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PREFACE

The field of soliton research has been started in recent times from the work
of E. Fermi, J. Pasta and S. Ulam through their investigation of the famous
anharmonic lattice problem in early 1950s. The energy of the fundamen-
tal mode returns after every recurrence time. This result has stimulated
various research problems in different areas, ranging from statistical me-
chanics of nonlinear oscillators, nonlinear normal modes and integrable
systems, and so on. The continuum limit of the above anharmonic lattice
problem leads to the very celebrated Korteweg de-Vries equation and it
admits solitary wave solutions. The beauty of this solitary wave solution is
that the amplitude of the wave is directly proportional to the velocity. This
means that the higher amplitude waves move faster than the lower am-
plitude counterparts. This special kind of waves undergo elastic collision
and so M. Kruskal and N. Zabusky termed these waves as solitons. Later
such solitons were observed in different fields, including plasma physics,

Bose-Finstein condensation and nonlinear optics, etc.

Optical solitons have been initially identified in nonlinear optical fibers
by Hasegawa and Tappert in both the anomalous and normal dispersion
regimes. Wave propagation in nonlinear optical fibers is governed by the
standard nonlinear Schroedinger equation and its generalizations. Un-
til the paper by R. Radhakrishnan, M. Lakshmanan, J. Hietarinta (Phys.
Rev. E 56, 2213 (1997)) appeared, people thought that solitons can admit
only shape preserving collisions. The shape changing collision property of
vector solitons associated with integrable coupled nonlinear Schrédinger
equations lead to the construction of optical logic gates (optical comput-
ing applications) and soliton switches. This is all possible through the
linear fractional transformations associated with the vector soliton colli-

sions. Very surprisingly, we noticed that the vector solitons studied so
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far in the literature have identical wave numbers in their individual com-
ponents (degenerate solitons). Then the obvious questions we got in our
mind was what happens if nonidentical wave numbers are characterizing
the nature of vector solitons? What kind of collision behaviour do they
exhibit? We have initially identified the existence of such vector solitons
in two coupled nonlinear Schrodinger equations and their collision prop-
erties and then extended the studies to other related systems. Through
our series of works, we have studied the properties of this new class of
solitons, namely nondegenerate solitons. This thesis is a summary of the
results of our studies on nondegenerate solitons on various coupled non-

linear Schrodinger equations.

In Chapter I, we have given a general introduction to solitons and, in
particular, solitons in nonlinear optical systems. Chapter II deals with the
existence and collision behaviour of nondegenerate solitons in two cou-
pled nonlinear Schroedinger system/Manakov system. In Chapter III, the
role of four wave mixing effect on nondegenerate vector solitons has been
studied using generalized coupled nonlinear Schroedinger system. Chap-
ter IV elaborates the nature of nondegenerate solitons and their collision
dynamics in two component long wave — short wave resonance interac-
tion (LSRI) system familiarly named as Yajima - Oikawa system. In Chap-
ter V, we have studied the existence of nondegenerate solitons in mixed
two coupled nonlinear Schroedinger system, coherently coupled nonlin-
ear Schroedinger system and N-coupled nonlinear Schroedinger system.
Finally we summarize the results and mention some of the future direc-

tions in Chapter VI.

TIRUCHIRAPPALLI R. RAMAKRISHNAN
15 FEBRUARY 2022
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Chapter 1

Introduction

1.1 Nonlinear dynamical systems and solitons

The behaviour of physical systems in nature can be well understood by
studying their underlying dynamics. Dynamics is the study of change of
the state of a physical system as time evolves. According to Newton’s laws
of motion, any future state of the dynamical system can be predicted with
enough accuracy when the force acting on the system is exactly identified
and initial conditions are appropriately specified. Based on the types of
forces acting on the system, one can classify the dynamics as linear or non-
linear. Linear dynamics is a branch of science of systems which deal with
linear forces whereas nonlinear dynamics encompasses systems that are
acted upon by nonlinear forces [1]. Nonlinear systems are realized in all
branches of sciences including physical, chemical and biological sciences,
and they are especially important in the understanding of the interesting
problem of wave phenomena. A wave is a disturbance which carries en-
ergy from one place to another. Examples include water waves, sound
waves, electromagnetic waves and so on which we experience in our daily
life. Any wave phenomena can be mathematically modelled using linear or
nonlinear partial differential equations. Linear differential equations obey
linear superposition principle but the nonlinear differential equations do
not obey it.

In the study of nonlinear wave propagation, the observation of the great

wave of translation in the Union Canal connecting the cities of Edinburgh
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and Glasgow in Scottland by a Victorian Naval Architect John Scott Russel
(1834) has played a crucial role. While stopping of a boat (when riding on
a horse-back), he observed the water lump which originated in that canal
travels a large distance without changing its shape and velocity. Based on
turther experiments, he proposed that the velocity of the lump of water is
directly proportional to its amplitude. The higher amplitude water lumps
move faster than the lower amplitude lumps. Later in 1895, two Dutch
physicists Korteweg and de Vries have deduced the dynamical equation
for the above water wave of translation which is now famously known as
the Korteweg-de Vries equation (KdV equation)[2].

In 1965, Norman Zabuski and Martin Kruskal [3] obtained the same
KdV equation in the continuum limit of nonlinear lattice of anharmonic
oscillators to explain the famous Fermi-Pasta-Ulam (FPU) phenomenon
[4]. This KdV equation is a nonlinear dispersive type partial differential
equation in (1+1) dimensions. The dispersion property makes the wave to
spread out because each Fourier component in the wave travels with dif-
ferent velocities, whereas the nonlinearity steepens the wave. In the case
of KdV equation, there is an exact balance between the nonlinearity and
dispersion which makes this equation to admit localized wave solutions,
namely solitary waves. These solitary waves are often called solitons when
they retain their identity even under collision with similar kind of waves.
Mathematically, solitons are the solutions of integrable nonlinear partial
differential equations and also certain coupled nonlinear ordinary differen-
tial equations. This integrability nature of the differential equations can be
examined through two methods (among several others), namely Painlevé
singularity structure analysis and Lax formalism. Painlevé analysis en-
sures the existence of solutions of nonlinear differential equations with-
out movable critical point singularities whereas the Lax method provides
the possibility of writing the nonlinear equation into a linear eigen value
problem and a corresponding linear time evolution equation through a
Lax pair. Existence of such stable nonlinear waves are also identified in
several branches of physics like shallow/deep water waves in hydrody-
namics, light pulse propagation in nonlinear optics, matter waves in con-
densed matter physics in the form of Bose-Einstein Condensation, nonlin-

ear waves in plasma physics and even in biophysics. It is very important
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to understand the underlying structures of nonlinear waves and their dy-
namics within the framework of integrable/non-integrable nonlinear wave

models.

1.2 Solitons in nonlinear optical systems

1.2.1 Linear Effects

In optics, in general, an optical pulse or a beam has a natural tendency to
spread while it propagates in a linear medium because the Fourier compo-
nents of the pulse or the beam start to travel with distinct velocities. The
spreading occurs in the temporal domain because of the material disper-
sion while in the spatial domain it is due to diffraction. In some cases,
the spreading takes place due to the combined effects of dispersion and
diffraction. The spreading of velocities is called group velocity disper-
sion (GVD). This dispersion occurs due to material dispersion or waveg-
uide dispersion. In multimode fibers, along with the intramodal disper-
sion which we mentioned above, intermodal dispersions also occurs. This
dispersion may cause attenuation of information or loss in the energy of

pulses.

1.2.2 Nonlinear Effects

The invention of LASER is one of the most important milestones in the
history of scientific devolepment, because it has very interesting proper-
ties like coherence, high intensity, high directionality and strict monochro-
maticity. This high intense electromagnetic field of the LASER can be able
to induce some peculiar and useful properties in the medium in which
it propagates. One such important phenomenon is the one which can be
induced due to change of polarization of the medium. Nonlinearity in op-
tical systems may be easily understood by learning the change of polariza-
tion of the medium due to the strength of applied electromagnetic field. In
the linear limit or with low intensity light, the polarization of the medium
only depends on the first order suceptibility, P, = eyxE. In the case of high
intensity light like LASER's, the total polarization is no longer dependent
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only on the first order suceptibility but it also depends on its higher orders,
ﬁT = ﬁL + P;]L. In optical fibers the second order suceptibility is zero due
to the centre of symmetry exhibited by silica (5i0,), so the lowest higher
order nonlinearity is third order suceptibility and the main role of (%) is to
change the refractive index of the medium as proportional to the intensity
of light. This intensity dependant refractive index is responsible for the op-
tical Kerr effect. The underlying nonlinear effect eventually induces a self
phase shift during the propagation of optical pulse and the phenomenon is
known as self phase modulation (SPM). In multimode fibers or even in sin-
gle mode fibers, due to birefringence property the given light pulse splits
into two parts as ordinary and extraordinary rays. Thus there is a pos-
sibility of interaction between the two copropagating fields. As a result,
nonlinear phase shift is induced by the copropagating fields. This phe-
nomenon is called cross phase modulation (XPM). Very interstingly one
more additional nonlinearity occurs due to the optical Kerr effect and it
is called four wave mixing (FWM) in which two different frequency com-
ponents (say v; and 1) generate two additional frequency components
(v3=2v1-17 and v4=21,-v1) by refractive index modulation. These additional
frequency components can amplify the already existing frequency compo-
nents. Practically this parametric amplification process yeilds low power
signals due to the lack of phase matching conditions.

