been successfully derived via the SMM by the author of
this manuscript in [25]. The associated spectral problem has the expression

¢y = 70[11.X - aéﬂ?

Xz = —a1), (6.153a)
Px = _O[21/}7

wt = _iwmc - 2imm¢,

Xt = —i (1), X + i1y, (6.153D)

pr = —i(a2), p+ icoty,
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

where ¥(x,y,t), x(x,y,t), p(x,y,t) are the three complex eigenfunctions, (6.153a)
describes the spatial part of the Lax pair and (6.153b) stands for the temporal
counterpart. It is important to remark that we should need to consider the complex
conjugate of (6.153) in order to fully characterize the spectral problem associated to
(6.152), by virtue of the SMM procedure developed in Section 1 of Chapter 4. It is
also worth noticing that this spectral problem is not explicitly written in terms of a

spectral parameter.

Classical Lie symmetries

Lie symmetries for the spectral problem (6.153) can be straightforwardly calculated
following the prescription indicated in the previous Sections. The space of indepen-
dent variables 2" is endowed with the usual coordinates (z,y,t) and the space of de-

pendent variables % is now characterize with local coordinates (aq, ag, aJ{, 0y, M, 1P,
. 0,0 Xt pT) Since (6.153) is a second-order Lax pair, it can be understood as a

submanifold of the second-order jet space Mgy = 2" X %9).

Let us consider a one-parameter Lie group of infinitesimal transformations given by

IT=ux + eél(xvyvtvalva%aiva;m)wv X5 P, QJZ)T7X pT) 62)?

g:y+6£2(x y7t al,ag,oﬂi,a;,m %X pawT7X p)+O

f=t+e&(@,y,t,ar,00,0], ab,m, ¢, x, p, 00 xT, pl) + O(e?),
&1 = a1 +eni(z,y,t, a1, 0,0, ab,m, i, x, p, 00 XL ph) + O(),
G = a2+enz(:c y.t,ar,a2,0d, ab m,w, x, p, 00\ ph) + O(e?),
af = a1 +ens(z,y,t, a1, 0, 0], af, m, v, x, p, 9, 1T, ph) + O(2),
&l = ab + ena(w,y, 1,01, a0, 0, ad,m, b, x, p,907, X, o) + O(€), (6.154)
m=m+ens(x,y,t, 01,02, 0], ad, m, ¥, x, p, 01, X, pT) + O(€?), B
U=+ edi(ay.t,an, 0,00l m oy, x, 0,00 X ph) + O(D),
X =X +eda(m,y,t, a1, a0, b, ad, m, 4, x, p, w X1 e + 0,
p=p+eds(z,y,t,ar,an,al, 0, m,, x, p,v ,X ph) +0O(e?),
of = ¢l + epu(z,y.t, a1, a2, ], ol m . x, p, 07, X, pt) + O(D),
X=X+ es(@,y,t, a1, 02, 0], af, m, v, x, p, 0T X, pf) + O(),
o= o+ edo(x,y,t, a1, a0, al, ol m b, x, p, 0 X, ph) + O(e?),

where € is the group parameter and &,n;, ¢, 1 =1,...,3,j=1,...,5,k=1,...,6
are the components of the related vector field
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0 0 0 0 0 0 0
X:§1*+§2 +€3 ;tm + 12 +m3—5 +m + 55—
Ox oy Doy Do dal dal om
5 5 9 9 13 2 (6.155)
+¢1@+¢2&TX+¢38 tdag s a0 o5y +¢687T

This infinitesimal transformation induces a well known one in the derivatives of the
fields, as shown in Chapter 5, and it must leave invariant the set of solutions of
(6.153). At this point we should decide between either the classical or nonclassical
approach. We have proceeded with both methods, and the nonclassical formalism,
when the associated overdetermined system of PDEs for the infinitesimal is solvable,
provides the same results than the classical setting in a remarkably more complicated
way. Then, we will be essentially dealing with the classical Lie symmetries for (6.153)
and its complex conjugate problem, which result in

fl = 4K1(t)$+2K2( )
& =2C1(y),
& =8 Ki(t),
m = _z‘ (Kl(t) 2%+ Ko(t) x + K3(t) + C'Q(y)) — 2K (t) - C{(y)} aq
+ [_04(3/) + 1 C5(y)] az,
= [i (Ki(t)2? + Ko(t) o+ Ks(t) + Ca(y) ) — 2K0(8) — Ci(y)]
— [Cu(y) — i Cs(y)] au,

ns = —z Ki(t) 2% + Ky(t) o + Ks(t) + Cz(y)) — 2K, (t) — Ci(y)} o]

+[Cuy) — i Cs(y)] o, (6.156)
m= [ (Bi()2® + Ba(t) 2+ Ks(t) + Caly) ) — 2 Ka(t) - Cl(y)] o

—[Ci(y) +iCs5(y)] o,
ns = — 4 K1(t)m + éki(t) z® + %&(t) z? + le(t) z +0(y, ),

b1 = [—i (Kl(t) 22+ Ko(t)z + Kg(t)) 2K (1) + A} b,
[i Ca(y) — C1(y) + A] x + [Caly) + i C5(y)] p,

[i C3(y) — C1(y) + A] p— [Caly) — i Cs(y)] x,
[z( () z +K2()x+K3(t))—2K1(t)+AT]
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

05 = [—i Caly) — Cily) + AT} X'+ [Caly) —iCs(y)] o',
P = [—i Cs(y) — Ci(y) + AT} p' = [Caly) +iCs(y)] 1T,

where we have used the convention "= % and ' = d%.
These Lie symmetries depend on a set of nine arbitrary real functions and two arbi-

trary complex constants, listed as,

e Three arbitrary real functions Kj(t), j = 1, ...,3, which depend exclusively on
the temporal coordinate .

e Five arbitrary real functions Cj(y), j = 1, ..., 5, which depend on the coordinate
V.

e An arbitrary real function 6(y,t).

e Furthermore, these symmetries include two arbitrary constants A, AT, which
can be taken as complex conjugates given that we have considered the spectral
problem (6.153) and its complex conjugate. We shall prove later that this
complex constant will play the role of the spectral parameter in the (1 + 1)-
reductions of the Lax pair under study.