However, a stable localized wave packet forms when this linear effect
is balanced by the nonlinear response of the medium. Such a stable light
wave envelope is known as the optical soliton. Optical soliton can be fur-
ther classified as (i) spatial soliton, (ii) temporal soliton and (iii) spatio-
temporal soliton depending on the nature of formation mechanism [5].
The evolution of optical soliton, whether it is a spatial or temporal one,
in (1 + 1)-dimensional setting is described by the ubiquitous nonlinear
Schrodinger (NLS) equation. For instance, the dimensionless NLS equa-
tion, derived from the Maxwell’s equations under slowly varying envelope
approximation, for the optical field propagation in a single mode optical
fiber turns out to be [6]

9’K 1

- . (1.1)

ig: — sgn(K")qu + 200 = 0, K" = (55) 0y = =
8
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In the temporal soliton case, where the soliton evolution is confined
along the optical fiber, q(z, t) is the complex wave amplitude and the inde-

pendent variables z and ¢ denote normalized distance along the fiber and
9%q
w.
the group velocity dispersion (GVD) or simply the coefficient of the second

retarded time, respectively. Also g, = % and g4 = Here, the sign of
derivative in time, in Eq. (1.1), characterizes the nature of the fiber disper-
sion. If K” < 0, then the dispersion is anomalous whereas the dispersion is
normal for K” > 0. The nonlinearity in Eq. (1.1) arises due to the self phase
modulation (SPM), where the intensity of light induces a change in the re-
fractive index of the medium An(I) = ng(w) + nz|E[*> = ng + nyI, where
ng refers to the linear refractive index and 7, is the nonlinear refractive
index of the medium due to Kerr effect, which gives rise to an intensity-
dependent phase modulation. On the other hand, the spatial soliton is a
self-trapped optical beam that guides itself by inducing a waveguide dur-
ing the stable propagation in a photorefractive medium without diffrac-
tion. Here, the diffraction is exactly balanced by the nonlinearly induced
self-focusing effect. In this context, the independent variables, z and ¢ in
Eq. (1.1), correspond to transverse spatial coordinates. Since this thesis will
focus on the theoretical aspects of vector bright solitons of certain coupled
integrable field models that emerge in optical fiber systems, one can find a
detailed discussion on the development and advancement of both spatial
and spatio-temporal solitons in the interesting review articles by Chen et
al [7] and by Malomed et al [8], respectively.

In 1973, Hasegawa and Tappert theoretically demonstrated that the
lossless fibers can admit bright soliton structure, which exhibits an in-
tensity maximum in the time domain when the GVD regime is anomalous
[9]. They have also shown that the dark soliton, with the intensity min-
imum or dip on a constant wave background field, arises in the normal
GVD regime [10]. After this theoretical work, in 1980, Mollenauer and his
coworkers succeeded experimentally in observing the optical soliton in a
tiber [11]. These discoveries clearly demonstrated how an abstract math-
ematical concept can turn into a practical use. Both these theoretical and
experimental works have opened up a new possibility of using the ultra-

short optical pulses in long distance communication applications [12]. On
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the other hand, the mathematical interest in understanding the analyti-
cal structure of the underlying integrable models intensified after the NLS
equation was solved by Zakharov and Shabat through a more sophisticated
inverse scattering transform (IST) method [13], developed earlier by Gard-
ner et al. for the celebrated Korteweg-de Vries equation [14]. Now, it is
well known that the NLS equation (1.1) is a completely integrable infinite
dimensional Hamiltonian system having special mathematical properties
like an infinite number of conserved quantities and Lax pair [15]. We note
that in [13] the authors had derived a double-pole solution, which has re-
cently received attention in the theory of rogue-waves for describing the
Peregrine breather on the zero background field of the NLS equation [16],
by considering the merging of two simple poles in the complex plane. The
interesting fact of the temporal bright solitons of the scalar NLS equation
is that they exhibit particle-like elastic collision.

Apart from the above fundamental aspects, in 1983, Gordon had pre-
dicted that when two or more light pulses propagate in a nonlinear optical
tiber, they exert forces, either attractive or repulsive, on their neighbors
[17]. This has been experimentally verified by Mitschke and Mollenauer
in [18]. Such a study brought out a special kind of soliton state, namely
bound soliton state or soliton molecule [19]. A soliton molecule is a bound
soliton state that can be formed when two solitons persist at a stable equi-
librium separation distance, where the interaction force is zero among the
individuals. Such a stable equilibrium manifests as this bound state struc-
ture, reminiscent of a diatomic molecule in chemical physics. The binding
force arises between the constituents of the soliton composite due to the
Kerr nonlinearity [17, 18] and the detailed mechanism can be found in
Ref. [20]. This special kind of soliton state has been extensively stud-
ied in non-dispersion managed fibers [21-27]. Recently, the existence of
soliton molecules in dispersion-managed fiber [19] and their usefulness
in optical telecommunications with enhanced data carrying capacity have
been pointed out [28, 29]. However, in order to elevate the transmission
capacity of the optical telecommunication systems, it is necessary to con-
sider multichannel bit-parallel wavelength fiber networks and wavelength
division multiplexing schemes, where the light pulses propagate in multi

channels simultaneously. In fact, practically even in a single mode fiber
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the bending and strains or birefringence induce two orthogonal polar-
ization modes. To pursue this kind of practical applications, one has to
essentially understand the problem of intermodal interaction of solitons.
Therefore the contribution of the interaction of copropagating modes must
be taken into account. In fact, there is no surprise other than the stan-
dard elastic collision of the bright solitons in single mode optical fibers.
In contrast to this, the bright soliton structure in two mode fibers or in a
single mode fiber with birefringence property or even in multimode fibers
display rich propagation and collisional properties. Due to these fascinat-
ing features and intriguing collision dynamics, vector solitons (which are
solutions of coupled NLS type equations) are receiving intense attention
among researchers. Apart from the several interesting properties, vector
solitons have also been found in a variety of applications, including soli-
ton based optical computing [30, 31], multi-level optical communication
with enhanced bit-rate transmission [32], soliton based signal processing
systems [33] and so on.

Vector solitons are fascinating nonlinear objects in which a given soli-
ton is split among two or more components. In other words, a vector
soliton with two or more polarization components coupled together main-
tains its shape during propagation. Such vector solitons are also named
as multicolour solitons. The dynamics of vector solitons is usually under-
standable within the framework of coupled nonlinear Schrodinger (CNLS)
equations. In general, the CNLS equations are non-integrable and they
become integrable for specific choices of parameters [34]. Therefore, math-
ematically vector solitons arise as solutions of the CNLS equations. Like in
the scalar NLS equation, the optical vector solitons are formed due to an
exact balance between the dispersion/diffraction and the self-phase mod-
ulation and cross-phase modulation. This interesting class of optical soli-
tons has been first predicted by Manakov in 1974, where he has derived the
one-soliton solution and made an asymptotic analysis for the two-soliton
solution through the IST method, by introducing a set of two CNLS equa-
tions for the nonlinear interaction of the two orthogonally polarized optical
waves in birefringent fibers [35]. The Manakov system is essentially an in-

tegrable system, where the strength of the nonlinear interactions within
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and between the components are equal. Vector optical solitary wave prop-
agation in birefringent fiber has been first theoretically studied by Menyuk
by considering a pair of non-integrable CNLS equations [36]. Very inter-
estingly Lakshmanan along with Radhakrishnan and Hietarinta theoreti-
cally predicted that the bright solitons of the Manakov model exhibit novel
energy sharing collision through intensity redistribution [37]. They have
explicitly demonstrated this fascinating collision scenario by analysing the
two bright soliton solution derived through the Hirota bilinear method.
Then this study has been extended to N-CNLS equations by Kanna and
Lakshmanan in [38], where there is a lot of exciting possibilities for the
occurrence of energy redistribution among the N-modes that have been
reported. This theoretical development was experimentally verified in [39-
41] and subsequently, it gave rise to the possibility of constructing all op-
tical logic gates [30, 31, 42—-44]. The discovery of photorefractive solitons
[45-48] and the subsequent experimental developments [49-52] have sub-
stantially enriched our knowledge on vector solitons. It is known that a
set of N-CNLS equations describes the beam propagation in a Kerr-like
photorefractive medium [53-56]. Further, the experimental studies on vec-
tor solitons in photorefractive media as well as in dispersive media during
the past three decades demand investigation of physical and mathematical
aspects of CNLS equations even more rigorously.

It is very important to point out there exist many types of vector soli-
tons that have been reported so far for both integrable and non-integrable
CNLS type equations. For instance, in the non-integrable cases, a tempo-
ral light pulse composed of orthogonally polarized components propagate
with common group velocity and it is called group velocity-locked soliton
[57]. On the other hand, if the two polarization components of the soliton
are locked in phase, then such a vector soliton has been called a phase-
locked soliton [58], whereas for the polarization-locked vector soliton [59],
the relative phase between the components is locked at £7 but across the
pulse, and the polarization state profile is not uniform. However, the cor-
responding profile is invariant with propagation. Apart from the above,
other types of vector solitary waves have been reported in birefringent
fibers [60-63] and in saturable nonlinear medium [64, 65], where the sta-
bility of multi-hump solitons has been reported. In the integrable cases,
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bright-bright solitons [35, 37, 38, 66], bright-dark or dark-bright solitons
[67-71] and dark-dark solitons [72, 73] were documented in the context of
nonlinear optics and their novel properties in multicomponent BECs have
also been investigated considerably [74]. In a photorefractive medium,
partially coherent solitons or soliton complexes were identified in the N-
CNLS system, and their special properties were revealed by Akhmediev
and his collaborators in [32, 53-56]. Apart from the above, during the last
decade, a large volume of work has been dedicated to the temporal optical
solitons (both theoretically and experimentally) by considering the fiber
lasers, which has been reported as a very useful nonlinear system to study
the dynamics and formation of temporal optical solitons [75]. There ex-
ist different types of optical solitons in dissipative systems too and their
various properties have been explored in [76].

From the above studies on vector solitons, especially in integrable cou-
pled nonlinear Schrodinger models, we have identified that there exists
a degeneracy in the structure of the bright solitons as we have explained
below in Section 1.4. That is, the solitons in two-mode fibers or in multi-
mode fibers propagate with identical wave numbers. In order to avoid this
degeneracy, we introduce two non-identical propagation constants appro-
priately in the structure of the fundamental bright solitons of the 2-CNLS
equation to start with. Consequently, the degeneracy is removed and it
leads to a new class of fundamental bright solitons, namely nondegenerate
fundamental vector bright solitons [77]. For the first time, we have shown
that such an inclusion of additional distinct propagation constants brings
out a general form of vector bright soliton solution to the several integrable
CNLS systems [78, 79], namely Manakov system or 2-CNLS system, mixed
2-CNLS system (with one mode in the anomalous dispersion regime and
the other mode in the normal dispersion regime), 2-component coherently
coupled NLS system, generalized CNLS system, and 2-component long-
wave short-wave resonance interaction system [79]. We note that very re-
cently the nondegenerate solitons have also been studied in other contexts
as well. For instance, in multi-component BECs [80] using the Darboux
transformation method, in coupled Fokas-Lenells system [81] and in AB-
system [82] such nondegenerate solitons have been identified. We also
note that multi-valley dark nondegenerate soliton has been studied in the
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context of multicomponent repulsive BECs [83]. In this thesis, we critically
study, the existence and their salient novel features of the general form
of nondegenerate vector bright solitons in the above class of 2-component
nonlinear Schrodinger systems. Then we also critically analyse their novel
collision properties with the Manakov system as an example. Further, we
also discuss in detail the corresponding already known degenerate vector
bright solitons and their intriguing collisional properties. Additionally, we
also illustrate the multi-hump nature of the nondegenerate fundamental
bright solitons in N-CNLS system [84].