Lie symmetries for the Lax pair (6.153) generalize, extend and include all the Lie
symmetries obtained for the multi-component NLS (6.152). Symmetries given by
&1 — 15 in (6.156) can be analogously derived by implementing a similar procedure
over the starting system of PDEs (6.152), whereas symmetries ¢1 — ¢¢ correspond
to the transformation of the eigenfunctions of the Lax pair. It is also worthwhile
to remark that the only additional symmetry that corresponds strictly to the Lax
pair itself is the one associated with the arbitrary constant A. The symmetry group
(6.156) is spanned by eleven infinitesimal generators, whose explicit expressions and
commutation relations are given in Appendix B.2.

Similarity reductions

Similarity reductions may be achieved by solving the characteristic system

de _dy _di _doy _dog _do] _do} _dm

G & & om o m om w1 (6.157)
_dY _dx _dp_ YT _ X _ dp

I e T TR
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The process of symmetry reduction provides the corresponding reduced problem
with the number of independent variables diminished by one, leading to similarity
reductions in 141 dimensions. We shall summarize the notation used for the reduced
parameters in the following table.

Original variables New reduced variables
Indep. variables x,y,t D, q
Fields a1(z,y,t), az(z,y,1) F(p,q), H(p,q)
ol (w,y,t), ab(x, y, 1) F'(p,q), H'(p, q)
m(x,y,t) N(p,q)

Eigenfunctions  ¢(z,y,t), x(z,y,t), p(z,y,t) ®(p,q), (p,q), 2p,q)
Vi, y,t), XNz, y, 1), pllz,y,t)  ®(p,q), =F(p,q), 2 (p,q)

The symmetries that will yield nontrivial reductions are those related to the arbi-
trary functions K;i(t), Ko(t) and Ci(y), associated to the transformations of the
independent variables. The rest of the symmetries provide trivial reductions (phase
shifts and rotations for the fields and the eigenfunctions). Several reductions may
emerge for different values of K1, Ko, Cy, giving rise to three independent reductions.

We introduce the shorthand notation to be used in the forthcoming calculations:

hO=7) cof ™ "O=1) Zee® PO=5m ) g0
(6.158)

For the sake of simplicity, in the following we will only display the similarity re-
ductions arising from (6.153), while the reduced version of the complex conjugate
problem can be easily derived by conjugation in the results presented hereafter.

o Case I. K1(t) #0, Ka(t) #0, C1(y) #0

By solving the characteristic system (6.157), the following results have been ob-
tained

— Reduced variables

T dy dt
“h). =t E0 T B

(6.159)
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6.2. Lie symmetries for nonlinear systems in 2 + 1 dimensions

— Reduced fields

i [K1(t) Ko(t)
al(x7yat) = M e{g [Ki(t)mQJrK?(t)x*Il(t)}}

I

i [K1(t) Ko (t)
ag(z,y,t) = I{We{s[Ki(t)xQJrKfmxIl(t)}}

)

. 1 p - (6.160)
m(@,y,1) = m [Kl(t)2:|tt + 32K, ()2 [Kl(tﬁ]t
_372 1(t)+ Kl(t)éQ

where the subscript ()¢ denotes the derivative with respect to the coordinate
t.

— Reduced eigenfunctions

i [Ki () Ky(t)
Pl y,t) = 2p9) e{_g[ﬁm SRS 10 x—fl(t)]Jr%f 110 )

2K, ()1

x(x,y,t) = Me{%“ﬁ“ ; (6.161)
Ci(y)?

p(ﬂf,y,t) — M e{gf Kft(t) .
Ci(y)2

— Reduced spectral problem

D, + <2Np—;A>q>—iFT2—iHTQ:o,

S, + F® =0, (6.162a)
Q,+H® =0,
o, +FIS+H Q=0,
A
Vg +i(F &)~ F,®) - X =0, (6.162b)
A

Q +i(HEy— Hy @)~ SQ=0,

and its complex conjugate.

It is worth mentioning that the arbitrary constant A can be interpreted as the
spectral parameter of the reduced linear problem described above. Hence, it

251



Chapter 6. Lie symmetries for spectral problems

is the symmetry reduction process itself that naturally introduces the spectral
parameter in the reduced problem. And the spectral parameter happens to be
precisely the arbitrary constant A arising from the symmetries of the primal
Lax pair. This scenario is repeated in the subsequent cases for each similarity
reduction when applied to (6.153).

— Reduced equations

The compatibility condition between (6.162a)-(6.162b) will provide the re-
duced equations (and its complex conjugate)

iF, — F,p — 2FN, =0,
iHy — Hpp = 2HN, =0, (6.163)

(Ng+ PPt HET) =0,

P
which are proved to be a nonlocal multi-component NLS system in 1 + 1
dimensions, expressed for the complex conjugate fields { FT, HT} with density
of probability N,;. This reduction corresponds to the Manakov system [8,286].

We may remark that the same reductions for the Lax pair, and consequently for the
equations, arise by performing the similarity reduction with K (t) # 0, C1(y) # 0,
K(t) = 0. In this case, the reductions for the independent variables, fields and
eigenfunctions are obtained by setting K»(¢) = 0 in (6.159), (6.160) and (6.161),
respectively.

Case II. K1(t) # 0, Ka(t) #0, C1(y) =0

Integration of (6.157) provides the following results

— Reduced variables

p= —I(t), a=y. (6.164)

— Reduced fields

Plp.a) 4[58 52000

aq (JJ, y’t) = )
K (1)1
§ TR o Ka(t)
as(z,y,t) = Ap, ql) L[ =+ 126 ””‘Il(t)]}, (6.165)
Ky(t)s
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S Y R
m(@,y,t) = 24 K/ (t)2 [Kl(t) Lt+32Kl(t)5 [Kl(tﬁ]t
x N(p, Q) + I (t)
T b Kl(t);

— Reduced eigenfunctions

by, t) = 20D A3 [GG GG - h0 R el )
K1 (t)Z

A g dt 6.166
x(z,y,t) = 3(p,q) e{gf’{l(” , ( )

dt

A
p(,y,1) = Qp, g) 3 7).

— Reduced spectral problem

®, + <2Np - ;)\> o =0,
Sp+ F® =0, (6.167a)
Q,+H® =0,

o, +FIY 4+ HIQ=0,
AY —8i(F®,— F,®) =0, (6.167b)
AQ—8i(H®,— H,®) =0,

and its complex conjugate. The previous system of PDEs can be expressed
equivalently to the following scalar Lax pair in 1 + 1 dimensions

Oy + <2Np—;A><1>:o,

(6.168)
Ao —8i|(FI B+ H H,) @+ N, @] =0,

i Uat) of —
q>pp+<2Np+8A>q> —0, 1
(6.169)
Ry 1) gt 1]
ol +si|(FE+HE) of + N, @f| = 0.

— Reduced equations

The compatibility condition between (6.168) and (6.169) yields the reduced
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equations
Fyp +2FN, =0,

H,,+2HN, =0,

(Ng+ PPt mEY) =0,

p

and its complex conjugate.

e Case III. K5(t) #0, C1(y) #0, K1(t) =0

The following reductions arise from the integration of (6.

— Reduced variables

— Reduced fields

F i[K (t)x
o,y t) = —28)__ Ai{56
2(t)2 C1(y)2
H i[Ka(t)
QQ(Z',y,t) = l(p’q) T 6{4[K§(t> z?
Ks(t)2 Ci(y)?
#* Ka(t) | N(p,q)
m($7y7t) - 274 K2<t) + K2 t)

— Reduced eigenfunctions

oy t) = 200 {125 -]+
¢( 7yat) Kg(t)% ®
_ Z( ) { fc +ig }
x,y,t) = ——F¢ 1(¥) ,
x(@,y,1) Cl(W
pa) {35 atirrit}
x’ ’t 1 1(J)
p(x,y,t) = Cl<y)§

— Reduced spectral problem

o, — (Fix+H' Q) —gcb:o,

Zp+F<I>+%Z:0,

QP+H<I>+%Q:0,
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(6.171)

(6.172)
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A1 A+ 1
q>q+(ng+12+ HT>Q—|—<Z'FII+Z - FT>2

N+l
—i(FFTJrHHT—QNp— 4+>c1>:o,

A+ 1
zq—<l 2+ F—z’Fp)@—z’FFTZ—z‘FHTQ_O, (6.174b)

A+ 1
Qq—(l 2+ H—z'Hp)q)—iHFTz—iHHTQ:o,

and its complex conjugate.

— Reduced equations

The compatibility condition between (6.174a)-(6.174b) provides the following
system of PDEs
iFg+ (Fp+iF),+2FN, =0,

(N, - FFT = HH') =0,
p

and its complex conjugate.
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Chapter 7

Conclusions

This final Chapter addresses the main general conclusions obtained from the accom-
plishment of this doctoral thesis. Subsequently, the Chapter closes with a Section of
open research topics and future prospects.

1. Conclusions

The research conducted in this doctoral thesis has focused on the study and charac-
terization of the integrability properties of nonlinear systems, described by nonlinear
PDEs of interest arising from various scientific fields, mainly from Mathematical
Physics and other related disciplines. This issue has been addressed from four differ-
ent but complementary approaches, which constitutes the cornerstones of the present
dissertation:

1. Integrability analysis by means of techniques based on the Painlevé Property
2. The singular manifold method as a fruitful tool to derive Lax pairs

3. Binary Darboux transformations and 7-formalism as a procedure to obtain
iterative solutions, particularly soliton-like solutions

4. Lie symmetries and similarity reductions

As it has already illustrated, NLS equation plays a critical role in the primeval con-
ception of this doctoral thesis, since a significant proportion of the analyzed integrable
models constitutes generalizations of diverse kinds for this celebrated nonlinear equa-
tion, with copious applications in distinct fields, among which it is worth mentioning
Material Sciences and Biology.

The main contributions of this thesis are therefore described in detail hereunder.
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Chapter 7. Conclusions

Chapter 2

Chapter 2 presents a comprehensive review of some of the remarkable properties of
nonlinear integrable PDEs exploited throughout this thesis. Of capital importance
was the description of the so-called Painlevé Property, as well as the characterization
of the algorithmic tests based on it, which allow us to conjecture the possible inte-
grability of a given differential equation. No less significant is the singular manifold
method, which provides a systematic procedure to construct and identify several pri-
mary features for those integrable systems, such as auto-Bécklund transformations,
the associated spectral problem or Darboux transformations. The conjunction of
all these elements yields a solid and ideal machinery to analyze nonlinear integrable
equation, especially when oriented towards the obtention of analytical solutions of
solitonic nature.