1.3 Derivation of CNLS equations and other in-
tegrable CNLS type models

In general, the interaction between two or more co-propagating optical
modes is governed by the coupled nonlinear Schrédinger family of equa-
tions. The derivation of one such CNLS equations starts from the Maxwell’s
equations for electromagnetic wave propagation in a dielectric medium,

. 10%E 92D

2 - Z7=_ 70
ViE— 557 = ~Hoga (1.2)

where E(7,t) is the electric field, P(7,t) is the induced polarization,
Mo is the permeability of free space and c is the velocity of light. The
induced polarization P(7,t) contains both a linear part and a nonlinear
part. Thatis P(7,t) = Py (7,t) 4+ Pyr(7,t). The linear and nonlinear induced

polarizations can be further written as

-

+o00 R
PL(7 1) :eo/ xV(t—tEF, ¢)at, (1.3a)

- —+o0 —+o00 —+o0 - - -
Pur(7,t) = e / / Xt = t1,t — to,t — t3)E(7, 1) E(7, 1) E(7, t3)dtydtodts (1.3b)
—00 J—00 —00

Here, € is the permitivity of the free space and x!) is the jth order su-
ceptibility tensor of rank (j + 1) [6, 85]. For elliptically birefringent fibers,
the electric field E(7,t) can be written as
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1 ,
E(7,t) = 5 (é1E1 (z,t) 4+ é:Ex(z, t)) e "ot ¢, (1.4)

In the above, the variables z and t denote the direction of propagation
and retarded time, respectively and c.c stands for complex conjugation.

R+iryg A
L and & =

\r/x%, where r is a measure of the extent of ellipticity and £ and # are

The orthonormal vectors é; and é, are expressed as, é; =

unit polarization vectors along x and y directions, respectively. In Eq.
(1.4), E1 and E; are complex amplitudes of the polarization components at
frequency wp. The nonlinear polarization can be obtained by substituting
the expression of the electric field E (7,t) from Eq. (1.4) in Egs. (1.3a)
and (1.3b). The electric-field components are written under slowly varying
approximation as

Ej(z,t) = Fi(x,y)Q)(z, t)e™*, j = 1,2, (L5)

where F;(x,y) are the fiber distribution function in the transverse di-
rections x and y and Ky;, j = 1,2, are the propagation constants for the
two modes. By doing so, the following coupled equations are obtained for

Qj(zt):

) l kl/
iQuz + 5 —Que = 5 Qui + #(IQil" + BIQ2I)Q1 = 0, (L6)
8
; i K’ 2 2
le,z+v—2Q2,t—?Qz,tt+ﬂ(|Q1| + B|Q2|7)Q2 = 0. (1.7)
8
Here, k" = <327]§)w:w0 accounts for the group velocity dispersion, u
is the nonlinearity coefficient and v and v, are the group velocities of
the two co-propagating modes, respectively. The constant B = z;fc%;: is

the cross-phase modulation coupling parameter, where 6 is the angle of
ellipticity which varies between 0 and % Here, we have assumed that the
fiber is having a strong birefringent nature. Under three sets of consecutive
transformations (detailed derivation can be found in [85]), we obtain the

following dimensionless 2-CNLS equation with the integrability restriction
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B =1 [34], which is obtained from the Painlevé analysis,

iq12 + g+ 2u(|q1)* + |921*)q1 = 0, (1.8)
iq22 + qope + 2u(|q1|* + |92/*)g2 = 0. (1.9)

The above set of CNLS equations constitute the completely integrable
system introduced by Manakov to describe the propagation of an intense
electromagnetic pulse in a birefringent fiber [35]. The system (1.8)-(1.9)
is well discussed in nonlinear optics and in other areas of physics. In
this thesis, we also wish to consider another 2-CNLS equation which is
a variant of the Manakov system, namely the mixed coupled nonlinear
Schrodinger system or Zakharov and Schulman system [66, 86]. One can
write both the mixed CNLS equation and Manakov equation in a unified

form as given below:

iq]',z + qgjtt +2 <O’1|L]1|2 + 0’2|q2|2> q; = 0, ] =1,2. (1.10)

In Eq. (1.10), o7 and o7 are the strength of the SPM and cross-phase
modulation (XPM) nonlinearities. If oy = 0, = +1, the above equation
becomes the Manakov equation (focusing type 2-CNLS equations), where
the two optical fields g1 and g, propagate in the anomalous dispersion
regimes [35], whereas for 01 = 0o = —1, they propagate in the normal dis-
persion regimes or in other words, the resultant model (1.10) turns out to
be the defocusing Manakov system [72]. For the other choice, o7 = +1 and
0y = —1, the system (1.10) becomes the mixed-CNLS system [66], in which
the SPM is positive and the XPM is negative in both the modes, where
the first mode g, is propagating in the anomalous dispersion regime while
the second mode g, is propagating in the normal dispersion regime. Both
the focusing and defocusing Manakov models also find applications in at-
tractive and repulsive multicomponent BECs [74]. We note that the soliton
trapping and daughter wave (shadow) formation have been reported [87]
using the bright soliton solutions of the Manakov system. Radhakrish-
nan and Lakshmanan have derived the dark-dark soliton solution [72] and
Sheppard and Kivshar have obtained bright-dark soliton solution [68] to
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the above system. In the latter case, the authors have pointed out the exis-
tence of breathing bound states. Further, it has been shown that the mixed
CNLS system models the electromagnetic pulse propagation in isotropic
and homogeneous nonlinear left handed materials [88]. By taking into
account the electron-phonon interaction and in the long-wavelength ap-
proximation, the mixed-CNLS system can also be obtained as the modified
Hubbard model (Lindner-Fedyanin system) [89-91]. The mixed CNLS sys-
tem is also realized in two species BECs for a suitable choice of interspecies
and intraspecies interactions [92]. We point out that the IST method and
Darboux transformation method have been rigorously developed to ob-
tain the bright-bright, dark-dark and bright-dark soliton solutions of the
multicomponent focusing, defocusing and mixed CNLS systems [93-105].

Next, we consider the two-component coherently coupled nonlinear
Schrodinger equation, which arises due to the coherent effects of the cou-
pling among the copropagating optical fields. In general, an ultrashort
pulse propagation in non-ideal weakly birefringent multimode fibers and
optical beam propagation in low anisotropic Kerr type nonlinear media are
described by the following two-component non-integrable CCNLS system,
[5, 106, 107];

iq12 + 0q1 — uq1 + (|91* + o1g21*) g1 + Agdq; =0, (1.11)
i2,2 + 002, + g2 + (0q1]? + 192/%) g2 + Aqigs = 0. (1.12)

The above equation also appears in isotropic Kerr-type nonlinear gy-
rotropic medium [108]. In the above g; and g, are two coherently coupled
orthogonally polarized modes, z and t are the propagation direction and
transverse direction, respectively, u is the degree of birefringence, o and A
are the incoherent and coherent coupling parameters, respectively, and ¢
is the group velocity dispersion. The nonlinearities arise in Eq. (1.11) and
Eq. (1.12) due to SPM (|g;1%g;, j = 1,2), XPM (0qkl?qj, j.k = 1,2, j # k)
and four-wave mixing effect ( /\q%q;‘, j,k=1,2,j # k). Equations (1.11) and
(1.12) are shown to be integrable for a specific choice of system parameters
(6, u, o and A) [107] and soliton solutions were derived by linearly super-

posing the soliton solutions of the two nonlinear Schrédinger equations



14 1.3. Derivation of CNLS equations and other integrable CNLS type models

through a transformation. The corresponding integrable two-component
CCNLS system (2-CCNLS system) is

iq1z + quee + v(|q1 >+ 2|92*) 1 — v939; =0, (1.13)
iq22 + G2t + Y 2|1 |* + |921*)92 — vq9795 = . (1.14)

Interestingly, Kanna et al [109] have derived the fundamental and two
bright soliton solutions of (1.13), (1.14) and its multicomponent version
[110] by developing a non-standard Hirota bilinearization procedure. They
have classified the fundamental bright soliton as incoherently coupled soli-
ton (ICS) and coherently coupled soliton (CCS) based on a condition on the
parameters in the auxiliary function. A novel double-hump soliton profile
arises in these CCNLS systems due to the coherent coupling among the
two copropagating optical fields. Further, they have also demonstrated a
fascinating energy switching collision during the interaction of ICS and
CCS [109, 110]. We remark that the CCNLS type equations are useful in
studying the dynamics of solitons in spinor BECs and coherently coupled
BECs [111-113]also. A similar type of CCNLS equation has been identified
in the context of spinor BEC and is shown to be integrable [114-116].

Next, we wish to examine the bright soliton solutions of the general
coupled nonlinear Schrodinger (GCNLS) system [117], namely

iq1,2 + que + 2(alq1 ] + clg2)® + bargs + b qiq2)q1 = 0, (1.15)
iq22 + Qo + 2(alq1|* + c|g2|* + bqrgs + b*q5q2)q2 = 0. (1.16)

In the above GCNLS equations, a and ¢ account for the strength of
the SPM and XPM nonlinearities whereas the complex parameter b in the
phase dependent terms, bqiq; + b*qjq>, describes the four-wave mixing
effect that arises in multichannel communication systems [6]. When a = ¢
and b = 0 the system (1.15)-(1.16) reduces to the Manakov system (or Eq.
(1.10) with o7 = 0 = +1). Then, if a = —c and b = 0 the GCNLS system
becomes the mixed-CNLS model.

This GCNLS system has received considerable attention recently in
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both mathematical and physical aspects [117-120]. The integrability prop-
erties of the system (1.15) and (1.16) have been studied in [117] in which
the N-soliton solution was obtained through the Riemann-Hilbert method.
The GCNLS system is shown to be integrable through Weiss-Tabor-Carnevale
(WTC) Painlevé test [118]. In [119], bright and dark-soliton solutions were
obtained through the Hirota bilinear method. By relating the GCNLS sys-
tem with the Manakov and Makhankov vector models using a transforma-
tion (g1 = ¢ — b*p and g2 = ay,), the authors in [120] have constructed
bright-bright, dark-dark and a quasibreather-dark soliton solutions.
Finally, for our investigation, we also wish to take into account the
following coupled nonlinear Schrédinger type equations, namely the two-
component long-wave short-wave resonance interaction system,

2
ist) + 58 +15W =0, is® + 52 415 =0, L, = Y (SO P),. (1.17)
=1

In the above, S (l)’s, I = 1,2, are short-wave (SW) components, L is the
long-wave (LW) component and suffixes x and ¢ denote partial derivatives
with respect to spatial and temporal coordinates, respectively. The above
LSRI system arises whenever the phase velocity of the low-frequency long-
wave matches with the group velocity of the high-frequency short-waves
[121, 122]. In Eq. (1.17), the formation of soliton in the SW components is
due to the exact balance between its dispersion by the nonlinear interac-
tion of the LW with the SW. At the same time, the formation and evolution
of the soliton in the LW components is determined by the self-interaction
of the SWs. The above LSRI system (1.17) has considerable physical rel-
evance in nonlinear optics [123-126], plasma physics [127, 128], hydrody-
namics [122, 129-133] and BECs [134-136]. The LSRI system originally
arose from the pioneering study of nonlinear resonant interaction of the
plasma waves by Zakharov [121], where generalized Zakharov equations
were deduced to describe Langmuir waves. Such generalized Zakharov
equations were reduced to (1 + 1)-dimensional Yajima-Oikawa equation
for describing the one-dimensional two-layer fluid flow [128] for which
soliton solutions were obtained through the IST method. Benney has also

derived a single-component LSRI system for modelling the dynamics of
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short capillary gravity waves and gravity waves in deep water [122]. Af-
ter these works, there have been a large amount of work in the direction
of LSRI involving (1 + 1) and (2 + 1)-dimensional single component and
multi-component cases [137-154]. In nonlinear optics, the single compo-
nent LSRI system was deduced from the coupled nonlinear Schrodinger
equations describing the interaction of two optical modes under small am-
plitude asymptotic expansion [123]. In the negative refractive index media,
the LSRI process has been investigated [124]. We wish to point out that the
bright soliton solutions for the general multi-component LSRI system have
been derived through the Hirota bilinear method [138]. In this thesis, we
have demonstrated two types of energy sharing collisions for two different
choices of nonlinearity coefficients. Considering the collisions of solitons
in these cases one finds that the solitons appearing in the LW component
always exhibit elastic collision whereas the solitons in the SW components

always undergo energy sharing collisions.

1.4 Motivation of the present thesis

As we have pointed out in Section 1.2, the fundamental (even higher or-
der) bright soliton solutions which have been already reported for the inte-
grable coupled nonlinear Schrodinger family of equations are degenerate.
Here, by degenerate, we mean that the fundamental bright soliton nature
is characterized by a single wave number in all the modes or components.
The presence of identical wave number in all the modes restricts the mo-
tion as well as the structure of the fundamental bright soliton in most
of the CNLS type equations. Thus, the bright solitons propagate in all
the modes with identical velocity apart from the distinct polarization vec-
tor constants. Such a constrained motion always persists in most of the
fundamental bright soliton solutions of various CNLS systems. As a con-
sequence of this degeneracy, a single-hump structure only emerges in the
fundamental bright soliton profile. In order to demonstrate this clearly, in
the following, we consider the fundamental bright soliton solution of the

Manakov system:
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B “5]')6771 B Migech R, .
q] = W = A]'klRe sec (711R + E), ]= 1,2. (118)

) i =1,2
_ , g/ =12
the wave variable M (= MR + 11711), MR = klR(t — 2k112), mr = kit +

2 2
(k3 —k3;)z and eR = % From the above expression for the one-
1

soliton solution, it is evident that the fundamental soliton is described

Here A;’s are the unit polarization vectors, A; =

by only one complex wave number k;. Consequently, the single-hump
soliton propagates in the two modes, q; and g, with identical velocity
v = 2kq;. A similar situation always persists in the other coupled field
models mentioned above and their generalizations. For instance, the N-
component Manakov type system [38], the mixed N-CNLS system [66],
the GCNLS system [117, 119], and the multi-component LSRI system [128,
138] are such cases. However, in contrast to such cases, the coherent cou-
pling among the copropagating optical fields induces a special type of
double-hump vector bright soliton in the CCNLS system [109, 110]. In this
four wave mixing physical situation also the coherently coupled soliton is
governed by an identical propagation constant in all the modes. Therefore
it is clear that the above mentioned degeneracy in propagation constants
always persist in all the previously reported vector bright solitons.

In order to differentiate the above class of vector bright solitons from
more general fundamental solitons, we classify them as degenerate and
nondegenerate solitons based on the absence or presence of more than
one wave numbers in the multi-component soliton solution. We call the
solitons which propagate in all the modes with identical wave number
as degenerate vector solitons whereas the solitons with nonidentical wave
numbers as nondegenerate vector solitons. From the above literature, it
is clear that the vector bright solitons with identical wave numbers have
been well understood. However, the studies on solitons with non-identical
propagation constants in all the modes have not been considered until re-
cently. Therefore one would like to investigate the role of additional wave

number(s) on the vector bright soliton structures and collision scenario
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as well. With this motivation, we plan to look for a class of fundamen-
tal soliton solutions, in a more general form, which possesses more than
one distinct propagation constants. Recently, we have successfully iden-
tified such a general class of fundamental vector bright soliton solutions
for a wide class of physically important CNLS type equations using the
Hirota bilinear method. In this thesis, we elaborately describe the novel
properties, including the various collision properties, associated with the
nondegenerate vector bright solitons of the Manakov system by deriving
their analytical forms through the bilinearization method. Then we point
out the existence of such nondegenerate solitons in other coupled systems,
namely N-CNLS system, mixed 2-CNLS system, 2-CCNLS system, GCNLS
system and two-component LSRI system. In these systems, we also spec-
ify how the degenerate bright soliton solution arises as a special case of
the nondegenerate soliton solution and point out their fascinating energy

sharing collisions.

1.5 Methodology

The present work is mainly concerned with theoretical calculations and
we have carried out the above mentioned objectives by using the following
analytical techniques.

(i) Hirota bilinearization method:

The standard Hirota bilinear method is adopted to bring out the ex-
act analytical form of the nondegenerate fundamental vector solitons
in all the CNLS family of systems mentioned above except for the
CCNLS system and to derive the higher-order nondegenerate soliton
solutions in the Manakov system, the GCNLS system and the 2-LSRI
system. The standard Hirota bilinear procedure has the following

steps.

* First one has to bilinearize the given coupled nonlinear partial
differential equations using the dependant variable transforma-
tions which comes as a result of Painleve’ singularity structure

analysis.
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* Then for the unkown functions present in the bilinear forms of
the associated coupled nonlinear partial differential equations,
one needs to substitue suitable power series expansion with a

small expansion parameter.

¢ Collecting the various powers of the small expansion parame-
ter leads to a set of linear coupled partial differential equations,
where the lowest order partial differential equations are of ho-
mogenous type while the higher orders are of inhomogenous

types.

e Now one can consider the admissible seed solutions, for the
lowest-order linear partial differential equations, as the starting
solution.Then proceeding in a standard way, solving the suc-
cessive inhomogeneous linear partial differential equations, we

deduce the full series solution.

¢ Explicit forms of the complex or real functions which appeared
in the bilinear transformations constitue the soliton solution of

the given coupled nonlinear partial differential equation.

(ii) Nonstandard bilinearization procedure:

It is known that to derive the soliton solutions for the CCNLS system
one has to adopt the non-standard Hirota bilinearization procedure
rather than considering the standard bilinearization procedure. Since
to get the nontrivial solutions as well as to make the number of bilin-
ear equations to be equal to the number of unknown functions it is
very much essential to introduce an appropriate number of auxiliary
variables to get the correct bilinear forms of the CCNLS system. Once
the bilinearization is achieved we assume the more general form of
admissible seed solutions for the lowest-order linear PDEs and then
perform the calculations in the standard way.

(iii) Asymptotic analysis:
Asymptotic analysis is used to investigate the collision dynamics of
nondegenerate solitons. By using this analysis, we deduce the ex-

plicit forms of individual nondegenerate solitons at the asymptotic
limits z (or t) — £o0. To do so, we have incorporated the asymptotic
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behaviour of the wave variables in the obtained two-soliton solution
and from which we have deduced the asymptotic forms of individ-
ual solitons. Then based on the obtained asymptotic forms we have
analyzed the collision among the two nondegenerate solitons and the

collision scenario between degenerate and nondegenerate solitons.

1.6 Plan of the present thesis

Our original findings are presented in the next four chapters (chapter 2 to
chapter 5). In the final Chapter 6, a summary of results obtained in the
present thesis along with the possible future directions are given.

Chapter 2: Nondegenerate solitons in Manakov system

In this chapter, we show that the Manakov equation can admit a more
general class of nondegenerate vector solitons, associated with distinct
wave numbers, besides the already known energy exchanging solitons cor-
responding to identical wave numbers. To bring out these details, we de-
rive the exact forms of such vector one-, two- and three-soliton solutions
through Hirota bilinear method and they are rewritten in more compact
forms using Gram determinants. The presence of distinct wave numbers
allows the nondegenerate fundamental soliton to admit various profiles
such as double-hump, flat-top and single-hump structures. We explain the
formation of double-hump structure in the fundamental soliton when the
relative velocity of the two modes tends to zero. More critical analysis
shows that the nondegenerate fundamental solitons can undergo three-
types of collision scenarios: (i) shape preserving collision, (ii) shape alter-
ing collision and (iii) shape changing collision, for appropriate parametric
choices. However, they belong to elastic collision only. Then we observe
the coexistence of degenerate and nondegenerate solitons in the Manakov
system when the wave numbers are restricted appropriately in the ob-
tained two-soliton solution. In such a situation we find the degenerate
soliton induces shape changing behavior of nondegenerate soliton during
the collision process. By performing suitable asymptotic analysis we ana-
lyze the consequences that occur in each of the collision scenario. Finally
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we point out that the previously known class of energy exchanging vector
bright solitons, with identical wave numbers, turns out to be a special case

of the newly derived nondegenerate solitons.
Chapter 3: Nondegenerate solitons in GCNLS system

We investigate the role of the four-wave mixing effect on the structure
of nondegenerate vector solitons and their collision dynamics. For this
purpose, we consider the generalized coupled nonlinear Schrodinger (GC-
NLS) system, which describes the evolution and nonlinear interaction of
the two optical modes. The fundamental, as well as higher-order nonde-
generate vector soliton solutions, are derived through the Hirota bilinear
method and their forms are rewritten in a compact way using Gram deter-
minants. Very interestingly, we find that the presence of four-wave mixing
effect provokes the breathing vector soliton state in both the optical modes.
Such breather formation is not possible in the fundamental vector solitons
of the Manakov system. Then, we observe that the nondegenerate solitons
in the GCNLS system undergo, in general, novel shape changing collision
when the four-wave mixing effect strength is strong enough. On the other
hand, for the weak four-wave mixing effect they undergo mere shape pre-
serving (or shape altering) collision. Further, we analyze the degenerate
soliton collision induced novel shape shaping property of nondegenerate
vector soliton by deriving the partially nondegenerate two-soliton solu-
tion. We believe that the results reported in this chapter will be useful in
nonlinear optics for manipulating light by light through collision.