This procedure has been insightfully illustrated by means of its application to the
ubiquitous NLS equation in 1 + 1 dimensions.

Chapter 3

Chapter 3 is devoted to the applications of the methodology described in the previous
Chapter to differential equations in 1 + 1 dimensions. The Painlevé test, based on
the Painlevé Property and following the WTC algorithmic prescription, has proved
to be an extremely valuable criterion of integrability. This fact has been more than
confirmed by the subsequent application of the SMM, which has successfully re-
trieved the associated spectral problems for the considered nonlinear systems. Fur-
thermore, binary Darboux transformations are determined to constitute the perfect
enhancement for the aforementioned methodology. They allow us to derive in a
straightforward approach a plethora of soliton-like solutions of diverse nature.

e Firstly, we have proposed a nonlinear model in 1 4+ 1 dimensions describing the
electron spin dynamics in deformable helical molecules [26,124], which generalizes
the linear model introduced in [125,198]|. The deformability of the molecule en-
ables the formation of an entirely novel dynamics, by means of the addition of a
cubic nonlinearity of NLS-type. This extra contribution allows us to transform
the former linear model into a nonlinear system of PDEs that turns out to be a
generalization of the Manakov system, a vector extension of NLS equation with
two components.

The integrability of this model has been analyzed by means of the Painlevé test and
we have successfully employed the SMM to derive a novel three-component and
isospectral Lax pair for this system. Binary Darboux transformations have been
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applied to this model, straightforwardly yielding the definition of the 7-function
and an iterative algorithmic method to construct recursive analytic solutions. The
choice of exponential seed solutions and eigenfunctions for the spectral problem
has retrieved a wide class of soliton-like solutions in different regimes. For the
defocusing case, we have obtained dark solitons that generalize the corresponding
soliton solutions for the Manakov system. For the focusing case, generalizations of
the Akhmediev and Kuznetsov-Ma breathers have been explicitly derived. More-
over, this procedure has also resulted in the obtention of two families of rogue
waves for the focusing case, linked to a nontrivial polynomial expression for the
7-function. The analysis of cnoidal waves in the hyperbolic limit has yielded stable
bright solitons in the focusing case. This latter result constitutes the generaliza-
tion of the Davydov soliton, a theoretical solution that is prescribed to appear in
the continuous limit within the adiabatic approximation describing the dynamics
of deformable organic molecules with helical conformation. The helicity of this
soliton is proved to be well-defined and preserved alongside its propagation across
the helical molecule. The obtention of this result might shed some light on the
relevance of the nonlinear interaction regarding the theoretical description of the
spin dynamics in helical molecules, as a means to explain the chiral-induced spin
selectivity phenomenon reported in experiments.

e On the other hand, we have introduced a modified (1 4+ 1)-NLS equation with
derivative-type nonlinearities. The proposed system depends on an arbitrary
real parameter v, which includes as particular cases three celebrated equations of
DNLS-type, the Kaup-Newell system (v = 0), the Chen-Lee-Liu equation (y = 1)
and the Gerdjikov-Ivanov equation (y = 2). These three nonlinear PDEs, to-
gether with the system proposed by the author, are equivalent via a U(1)-gauge
transformation. We have exploited this gauge invariance property to analyze the
integrability, construct the Lax pair and derive rational soliton solutions for these
equations. Besides, these results can be straightforwardly extended to any inte-
grable DNLS equation that can be related by a U(1)-gauge transformation to the
prior ones.

We have successfully reviewed the integrability of this generalized DNLS equation.
The Painlevé test was not properly applicable to this equation since the leading-
order of the series expansion was rational. Therefore, the introduction of up to two
changes of variable has been necessary in order to transform the generalized DNLS
equation into a suitable PDE liable to pass the Painlevé test. The first change
of variables yields a conservative differential equation for the probability density
« of the initial DNLS, with integer leading index but two branches of expansion.
The best method to overcome this inconvenience requires the introduction of a
Miura transformation that retrieves a nonlocal Boussinesg-like equation for both
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the new fields v and its complex conjugate u. It is worth stressing the crucial
role of the Miura transformation, which allows us to connect the aforementioned
three differential equations and finally transform the original DNLS into a suitable
PDE with a unique branch of expansion that possesses the Painlevé Property. We
then ratify the success of this technique to deal with integrable PDEs with several
branches of expansion in Painlevé integrability contexts.

Regarding the subtleties of the Painlevé analysis, we should now highlight the fact
that the leading index at constant level for the nonlocal Boussinesq equation is zero.
Therefore, the Painlevé test has had to be modified in order to incorporate a finite
number of logarithmic terms in the series expansion so as to check the integrability
of such equation. Then, it is found that the appearance of the logarithmic term
does not contradict the assertion of the Painlevé conjecture, since it is precisely
the first derivatives of the field u,,u; the ones that are expressed in terms of the
Laurent series in a neighbourhood of the singular manifold ¢ = 0.

By means of the SMM we have been able to find the spectral problem for these
three systems: the starting DNLS equation, the conservative PDE for the prob-
ability density a and the nonlocal Boussinesq equation for u. We have obtained
not just one, but two equivalent and isospectral Lax pairs for each of these equa-
tions of interest. The associated spectral problems are defined up to a coupling
constraint between the eigenfunctions and the fields involved. This condition is
inherent to the splitting process of the field « and the introduction of the Miura
transformation. Then, this situation will be reflected when determining the asso-
ciated spectral problems for the initial generalized DNLS equation. Moreover, the
obtained linear problems allow to recover the Lax pairs known in the literature for
the aforementioned particular DNLS systems.