Chapter 4: Nondegenerate solitons in two-component LSRI system

In this chapter, we study the dynamics of an interesting class of nonde-
generate vector solitons in the long wave-short wave resonance interaction
(LSRI) system. The model that we consider here describes the nonlin-
ear interaction of the long-wave and two-short waves and it generically
appears in several physical settings. To derive this class of nondegener-
ate vector soliton solutions we adopt the Hirota bilinear method with the

more general form of admissible seed solutions with nonidentical distinct
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propagation constants. We express the resultant fundamental as well as
multi-soliton solutions in a compact way using Gram-determinants. The
general fundamental vector soliton solution possesses several interesting
properties. For instance, the double-hump or a single-hump profile struc-
ture including a special flattop profile form results in when the soliton
propagates in all the components with identical velocities. Interestingly, in
the case of nonidentical velocities, the soliton number is increased to two in
the long-wave (LW) component, while a single-humped soliton propagates
in the two short-wave (SW) components. We establish through a detailed
analysis that the nondegenerate multi-solitons in contrast to the already
known vector solitons (with identical wave numbers) can undergo three
types of elastic collision scenarios: (i) shape preserving, (ii) shape altering,
and (iii) a novel shape changing collision, depending on the choice of the
soliton parameters. Very importantly, the later shape changing behaviour
of the nondegenerate vector solitons is observed in the long-wave mode
also, along with corresponding changes in the short-wave modes, and this
nonlinear phenomenon has not been observed in the already known vec-
tor solitons. In addition, we point out the coexistence of nondegenerate
and degenerate solitons simultaneously along with the associated physical
consequences. We also indicate the physical realizations of these general
vector solitons in nonlinear optics, hydrodynamics, and Bose-Einstein con-

densates.

Chapter 5: Existence of nondegenerate solitons in other coupled non-
linear Schrédinger family of systems

We investigate the existence of nondegenerate vector solitons in cer-
tain class of physically important CNLS systems. In particular N-CNLS
system, mixed 2-CNLS system and two-component CCNLS system are
considered. Very interestingly, the obtained nondegenerate fundamental
vector soliton solutions admits novel geometrical structurs. For example,
in N-CNLS system, it admits multi-humped intensity profiles. This specific
property is illustrated by considering the nondegenerate soliton solutions
for 3 and 4-CNLS systems. In addition, we also point out the existence

of a special class of partially nondegenerate soliton solutions by imposing
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appropriate restrictions on the wavenumbers in the already obtained com-
pletely nondegenerate soliton solution. Such class of soliton solutions can
also exhibit multi-hump profile structures. The stability analysis associ-
ated with the nondegenerate fundamental soliton of the 3-CNLS system
is examined. The numerical results confirm the stability of triple-humped
profile nature against perturbations of 5% and 10% white noise. The multi-
hump nature of nondegenerate fundamental soliton solution will be useful
in multi-level optical communication applications with enhanced flow of
data in multi-mode fibers. In the mixed 2-CNLS system, the nondegener-
ate fundamental soliton always admits a singularity due to the presence
of defocusing nonlinearity of the system. Finally, we briefly discuss the
properties of nondegenerate vector solitons in the 2-CCNLS system.

Chapter 6: Summary and Future works
In this chapter, a summary of the important results of our investigations

is given. Also possible future works along the direction of the above study

are also suggested.
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Chapter 2

Nondegenerate solitons in

Manakov system

2.1 Introduction

Coupled nonlinear Schrodinger (CNLS) equations are the fundamental dy-
namical models for representing the propagation of optical field in multi-
mode optical fibers. As discussed earlier, CNLS equations consist of self
phase and cross phase modulation effects unlike the scalar NLS equa-
tion which has only the self phase modulation nonlinearity. Among the
various CNLS equations, the simplest one is the two coupled nonlinear
Schrodinger system which describes the optical pulse propagation in two
mode optical fibers or birefringence fibers. This system of two coupled
nonlinear Schrodinger equations is not integrable in general except for
very special choices of parameters. One such integrable case is the Man-
akov system. This celebrated Manakov system is of the form,

g+ g +2 (|0 + 1022) ¢ =0,

G2,z + qop + 2 (|671|2 + |612!2> 72 = 0. (2.1)

Here g;, j = 1,2, are the complex wave envelops which propagate in
the two mode optical fiber, z and t denote the normalized distance and
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retarded time, respectively. It is very important to understand the prop-
erties of nondegenerate solitons in such simplest coupled field model like
the Manakov system. We present the results of our investigations on the
system (2.1) in this chapter.

This chapter is structured as follows: In Sec. 2.2, we discuss the Hirota
bilinearization procedure in order to derive nondegenerate soliton solu-
tions of Eq. (2.1). Using this procedure we obtain nondegenerate one- and
two-soliton solutions and also identify the coexistence of nondegenerate
and degenerate solitons in Sec. 2.3.1 and Sec. 2.3.2, respectively. In Sec.
2.3.3, we discuss various collision properties of nondegenerate solitons.
Sec. 2.3.4 and Sec. 2.3.5 deal with the collision between nondegenerate
solitons and degenerate solitons. We recover the degenerate one- and two-
soliton solutions from the nondegenerate one- and two-soliton solutions
by suitably restricting the wave numbers and then study the underlying
collision dynamics in Sec. 2.3.6. We point out the possible experimental
realization of nondegenerate solitons in Sec. 2.3.7. In Sec. 2.4 we provide
the stability analysis for nondegenerate double hump solitons under per-
turbation. Gram determinant form of nondegenerate three-soliton solution

is given in Sec. 2.5.

2.2 Hirota Bilinearization of Manakov system

To derive the nondegenerate soliton solutions for the Manakov system we
adopt the same Hirota bilinear procedure that has been already used to
get degenerate vector bright soliton solutions but with appropriate form
of initial seed solutions. We point out later how such a simple form of new
seed solutions will produce remarkably new physically important class of
soliton solutions. In general, the exact soliton solutions of Eq. (2.1) can
be obtained by introducing the bilinearizing transformation, which can be

identified from the singularity structure analysis of Eq. (2.1) [34] as

()
qi(z,t) = gf(i—zt)t) i=12, (2.2)

to Eq. (2.1). This results in the following set of bilinear forms of Eq.
2.1),
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(iD,+D¥)g" - f = 0,j=1,2, (2.3a)
2

Df-f = 2Y gmglnr, (2.3b)
n=1

Here g\)’s are complex functions whereas f is a real function and *
denotes complex conjugation. The Hirota’s bilinear operators D, and D;
are defined [155] by the expressions,

o a\"/a 9\
D"D!a-b) = <$—@> (g—ﬁ> a(z,t>b(z’,t’)‘zzz,, p

Substituting the standard expansions for the unknown functions g(/)
and f,

g(f) = eggj) + €3g§j) +..,7=12,
f = 1+éh+efu+ .., (24)

in the bilinear Eqgs. (2.3a)-(2.3b) one can get a system of linear partial
differential equations (PDEs). Here € is a formal series expansion param-
eter. The set of linear PDEs arises after collecting the coefficients of same
powers of €. By solving these linear PDEs recursively (at an appropriate
order of €), the resultant associated explicit forms of ¢(/)’s and f constitute
the soliton solutions to the underlying system (2.1). We note that the trun-
cation of series expansions (2.4) for the nondegenerate soliton solutions is
different from degenerate soliton solutions. This is essentially due to the

general form of seed solutions assigned to the lowest order linear PDEs.
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2.3 A new class of nondegenerate soliton solu-

tions

To study the role of additional wave numbers on the structural, propaga-
tional and collisional properties of nondegenerate soliton, it is very much
important to find the exact analytical form of it systematically. In this sec-
tion by exploiting the procedure described above we intend to construct
nondegenerate one- and two-soliton solutions which can be generalized
to arbitrary N-soliton case. In principle this is possible because of the
existence of nondegenerate N-soliton solution ensured by the complete in-
tegrability property of Manakov Eq. (2.1). Then we point out the possibil-
ity of coexistence of degenerate and nondegenerate solitons by imposing
certain restriction on the wave numbers in the obtained nondegenerate
two-soliton solution. Further we also point out the possibility of deriving
this partially nondegenerate two-soliton solution through Hirota bilinear
method. We note that to avoid too many mathematical details we pro-
vide the final form of solutions only since the NDS solution construction
process is a lengthy one.

2.3.1 Nondegenerate fundamental soliton solution

In order to deduce the exact form of nondegenerate one-soliton solution
we consider two different seed solutions for the two modes as

gil) = ucgl)e'ﬁ, gf) = ocgz)e@, (2.5)
where 11 = kit + ik%z and ¢ = 1t + il%z, to the following linear PDEs

i+l —0, j=1,2 (2.6)

In (2.5) the complex parameters zxgj ), j = 1,2, are arbitrary. The above
equations arise in the lowest order of €. The presence of two distinct com-
plex wave numbers ki and /1 (k; # 1, in general) in the seed solutions (2.5)
makes the final solution as nondegenerate one. This construction proce-

dure is different from the standard one that has been followed in earlier
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works on degenerate vector bright soliton solutions [37, 38] where identical
seed solutions of Eq. (2.1) (solutions (2.5) with k; = I; and distinct ocgj )’s,
j = 1,2) have been used as starting seed solutions for Eq. (2.6). We note
that such degenerate seed solutions only yield degenerate class of vector
bright soliton solutions [37, 38, 77].