Binary Darboux transformations have been implemented. Taking an ansatz with
exponential seed solution and eigenfunctions allows us to straightforwardly con-
struct a polynomial 7-function. This result inevitably leads to the obtention of
interacting solitons of rational type, where the corresponding one and two soliton
solution have been deeply investigated.

Chapter 4

Chapter 4 constitutes a continuation of the preceding Chapter, addressing the appli-

cations of the theoretical foundations exhibited in Chapter 2 for integrable models

in 24+ 1 dimensions. The analysis of solutions is focused on the characterization of

a new kind of localized structures proper of higher spatial dimensions: rationally

decaying solitons, known as lumps.
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e Primarily, we have analyzed an integrable multi-component NLS equation in 2+ 1
dimensions. This PDE can be either regarded as a generalization of the Manakov
system to 2+ 1 dimensions or as a vector generalization for the Fokas system with
two components.

Its integrability directly follows from the application of the Painlevé test. Fur-
thermore, the SMM has enabled us to derive a nontrivial three-component Lax
pair for this system. Lump soliton solutions can be directly constructed after the
consequent application of the binary Darboux transformations over the spectral
problem. In order to obtain rational solutions for the 7-function, it is desirable
to seek seed eigenfunctions expressed as a product of exponential functions and
a polynomial expression of arbitrary degree. The substitution of this ansatz into
the spectral problem yields recursive relation for those polynomials, allowing the
possibility to obtain an infinite number of eigenfunctions given in terms of integers
associated to the degree of the polynomials. Therefore, it is expected that the na-
ture of the arising lump solutions strongly depends on the value of such integers.
The soliton solutions in this case are found to depend on two integers, N, M € N.

Furthermore, the second iteration retrieves a T-function 71 2 that can be written in
terms of a unique wavenumber, which means that the associated solution shall be
interpreted as a one-soliton solution. Nevertheless, the corresponding dynamics to
the one-soliton solution turns out to be particularly rich, since it displays the inter-
action of a nontrivial number of travelling nonlinear waves, of lump-type with equal
amplitude, which depends on the choice of the integers N, M. We have explored
the one-soliton solutions associated to all possible combinations of N, M = 0, 1.
These choices retrieve three cases of interest, leading to the interaction of one, two
and three lump-like waves with the same amplitude, respectively.

e Last but not least, the second nonlinear PDE analyzed in this Chapter is the
so-called Nizhnik-Novikov-Veselov equation, which constitutes a symmetric gener-
alization of the KdV equation to 2 + 1 dimensions.

Subsequent application of the Painlevé test retrieves that this nonlinear equation
may be considered as integrable. Besides, the SMM allows us to successfully
derive the associated spectral problem, where the eigenfunction turns out to be
the singular manifold itself. This is due to the fact that the singular manifold
equations can be fully integrated without the need of an intermediate linearization
ansatz.

Binary Darboux transformations can be implemented in order to obtain lump
soliton solutions. As in the previous case, the consideration of eigenfunctions of
the form polynomial expression times exponential functions retrieves an infinite
number of possible eigenfunctions that depends on the degree n of such polynomial.
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Once again, the nature of the arising soliton solutions is determined by the value
of this integer.

The second iteration provides soliton solutions in terms of a sole wavenumber
and its complex conjugate, giving rise to the aforementioned one-soliton solution.
The dynamics for the one-soliton solution with one (n = 1) and two (n = 2)
components of lump-type of equal amplitude has been profoundly analyzed, as it
was done for the previous system.

In this case, we have also studied the two-soliton solution, which requires to con-
sider up to the fourth iteration in the fields, with associated 7-function 7123 4.
The process is constructed such that the first and the third iteration introduce
two different wavenumbers k1 and ks, whilst the second and the fourth iteration
provide the respective complex conjugates, ko = k:]{ and ky = k; We have studied
the simplest case, with n = 1, which has allowed us to characterize the dynamics
and interaction of two different and independent lumps, of distinct amplitude.

Chapter 5

Chapter 5 is devoted to the theoretical characterization from a geometric point of
view of the theory of Lie symmetries for differential equations. An extensive de-
scription of both the classical and nonclassical method to compute Lie symmetries is
straightforwardly provided. Besides, the process regarding the similarity reduction
method is thoroughly investigated. The last Section of this Chapter is aimed at the
particular application of this whole procedure, as an example, to the NLS equation
in 1+ 1 dimensions.

Chapter 6

Finally, Chapter 6 addresses the applications of Lie’s formalism of classical (and
nonclassical) symmetries to diverse integrable models in several dimensions. The
novel approach considered in this dissertation primarily targets the application of
Lie’s method to the spectral problems for these integrable systems. Therefore, it
is expected that the isospectral or nonisospectral nature of the spectral parameter
associated to those Lax pairs plays a crucial role on the symmetry analysis. This
fact has proved to bear special relevance for systems in 2 + 1 dimensions. Similarity
reductions for Lax pairs constitute another critical element of this formulation, since
they may yield new families of integrable differential equations in lower dimensions.

e Regarding integrable systems in 141 dimensions, we have analyzed the three non-
linear PDEs arising from the Painlevé analysis for the generalized DNLS equation
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performed in Chapter 3. We have successfully computed both classical and non-
classical Lie symmetries for these systems and their respective spectral problems.
The nonclassical method has not retrieved any further results than the classical
one, for each case under consideration. The main advantage of performing this pro-
cedure directly over the spectral problem is that it allows us to get simultaneously
the symmetries related to the independent variables, fields and those associated
to the eigenfunctions and the spectral parameter. Hence, Lie symmetries of the
associated linear problem provide us more valuable information than the single
analysis over the PDE. Finally, similarity reductions have been computed in each
case. We have obtained the following:

— Lie symmetries for DNLS equation are given in terms of three arbitrary con-
stants, a single arbitrary real function of ¢ and two arbitrary complex functions
on A, the spectral parameter. The commutation relations among the associ-
ated generators have been studied and the Lie algebra has been identified for
a particular choice of the arbitrary functions, giving rise to a subalgebra of the
Schrodinger algebra sch(1). Besides, three nontrivial similarity reductions arise
from the reduction process.