With the starting solutions (2.5) we allow the series expansions (2.4) to
terminate by themselves while solving the system of linear PDEs. From
this recursive process, we find that the expansions (2.4) get terminated
for the nondegenerate fundamental sliton solution as, g\/) = eggj ) 4+ géj )
and f = 1+ €%f, + €*f;. The explicit expressions of ggj ), géj ), fo and f4
constitute a general form of new fundamental one-soliton solution to Eq.

(2.1) as

1)
85t (a{Vem +em+€1+éi‘+A§”)/D1

71 =
1+ fr+fa !
(2) (2)
81 T8 (2) &1 4 gt +E AP
g = = (a7 e + MThTaT0 ) /Dy, (2.7)
1+ o+ fa !
Here Dy = 1+ elH1i+01 4 of1+81+02 4 ot +C1+87+0n
B (R PO G N (1011
Tt ()2 Ttk (G +1) 7
B o N P PO |t i 1l
(k1+k3)%’ (hi+17) (ky+ki)2 (ki +1) (ki +15) (1 +F)?

In the above one-soliton solution two distinct complex wave numbers,
ki and I;, occur in both the expressions of g; and g, simultaneously. This
confirms that the obtained solution is nondegenerate. We also note that
the solution (2.7) can be rewritten in a more compact form using Gram

determinants as
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St
CEIRGE I U
&1ty S1+¢)
e e B Lo
W= 1 o0 ME o
(k1 +k7) !
o 1 o P
(h+I7)
0 o -’ 0 0
m+n n+ey
CERCE U
g1+ G1+¢87
o oy Y 1 e
(2) — |0¢ |2
o -1 o [
(h+13)
0 0 0 —a? o
St R 1 0
(kit+ki) (ki +i7)
L1 £114]
f: (lrFkT) (ll—Hik) 0 1
1o B
(k1 +k7)
o -1 o uF
(h+13)

(2.8a)

(2.8b)

(2.8¢)

The above Gram determinant forms satisfy the bilinear Egs. (2.3a) and

(2.3b) as well as Manakov Eq. (2.1).

To investigate the various properties associated with the above funda-

mental soliton solution, we rewrite Eq. (2.7) as

AWy,

Q= eMig— 72— AL 2 {cosh(c;"lR + ¢1R ) cos(gb2 ) +isinh(&1R + ¢1R)sm( )}/Dz,
(2)
I = elC”eA 7 {cosh(mR + (PZR)cos((Pz )+ isinh(nr + qbﬂ) sm( /D,

%3
where D, = ¢ B cosh(mR +C1r + 5“) +e a2 cosh(11r —

(2.9a)

(2.9b)

72),
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mr = kir(t — 2k11z), mp = kit + (kg — k3))z, Gir = hr(t —2h2), &1y =
It + (Z%R — Z%I)z, pj = log ocgj),j = 1,2. Here, ¢1r, $11, Por and ¢y are real
and imaginary parts of ¢; = Agl) —p1 and ¢ = Agz) — p2, respectively,
and also kig, l1r, k11 and I;; are the real and imaginary parts of k; and /,

(2))4
. : _1 k1=l |*|a;” | _
respectively. From the above, we can write ¢1gr = 5 log Tt O T P11 =
(ki—l1)(ki+1)

| 1 kP 1y (k) ()
2108 (T P28 = 2198 fmp g 20d P2 = 2108 gy

The profile structures of solution (2.9a) (2 9b) are described by the four
complex parameters k; , /1 and ocgj ), j=12

For the nondegenerate fundamental soliton in the first mode, the am-
plitude, velocity and central position are found from Eq. (2.9a) as 2k, 2111
and (PlR , respectively. Similarly for the soliton in the second mode they are
found frorn Eq. (2.9b) as 21g, 2kq; and 2<szR , respectively. Note that txgj ),
j = 1,2, are related to the unit polarization vectors of the nondegenerate
fundamental solitons in the two modes. They constitute different phases
for the nondegenerate soliton in the two modes as A} = (txgl) / lxgl)*)l/ 2
and A = (042)/“52)*)1/2.

To explain the various properties associated with solution (2.9a)-(2.9b)
further we consider two physically important special cases where the imag-
inary parts of the wave numbers k; and [; are either identical with each
other (ki; = I11) or nonidentical with each other (ki; # I11). Physically this
implies that the former case corresponds to solitons in the two modes trav-
elling with identical velocities v; = v, = 2kq; but with k; # I; whereas the
latter case corresponds to solitons which propagate in the two modes with
non-identical velocities v; # v,. In the identical velocity case, the quantity
®j1, j = 1,2 becomes zero in (2.92)-(2.9b) when kq; = Iy;. This results in the
following expression for the fundamental soliton propagating with single
velocity, v1 » = 2kqj, in the two modes,

E
g1 = elMie L 2 cosh(&ir + 4)1R)/D2,
(2)

go = elé“e e cosh(n1r + (P—)/Dz, (2.10)

%)

511 +0p
where D, = e 7 cosh(n1r + &1r + 11) + o cosh(n1g —
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with 71g = kir (t — 2k11z), M = kit + (k%R — k%I)Z, ¢1r = hr(t — 2kq52),
&11 = kit + (123 — k3;)z. Note that the constants that appear in the above
solution becomes equivalent to the one that appear in the solution (2.9a)-
(2.9b) after imposing the condition kj; = Ij; in it. The solution (2.10)
admits four types of symmetric profiles (satisfying appropriate conditions
on parameters, see below) and also their corresponding asymmetric pro-
files. The symmetric profiles are: (i) double-humps in both the modes
(or a double-hump in g4; mode and a M-type double-hump in g, mode),
(ii) a flat-top in one mode and a double-hump in the other mode, (iii) a
single-hump in the first mode and a double-hump in the second mode (or
vice versa), (iv) single-humps in both the modes. The corresponding four
types of asymmetric wave profiles can be obtained by tuning the real parts
of wave numbers k; and /; and the arbitrary complex parameters Dégj )’s,
j=12.

To illustrate the symmetric and asymmetric nature of the nondegener-
ate soliton in the identical velocity case we fix k1 = 17 = 0.5 in Figs. 2.1
and 2.2. The symmetric profiles are displayed in Fig. 2.1. The asymmetric
profiles are depicted in Fig. 2.2 for the values of parameters indicated in
Fig. 2.2. From Figs. 2.1 and 2.2 we observe that the transition which occurs
from double-hump to single-hump is through a special flat-top profile. The
flat-top profile has been considered as an intermediate soliton state. It is
noted that flattop soliton is also observed in a complex Ginzburg-Landau
equation [156]. In Ref. [77] we have discussed symmetric and asymmetric
nature of solution (2.10) by incorporating the condition kjg < Ijr sup-
plementary material of [77]. However to exhibit the generality of these
structures, in the present thesis, we discuss these properties for kjg > Iig.
It should be pointed out here that in Ref. [80] the authors have derived
this solution in the context of multi-component BEC using Darboux trans-
formation and they have classified density profiles as we have reported in
Ref. [77] for kig < IR in the context of nonlinear optics. They have also
studied the stability of double-hump soliton using Bogoliubov-de Gennes
excitation spectrum.

The symmetric nature of all the four cases can be confirmed by find-
ing the extremum points of the nondegenerate one-soliton solution (2.10).
For instance, to show that the double-hump soliton profile displayed in
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0.05

lg12?

|Gz | 2

FIGURE 2.1: Various symmetric intensity profiles of nondegenerate fun-
damental soliton: While (a) denotes double-hump solitons in both the
modes (b) and (c) represent flat-top-double-hump solitons and single-
hump-double-hump solitons, respectively. Single-hump solitons in both
the modes are illustrated in (d). The parameter values of each figures

are: (a): k; = 0333 +05i, ) = 0315+ 05i, al’) = 045+ 045/, a\” =
0.49 + 0.45i. (b): ky = 0425+ 0.5i, lj = 0.3+ 0.5, al’) = 0.4 + 051,
a\? = 043+ 0.5i. (c): ky = 0.5 + 0.5i, I; = 0.333 4 0.5i, a'") = 0.5+ 0.5/,
o\? = 05+045i. (d): k; = 0.333+05i, ) = —0.316 + 05i, ol =
0.45 + 0.5, a!?) = 0.5+ 0.5i.

Fig. 2.1(a) is symmetric, we find the corresponding local maximum and
minium points by applying the first derivative test ({|g;]*}; = 0) and the
second derivative test ({|qj|*}# < 0 or > 0) to the expression of |g;|?,
j =1,2, at z = 0. For the first mode, the three extremal points are iden-
tified, namely t; = —0.9, t, = 5.5 and f3 = 11.9. We find another set of
three extremal points for the second mode, namely t4 = —1.2, t5 = 5.5
and tg = 12.2 by setting {|g2|>}; = 0. The points t; and t3 correspond to
the maxima (at which {|g1]?}# < 0) of the double hump soliton whereas
tp corresponds to the minimum of the double hump soliton. Similarly
the extremal points t; and t¢ represent the maxima and t5 corresponds
to the minimum of the double hump soliton in the g, mode. In the first

component the two maxima #; and t3 are symmetrically located about the
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(2] 2
(G2 2

[g2] 2
(G2 | 2

FIGURE 2.2: Various asymmetric intensity profiles of nondegenerate fun-
damental soliton: Figures (a), (b), (c) and (d) represent each of fig-
ures asymmetric intensity profiles as against the symmetric profiles of
Figs.2.1(a)-(d). The corresponding parameter values of each figures are:

(@): k; = 0333+ 05i1; = 0315+ 05i, o’ = 065+ 045i, /¥ =
049 + 0.45i. (b): ki = 0425+ 0.5i1; = 0.3+ 05i, al') = 05+ 0,51,
a\?) =043+ 0.5i. (0): ky = 055+ 0.5i,1; = 0.333 + 0.5i, V) = 1.2+ 0.5,
a\?) = 0.5+ 0.45i. (d): ky = 0.333 +0.5i,1; = —0.22 + 0.5i, ") = 0.45 + 3i,
Y =05+ 0.5i.

minimum point ¢;. This can be easily confirmed by finding the difference
between t, and t; and t3 and t,, that is t, —t; = 6.4 = t3 —t,. This is
true for the second component also, that is ts —t4 = 6.7 = t5 — t5. This
implies that the two maxima 4 and t4 are located symmetrically from the
minimum point t5. Then the magnitude (|g1|%) of each hump (of the dou-
ble hump soliton) corresponding to the maxima ¢#; is equal to 0.051 and t3
is equal to 0.051. In the second mode, the magnitude (|g2|?) correspond-
ing to 4 is equal to 0.054 and tg is equal to 0.054. This confirms that the
magnitude of each hump of double hump soliton in both the modes are
equal. Therefore it is evident that the double hump soliton drawn in Fig.
2.1(a) is symmetric. One can easily verify from the Figs. 2.1(c) and 2.1(d)
that the single-hump soliton is symmetric about the local maximum point
(and checking the half widths as well). As far as the flat-top soliton case is

concerned, we have confirmed that the first derivative {|q;|*}; very slowly
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tends to zero near the corresponding maximum for certain number of ¢ val-
ues. This also confirms that the presence of almost flatness and symmetric
nature of the one-soliton.