— Lie symmetries for the conservative PDE for the probability density a depends
on up to four arbitrary real constants and two arbitrary complex functions of A.
We have also studied two nontrivial reductions for this equation.

— The symmetry group of the nonlocal Boussinesq equation for u is presented in
terms of six arbitrary real constants, a single arbitrary real function of ¢ and two
arbitrary complex functions of A. It is worth stressing the presence of a complete
new symmetry induced by the associated Miura transformation. Finally, three
additional reductions of interest emerge for this case.

e Nonlinear PDEs in 2+ 1 dimensions exhibit richer results regarding the symmetry
analysis than their counterparts in 1 + 1 dimensions. This phenomenon may be
due to both the addition of an extra spatial dimension and the versatile nature of
the spectral parameter for Lax pairs in higher dimensions.

— We have first determined the classical Lie symmetries of an integrable generaliza-
tion of the NLS equation in 2+ 1 dimensions with higher order terms. This inte-
grable system depends on two arbitrary parameters 1, 2, and contains as par-
ticular cases four integrable renowned PDEs: generalized NLS equation in 2+ 1
dimensions (y; # 0, 2 # 0), Lakshmanan-Porsezian-Daniel equation in 241 di-
mensions (y1 # 0, v2 = 0), Hirota equation in 2+ 1 dimensions (y; = 0, 2 # 0)
and a standard NLS equation in 2 + 1 dimensions (y; = 0,2 = 0). This
equation has proved to be integrable and possesses a nonisospectral Lax pair.
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Four different sets of symmetries can be obtained depending on whether the
parameters 71, o are zero or different from zero. These symmetries may depend
on up to six arbitrary constants and four arbitrary functions. The reductions
associated to each set of symmetries have been successfully identified, yielding
several similarity reductions of interest. This procedure provides not only the
reductions for the equations, but also the reduced spectral problems. Besides, it
is immediately shown how the nonisospectral condition is propagated under the
reductions. We have obtained three special cases where the associated reduced
spectral problem in 1 4 1 dimensions is yet nonisospectral. It is worthwhile to
remark that the reduced equations are proved to be integrable systems in 141,
being most of them quite complicated and non autonomous. Then, we may
conclude that symmetry techniques also constitute a valuable procedure when
identifying the integrability of nonlinear systems.

The commutation relations among the Lie symmetry generators have also been
studied, in order to characterize the resulting Lie algebra. It is found that the
presence of arbitrary functions in the symmetry generators prevents them from
forming a Lie algebra. Nevertheless, it can be proved that the commutator of
two symmetry generators is also a generator of a symmetry in an intriguing way,
by means of an appropriate choice of the arbitrary functions. This fact provides
an analogous notion of closure with the finite-dimensional case. Besides, it is
possible to obtain a finite-dimensional Lie algebra by adopting special values for
the arbitrary functions.

We have also studied the multi-component NLS equation introduced in Chapter
4 from the symmetry point of view. As already illustrated, this integrable system
possesses a three-component Lax pair, with no explicit spectral parameter.

We have determined the classical Lie symmetries for this system and its spectral
problem. The resulting symmetries include nine arbitrary functions of the inde-
pendent variables and two arbitrary complex constants, which play the role of
the spectral parameter when the spectral problem is reduced to 1+ 1 dimensions.
The commutation relations among the generators associated to each symmetry
have been widely analyzed, obtaining a similar result to the one stated for the
previous example.

Three nontrivial reductions in 1 + 1 dimensions have been derived. The re-
duced equations and the reduced spectral problems have been simultaneously
obtained. The reduced spectral problems in 1+ 1 do possess a spectral param-
eter, which arises naturally in the process of constructing the reductions due to
the symmetry procedure itself.
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2. Future work

The research conducted in this thesis presents a unified methodology based on
Painlevé integrability, the SMM and Lie symmetries to approach nonlinear mod-
els described by integrable differential equations. Nevertheless, there are several
open research topics left that may be suggested as possible future work in this line
of investigation:

e The application of this unified scheme has proved to be highly convenient when
it comes to describing and obtaining solutions of interest for realistic nonlinear
models arising from disciplines as Mathematical Physics, Materials Sciences and
Biology. We firmly believe that the application of this type of analytical techniques
may help to understand the behaviour of such systems. Therefore, it is worth
exploring further research fields related to nonlinear phenomenology in the quest
of integrable models that could account for those scenarios.

e As has been amply illustrated, algorithmic tests based on the Painlevé Property
provide an accurate integrability criterion for nonlinear differential equations when
they are applicable. On the other hand, these methods present several limitations,
such as coordinate-dependence on the form of the PDE, the restriction to positive
integer dominant indices, the issue associated with multiple expansion branches,
etc. These kinds of problems are also reflected in the subsequent application of the
SMM. Throughout this work, various procedures have been exhibited to overcome
these inconveniences, but they are still far from being general or fully understood.
It would be interesting to delve into these ideas in more depth.