We also derive the conditions analytically to corroborate the symmet-
ric and asymmetric nature of soliton solution (2.10) in another way. For
this purpose, we intend to calculate the relative separation distance At
between the minima of the two components (modes)

Atp = H—bh=(t—t)—(t—t),

PR PR
LTI (2.11)

If the above quantity Atj; = 0 then the solution (2.10) exhibits symmet-
ric profiles otherwise it admits asymmetric profiles. The explicit form of

relative separation distance turns out to be

kip — 1 (2))2 lio —k (1)2
Aty — 1 log( 1R — lir)[aq”| 1 log(lR 1R)|aq |

— . (212
2lig 7 4lfp(kir +hr) 2k 7 4kig(kig + LiR) (212

We have explicitly calculated the relative separation distance values and
confirmed the displayed profiles in Fig. 2.1 and 2.2 are symmetric and
asymmetric, respectively. For instance, the At value corresponding to the
symmetric double-hump soliton in both the modes (Fig. 2.1(a)) is 0.002
(to get the perfect zero value one has to fine tune the parameters suitably)
and for asymmetric double-hump solitons the value is equal to 0.6493. The
above calculated values reaffirm that the obtained figures are symmetric in
Fig. 2.1(a) and asymmetric in Fig. 2.2(a). Similarly one can easily confirm
the symmetric and asymmetric nature of other profiles in Figs. 2.1 and 2.2
also.

In addition to the above, for the general nonidentical velocity case
(k11 # l11), v1 # vy, the distinct wave numbers kq and [; influence drasti-
cally the propagation of nondegenerate solitons in the two modes. If the
relative velocity (Avi; = v — v2) of the solitons between the two modes

is large, then there is a node created in the structure of the fundamental
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F1IGURE 2.3: Node formation in the nonidentical velocity case. The pa-
rameter values are k; = 1+ 1.54l; = 1.5+ 0.54, txgl) = 15+ 0.5},
P = 0.45+0.5i.

FiGure 2.4: Double-hump formation in the profile structure of nonde-
generate fundamental soliton: (a) and (b) represent the node formation
in soliton profiles. (c) and (d) denote the emergence of double-hump in
both the modes. The corresponding parameter values for (a) and (b) are:

ki = 0.65 — 0.85i, I; = 0.78 — 0.5i, a{") = 1 and &) = 0.5; For figures ()
and (d) the values are chosen as k1 = 0.65 — 0.8, [; = 0.78 — 0.8, zxgl) =1
and «'? = 0.5

¢ 5.

solitons of both the modes [80]. This is due to the cross phase modula-
tion between the modes. In this situation the intensity of the fast moving
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soliton (v; = 2I;; > 0) in the first mode starts to decrease and it gets com-
pletely suppressed after z = 0. At the same value of z the fast moving
soliton reappears in the second mode after a finite time. Similarly this fact
is true in the case of slow moving soliton (v, = 2k1; < 0) as well. Con-
sequently the intensity of solitons is unequally distributed among the two
modes. This is clearly demonstrated in Fig. 2.3 and Figs. 2.4(a)-2.4(b).
On the otherhand, if the relative velocity tends to zero (Avi, — 0), then
the total intensity, Liota1 = |q1]* + |42|?, of nondegenerate solitons starts to
get distributed equally among the two components. As a consequence of
this, a double-hump profile starts to emerge in each of the modes as dis-
played in Fig. 2.4(c)-2.4(d). At perfect zero relative velocity (Avy, = 0), the
double-hump fundamental soliton emerges completely in both the modes.
As we have already pointed out in [77] the nondegenerate soliton solution
exhibits symmetric and asymmetric profiles in the nonidentical velocity
case also but the relative velocity of the solitons should be minimum. We
have not displayed their plots here for brevity.

Recently we found that the occurence of multi-humps depends on the
number of distinct wave numbers and modes [78] apart from the nonlin-
earities. In the present two component case, the resultant nondegenerate
fundamental soliton solution (2.9a)-(2.9b) yields only a double-hump soli-
ton. However a triple-hump soliton and a quadruple hump soliton are
also observed in the cases of 3 and 4 component Manakov system cases,
respectively. For the N-component case one may expect a more compli-
cated profile, as mentioned in the case of theory of incoherent solitons
[157, 158], involving N-number of humps which are characterized by 2N-
complex parameters. Very recently we have also reported the existence of
nondegenerate fundamental solitons and their various novel profile struc-
tures in other integrable coupled NLS type systems [79] as well. It should
be pointed out that the multi-hump nature of nondegenerate fundamen-
tal soliton is somewhat analogous to partially coherent solitons/soliton
complexes [53, 55] where such partially coherent solitons can be obtained
when the number of modes is equal to the number of degenerate vector
soliton solution [37, 43]. We also note here that the 2-partially coherent
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soliton can be deduced from the double-humped nondegenerate funda-
mental soliton (2.9a)-(2.9b) in the Manakov system by imposing the re-
(1) (2)

strictions a7 " = €0, ay”" = —e', k1 = kig, 1 = kar, k11 = i1 = 0, where
110 and 17759 are real constants, in solution (2.7) [43]. The soliton complex
reported in [159] is a special case of nondegenerate fundamental soliton
solution (2.7) when the parameters k; and /; are chosen as real constants

and ocgl) = agz) =1.

2.3.2 Nondegenerate two-soliton solution

To get the nondegenerate two-soliton solution of Manakov Eq. (2.1) we
proceed with the procedure given in the previous subsection along with
the following seed solutions, g&l) = zxgl)e’“ + ucgl)e’h and ggz) = oc%Z)egl +
océz)e@, N = kjt + ik]2-z and gfj = ljt + iljzz, j = 1,2. We find that the series
expansions for g(f), j=1,2,and f get terminated as g(j) = eggj ) + €3 géj ) +
e5géj) + e7g;j) and f = 1+ €% f, +e*fy + efs + e®fs. Here we assume
that all the k;’s and [;’s, j = 1,2, are distinct. The explicit forms of the
obtained unknown functions in the truncated series expansions constitute
the following nondegenerate two-soliton solution and it can be expressed

using Gram determinants in the following way:

A I ¢
™) A
gV =|-1 B 0o, f= , N=1,2. (2.13)
—1 B
0 Cy O

Here the matrices A and B are of the order (4 x 4) defined as

Amm/ Amn Kmm/ Kmn

A= , B = ,m,m n,n’ =1,2.
Anm Ann/ Knm Kun!
The various elements of the matrix A can be obtained from the following,
m+ % St *
_ Ym0y _ Ynoy

1,2. The elements of the matrix B are x,,,,,; = Kok’ Kimn = (i Knm =

't
(l/l)gflfj), Knn' = (gl In the latter, the column matrices are defined as
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(1) 0
= | — - — b 42
Vi = ’ lP]/' L0 ,j=mmnn =12, 5 = kit + ikjz and
j
gj=1t+ il]-zz,j = 1,2. The other matrices in Eq. (2.13) are defined as ¢ =

T
<e771 e'l2 eél e§2> , Cl - — <“§1) “él) 0 O)/ CZ — _ (O 0 0652) D(éz)>/
0= (0 00 0) and 0 = [ is a (4 x 4) identity matrix. The presence of

eight arbitrary complex parameters kj, lj, oc%j ) and chj ), j = 1,2, define the
profile shapes of the nondegenerate two solitons and their interesting col-
lision scenarios. In addition to the above, we also find that the Manakov
system also admits degenerate and nondegenerate solitons simultaneously
under the wave numbers restriction k1 = [; (or kp; = Ip) but ky # I (or
ki # I;). Such a special kind of partially nondegenerate two-soliton so-
lution can be deduced by fixing the latter wave number restriction in the
completely nondegenerate two-soliton solution (2.13). This partially non-
degenerate soliton solution can also be derived through the Hirota bilinear
method. To derive this solution one has to assume the following seed so-
lutions, ggl) = 0651)6771 +alVem and ggz) = ocgz)e’ﬁ +alPet2, nj = kit + ik;z
and ¢y = Lt + il%z, j = 1,2, in the solution construction process. The re-
sultant coexistence soliton solution and its dynamics are characterized by

(7) (/)

only seven complex parameters k;, I, lej and ay’, j =1,2.

2.3.3 Various types of collision dynamics of nondegenerate

solitons

In order to understand the interesting collision properties associated with
the nondegenerate solitons, one has to analyze the asymptotic forms of
the complete nondegenerate two-soliton solution (2.13) of the Manakov
equation. By doing so, we observe that the nondegenerate solitons in gen-
eral exhibit three types of collision scenarios, namely shape preserving,
shape altering and shape changing collision behaviours, for either of the
two cases (i) Equal velocities: ki; = 11, ko; = Ip; and (ii) Unequal veloci-
ties: k1; # Ii1, ko # I;. To facilitate the understanding of these collision
properties, here we present the asymptotic analysis for the case of equal
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velocities only and it can be performed for unequal velocities case also in

a similar manner.