A promising line of research in this regard requires a detailed consideration of the
different existing transformations among families of integrable systems, such as
Béacklund transformations, Miura transformations, hodograph or reciprocal trans-
formations. The author of this manuscript has carried out further research on
reciprocal transformations and the composition of Miura-reciprocal transforma-
tions [27,30], not included in this dissertation. Reciprocal transformations have
proved to be a remarkably fruitful technique to identify the integrability of PDEs,
derive Lax pairs and may have an impact on the obtention of solutions of interest
for those systems. This subject still remains as an open research topic.

e The SMM, as applied and understood throughout this thesis, may be slightly
improved in relation to the derivation of the singular manifold equations. The
SMM typically requires that every coefficient arising from the truncation ansatz of
the Painlevé expansions should be equated to zero. Nonetheless, it is possible to
weaken this condition and find solutions for ¢ that do not necessarily vanish each
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coefficient but the set of all of them. This fact could increase the applicability of
the SMM to a broader class of nonlinear integrable systems.

Moreover, this procedure leads to a more general solution for the singular manifold,
which is subsequently reflected in the corresponding spectral problem and the
associated solutions. In particular, this technique might allow the introduction of
additional arbitrary functions in the Lax pair, which could eventually play the role
of the spectral parameter in case the former linear problem does not possess any.

In connection with the latter idea, the role of the spectral parameter in Lax pairs,
both in 1 4+ 1 and higher dimensions, is a matter of keen interest that would be
worth studying. Specifically, the question regarding the introduction of a “true
spectral parameter”, i.e. nonremovable after a gauge transformation, constitutes
an open problem in this research area. Both the SMM and the symmetry analysis
by means of group techniques could shed some light in this regard.

Another future research plan could involve the extension of our Lie symmetry
approach, both classical and nonclassical, to other kinds of generalized scenarios,
such as contact symmetries, Lie-Backund symmetries, etc. The treatment of spec-
tral problems under this new perspective could retrieve valuable information of the
integrable systems under consideration, as well as the analysis of their associated
similarity reductions.
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Appendix A

Complementary calculations for Chapter 5

1. General prolongation formula

The general prolongation formula, formulated in equation (5.54), is given by

- 8ug
) +Z§i(a:,u)%. (A.1)
i=1 ¢

This result is well-known in the literature of Lie symmetries [51,323,378] and it can
be demonstrated by induction.

ou’
i

ng(xﬂh e 7u0') = DU (n](m.?u) - Zgl(m7u> ax
i=1

Proof. Firstly, let us start with the case of p = 1, the prolongation up to first-order
derivatives. The first prolongation of the vector field X is given by

X(l) :Zﬁi(x,u)%+Z7’]‘7(.’I},’U/)%—‘FZZ(T]])mi(Z’,U(l)) 7 (AQ)
i=1 toj=1
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and the associated one-parameter Lie group of transformations reads
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T

where u}, = g—i and (nj)xi is the infinitesimal associated to u;i, foralli=1,...,n, j=
1,...,m. For p =1, the total derivative operator with respect to x; has the form
0 0w 9 A TG
D, = — —_— A4
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Then, it is straightforward to see that

dZ; =Y (Dy, &i)dw; =Y (Day @i + €Dy &)day = Y (85 + € Day &)day,
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where 0;; stands for the usual Kronecker delta. Thus, we have
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i (0i1 + €Dy, &) + O(€2)
=1

Computing the inverse of the formal power series up to first order in €, we get

n
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Comparing this result with (A.3), we can conclude that
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Reordering terms and using the definition of (A.4), we find that
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which corresponds to the expression provided in (A.1) for p = 1.

In order to prove the general case by induction, we assume that the general prolon-
gation formula (A.1) is valid for the extension up to pth-order derivatives, such that

the prolonged vector field X® is given by (5.50) and the associated Lie group of
(n+p—1)!
pl(n—1)!

transformations is (5.55). Given a coordinate u/,j = 1,...,m, there exist
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derivatives or order p, and from them, it is possible to construct n derivatives of

order p+ 1 as (u{,)zl = %, l=1,...,n,|o| = p. In this sense, we can define the
extension of (5.55) up to (p + 1)-th order derivatives as'

@)z, = (u))ay + €0y (2, ugpyn))s (A.10)
. . ~j\ ok opt+1yi
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Proceeding by complete analogy with (A.5)-(A.7), we have
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Hence, it is immediate that
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(n2)z; = Da, m — a—kamlfk, I=1,...,n,j=1,...,m, (A.12)

k=1

which provides the well-known recursion relation for the extended infinitesimal.

Finally, inserting the expression for ng given by the prolongation formula (A.1) in
the relation above we get
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(A.13)
which identically coincides with the expression given in (A.1) for the multi-index
6 = (i1,...,4 +1,...,in) associated to the specific derivative (u})s, = u}, when

'From the geometric point of view, this fact means that the (p + 1)-th jet space M, 1) may be
regarded as a subspace of the first jet space (My))(1)-
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O

p+1and for all | =1,

,in) such that |o| = p, |7

0= (i1, uyify...,l

Proof of equation (5.67)

2.
Let us start from the definition of the invariant surface conditions given in (5.64)
ou’
J—pi _ P —
A =g Z&axi j=1,...,m. (A.14)

According to (A.2), the first prolongation for a vector field of the form X = > & Dor
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where the general prolongation formula (A.1) establishes that
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From its definition (A.14), we get that
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A.2. Proof of equation (5.67)

Kronecker delta, so that (A.18) takes the form

Al L DAL ua
oz, = out Oz’
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and finally (A.17) provides
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which is precisely (5.67).
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Appendix B

Commutation relations from the Lie symmetry

analysis of PDEs in 2 + 1 dimensions

This Appendix addresses the commutation relations of the infinitesimal generators
associated to the classical Lie symmetries for the differential equations in 2 + 1
dimensions studied in the present doctoral thesis (c.f. Section 2 of Chapter 6). The
results are displayed in tables. Each {i, j}-element of the table (i.e. the entry in row
i and column j) represents the operation [V;, V}], with V;, V; two generators of the
symmetry group.

Since the systems of PDEs are defined in 2+1 dimensions, the associated Lie symme-
tries are expected to be expressed in terms of arbitrary functions of the independent
variables. By experience, this fact implies that the infinitesimal generators will de-
pend on arbitrary functions, leading to infinite-dimensional subalgebras. According
to [378], the infinitesimal generators that depend on arbitrary functions do not form
a Lie algebra. Nonetheless, it can be proved that the commutator of two symmetry
generators is also a generator of a symmetry in an intriguing way. In general, the
operation of commutation between two infinitesimal generators of this kind yields a
result that also depends on a combination of the arbitrary functions involved. Then,
it is possible to express this commutator as a combination of the generators of the
symmetry group by means of an appropriate choice of the arbitrary functions, as it
will be illustrated in this Appendix. The presence of arbitrary functions in the sym-
metry generators therefore provides nontrivial commutation relations among these
generators, with peculiar properties. For example, the commutator of a symmetry
generator with itself does not necessarily vanish. For this reason, these commutation
relations should be carefully studied.

In the present Appendix we will use the following notation. A vector field with a

latin subindex as &; represents a Lie symmetry associated to an arbitrary constant

a;, i1 € N. Conversely, an operator of the form X{[ﬁ,},j € N, is associated to the
J
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symmetry of an arbitrary function ;. The dependence on the independent variables
of the functions x; (which can be z,y,t or A) will be omitted in the tables for a
greater usability for the reader, but it will be explicitly specified in advance for each
case of study.

The matter regarding the classification of the resulting Lie algebras falls beyond the
scope of this thesis and it is left open for a future work.

1. Generalized NLS equation in 2 + 1 dimensions with
higher-order terms

This Section can be understood as a continuation of the symmetry analysis conducted
in Subsection 2.1 of Chapter 6 for the nonlinear PDE (6.82) and its associated spec-
tral problem (6.83). Equation (6.82) depends on two parameters 71, 2 that provide
the following integrable renowned PDEs as particular cases:

1. Generalized NLS equation in 2 + 1 dimensions (y; # 0, 72 # 0)

2. Lakshmanan-Porsezian-Daniel equation in 2 + 1 dimensions (71 # 0, y2 = 0)

w

. Hirota equation in 2 + 1 dimensions (y; = 0, 72 # 0)

4. Standard NLS equation in 2 + 1 dimensions (73 = 0, 72 = 0)

The symmetry analysis of these four systems gives rise to four different sets of Lie
symmetries, which have been studied independently.

Generally, we may resume the following common notation for every case:

o K;(t), K;(t), i,j = 1,2 denote arbitrary real functions of the variable ¢, and

Y{[;](v}, Y{[g ) are their infinitesimal generators, respectively.
i i

o §(z,t), 6(x,t) are arbitrary real functions of {z,¢} and their associated in-
finitesimal generators are represented as Zsy, 2 5}

e ((y,t,\), C(y,t,\) are arbitrary complex functions of {y,t, A} satisfying the
differential equations

05,9 _ aC 00 _
ot 2)\031 =0, ot 2)\811 =0,

whilst I'yey, T & stand for their associated symmetry generators.
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2. Multi-component NLS equation in 2 + 1 dimensions

This Section is devoted to the analysis of the commutation relations concerning the
Lie symmetries derived in Subsection 2.2 of Chapter 6. The system under considera-
tion in this case is the spectral problem of the multi-component NLS equation in 2+1
dimensions (6.152), described in (6.153). Lie symmetries for this system, displayed
in (6.156), depend on a set of nine arbitrary functions of the different independent
variables and a solely arbitrary constant and its complex conjugate. The following
convention in terms of notation will be assumed:

o K;(t), Hj(t),4,j =1,...,3 represent arbitrary real functions of the variable ¢,
and we shall denote X EJI}{_},
e Ci(y), Ji(y), k,l =1,...,5 are consider arbitrary functions of the spatial co-

X ?I]{} as their associated infinitesimal generators.
J

) : U i .
ordinate y, with generators Y{Ck}, Y{ 7} respectively.

e i(y,t), v(y,t) are arbitrary real functions of {y,t} and their associated in-
finitesimal generators are Zsy, Z(4}-

e Finally, we have defined Ay, K{ At} as the infinitesimal generators related to
the arbitrary complex conjugate constants A, Af.

With this notation, we have the following eleven symmetry generators:

Xk = éﬁf{'i@m +ia? K, (alam + 0200, =}, —abd, s — 0, + w*a;)

+ 2K, (200, — 0100, — 0300, — al0,; — ald, — 2md, — v, — v10]) + 8K10,
XE | = 10 Rod + inKs (0100, + 0200, — 0l0,) — ol — 00y +418]) + 260,
X{h, = %xkg% +iKs (alam + a20a, =}, —abd,; — 0, + wfaj/,) ,

Y{[gl} =-C] (alam + @204, + aJ{aaI + agﬁag + X0y + pd, + xTO + pTapf) +2010,,
V{2, =iCs (0100, — al0, +x0y — X101 )
ViZ,y =iCs (0200, — ald,; + 00, — 9101
Y{[g} =G (0‘2‘%1 — @10, + 045304 - aiaa; + pOy — X0, + pl Oy — XTap’r) 7
Y{[ils} =iCs (Otzaal + 104, — a%@al - al{aa; + pdy + x0, — pTaX+ - xfa,ﬂ) ,
Zisy = 60m, Ay =00y + X0+ 005, Kpary = 010) + X104 + 010,

where we have used the convention "= ! di. Then, the commutation relations

d
dt’ y
among these operators may be performed, resulting in the following:
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