2.3.3.1 Asymptotic analysis

We perform a careful asymptotic analysis for the nondegenerate two soli-
ton solution (2.13) in order to understand the interaction dynamics of the
nondegenerate solitons completely. We deduce the explicit expressions for
the individual solitons at the aymptotic limits z — doo. To explore this,
we consider as a typical example ij,l]-R >0,j=1,2 ki > kor, lif > Iog,
ki = Ij; and ky; = Iy, that corresponds to head-on collision between the
two nondegenerate solitons. In this situation the two fundamental soli-
tons S; and S, are well separated and subsequently the asymptotic forms
of the individual nondegenerate solitons can be deduced from the solu-
tion (2.13) by incorporating the following asymptotic nature of the wave
variables ;g = Lig(t — 2lj1z) and njg = kjr(t — 2k;1z), j = 1,2, in it. The
wave variables 77;r and ¢;r behave asymptotically as (i) Soliton 1 (S1): 71g,
¢1r = 0, 12r, $2r — Foo as z F oo and (ii) Soliton 2 (Sz): #2r, Gor = 0, 11R,
¢1rR — Foo as z £ co. Correspondingly these results lead to the following
asymptotic expressions of nondegenerate individual solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic forms of 4; and g, are deduced
from the two soliton solution (2.13) for soliton 1 as below:

ZA%_klRei”“ cosh(G1r +¢;)
[a11 cosh(mir + G1r +¢7 +¢5 +c1) + i cosh(1r — G1r +¢5 — P71 +¢2)]

g1 = , (2.14a)

2A) hre®®1 cosh(nir + ¢5)
(a1 cosh(mr + Gir + 7 +¢5 +c1) + % cosh(nir — E1r + ¢ — ¢ +c2)]

2 = . (2.14b)
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* * 1 * * 1 2) 2
B i L (e 1 LA B (TR D1l
Here, a1 = (k*Hl)l' S P = 2108 o m e
- (li—kp)|ay |2 - (2 2)*
4 = Ylog (IR Al = (a /a2 and AL = il /a2

In the latter, superscript (1—) represents soliton S; before collision and

subscript (1,2) denotes the two modes q; and g, respectively.

Soliton 2: The asymptotic expressions for soliton 2 in the two modes

before collision turn out to be

2k2RA%*ei(’721+917) cosh(Gor + @1 )
[a21 cosh(1ar + Cor + ¢+, + c3) + % cosh(rmar — Cor + ¢y —@1 + C4)}

7 =~ , (2.15a)

212RA%76i(é21+927) COSh(UzR + (p{)
[a2 cosh(ior + Eor + @1 + @5 +C3) + % cosh(ior — Eor + @5 — @7 +¢4)]

2 =~ . (2.15b)

1 1
K —1*)2 K —1*)2 K — I
In the above, ay = 720 gy = (7B oy — 11og ((12713)),
(k3+12)2 (k2 +15)2 2R
2

1 ng (—h)(+h) 17, (a—b)d? 1100 fa—bPlh-ll*
¢4 = 5 log (h—ky) (ko +13) ¢ = g log (ko +15) (I +13)? + %, ¥y = zlog k1 F 3120+ 153

— 1y (k)| 110 le=hPPla—k[*
?2 = 208 iy + ¥ Y2 = 2108 e T
oty — (kike)(h=h) (I +D) (ke —11)2 (ki k) (kg +1 ,A%_ _ [chl)/acél)*]l/z,
(k=k3) (b +13) (I = 13) (k3 = 17) (k*+kz)(kz+li‘
A%f _ [agz)/a ]1/2 pity — (- 12)(k1 )2 (ki +13)
(k- l*) (I3 =15) (ks +1p)
(2—) refers to soliton S, before collision.

Nj—=| NI=
~— ~—
N NI

(h+13)
(l*+l2)

NI NI

. Here, superscript

(b) After collision: z — +o0

Soliton 1: The asymptotic form for soliton 1 after collision is deduced

as,
2k1RA%+€i(}7H+9Ir) COSh(ClR + (Pi"_) (2 16 )
= , (2.16a
[a11 cosh(1r +G1r + ¢1 + 3 +c1) + - cosh(m1r — Cir + 3 — ¢ +2)]
leRA%-i-ei(@u-H);) COSh(ThR + (P;_) (2.16b)
2 = . .
[a12 cosh(11r + G1r + ¢ +¢5 +c1) + % cosh(nir — S1r + ¢3 — ¢ +c2)]



42 2.3. A new class of nondegenerate soliton solutions

ko=l |2 b=k |*

+ — -1 T =
Here, ¢ = ¢y + 91, $1=zlogpppsm 92 = ¢ +¥2

1 1
-1 k=l *[ki—ko*ig _ (kui—ka)(k1—l2) 2 (kj+ka) (k+12)2
lIJZ = 7 10g k415 2 [y +k5 27 e = 1 - Y
2 2 (k] —k3) (k1 —13)2 (k1 +k3) (ki +13) 2
1 1
i+ I1=1)(ko—11)2 (ko+1F)2 (X +1 1 1)*
it — (h 2)(12 1)2 (k2 +17)2 (I{ + 2)’ A%+ _ [“g )/‘Xg ) ]1/2 and

(k5 —15)2 (15 —15) (k3 +10) 2 (1 +15)
A%* = [(ng) / (ng) ]1/ 2, in which superscript (1+) denotes soliton S; after
collision.

Soliton 2: The expression for soliton 2 after collision deduced from the

two soliton solution is

2A%+k2Rei’721 cosh(&ar + ¢7)

az1 cosh(nar + Eor + @7 + @5 +c3) + % cosh(ior — Cor + @53 — @ +c4)]
2A§+12Rei§21 cosh(nar + (p;)

[a22 cosh(iar + Eor + @ + @5 +c3) + é cosh(7ar — E2r + @5 — ¢ +c4)]

g1 =~ [ , (2.17a)

g2 =~ , (2.17b)

)2 (1))2
+_ 1 (ko—1o)|ay”| + 1 (Io—ko)|ay’|
where ¢ = 7 log UatB) ()2 P2 = 7 log (k5 +1) (k+K5 )27

ot = Llog ko —la Py 2”2 of =1 g|«£”|2<zz+z;>2
3 7 200 AL Ptk P(Lrh)? T4 T 2700 1Dk, gy

A%JF = [“gl) / aél)*]l/ 2 and A%Jr =1 [ocgz) / océz)*]l/ 2. In the latter, superscript
(24) represents soliton Sy after collision.

In the above, 777 = kjt + (kJZ.R - ka.l)z, it = Lt + (ZJZR — ZJZI)Z,]' =1,2,and
that the phase terms goj_, j = 1,2, can also be rewritten as ¢; = qozr + ¥4,

¢, = @5 + ¥2. The above asymptotic analysis clearly shows that there is a
definite drastic alteration in the phase terms only. It can be identified from

the following relations among the phase terms before and after collisions.
That is,

¢ = YL Py =5 T, of =7 — Y1, ¢f =@, — 2. (218)

The above relations imply that the initial structures of the nondegener-
ate two solitons are preserved except for the phase terms. From this, we
infer that they undergo either shape preserving collision with zero phase
shift or shape changing collision with a finite phase shift. In addition to
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this, a special shape altering collision can also occur with a small phase
shift. The zero phase shift condition, deduced from Eq. (2.18), turns out to
be

¢r =07, 9f =97, =12 (2.19)

In order to follow the above condition, the additional phase constants
1p;s and Y¥;’s should be maintained as zero. That is,

1. |k =hPh— b 1. ki = bf?ki — ko|*
Y1 =7lo8 ko + L3 2|11 + I3 $2=3 ey + L 2[ky + k52 (2:20)
1 kg — B!l — b|* 1. ko= 1|2k — ko|*
¥, = -1 —0, ¥, = -1 — 0. 221
L 28 2L + 27 28 ke 1 I 2y £ Ky 221)

From the above, we deduce the following criterion, corresponding to
the conditions (2.19), for the occurrence of shape preserving collision with
zero phase shift,

|k2—|—lik|2| B
ko =L > [k — 1|2

As a result, whenever the conditions (2.19) or equivalently the criterion

* |2
Bl (2.22)

(2.22), are satisfied the nondegenerate bright solitons exhibit shape pre-
serving collision with a zero phase shift. Otherwise, they undergo shape
altering and shape changing collisions, as discussed in the following. Fur-
ther, the shape changing (and altering) collision scenario also belongs to
the elastic collision as we describe below.

The above analysis clearly demonstrates that during the collision pro-
cess the initial phase of each of the soliton gets changed. The total phase

shift of soliton S; in the two modes after collision becomes

APy = (] +¢5) —(p7 +¢3) =1+
L ko — 12|l — Bo| k1 — B |ky — Ko l*
2 8 lky + 2|0 + B3k + B2 [y + K5

(2.23)
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0.05

lgi |2

FIGURE 2.5: Shape preserving collision of two symmetric double-hump
solitons - The energy does not get exchanged among the nondegen-
erate solitons during the collision process. The parameter values are
ki = 0.333 4 0.5i, I = 0.315+ 0.5i, k, = 0.315 —2.2i, [, = 0.333 — 2.2i,
oV = 045+ 045, afV) = 049 +0.45i, «{” = 049 +0.45i and &’ =
0.45 + 0.451.

Similarly the total phase shift suffered by soliton S; in the two modes
is

A®y = (¢f +97)— (9] +9;) = —(¥1+¥2)
_ —llog ey — |2\l — I |*ky — 11 kg — ko |* _
2 |k1—|—l§|2|11—|—l§|4|k2+li‘|2\k1 +k§|4

— (Y1 + 1) = —ADy. (224)

From the above expressions, we conclude that the phases of all the soli-
tons are mainly influenced by the wave numbers k]- and l]-, j=1,2, and not
by the complex parameters txgj )’s and txéj )’s, j = 1,2. This peculiar prop-
erty of nondegenerate solitons is different in the case of degenerate vector
bright solitons [37, 38], see also Section. 2.3.6 below, where the complex
parameters txgj )’s and aéj )’s, associated with polarization constants, play a
crucial role in shifting the position of solitons after the collision.
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2.3.3.2 Elastic collision: shape preserving, shape

altering and shape changing collisions

From the above asymptotic analysis, we observe that the intensities of non-
degenerate solitons S; and S; in the two modes are the same before and af-
ter collision in the equal velocities case, k1 = I1; and kp; = I;. To confirm

this, we calculate the transition intensities (using the expressions for the

. . ) Al Al+|2 Al+2
transition amplitudes T]l = A%, i,j =1,2),|Ti?* = :AL:Z, T > = :A%,lz,
j 1 2
A2+ 2 2 A2+ 2 . .
IT?|? = } A%_:z and |T22 = 2: A%_}T The various expressions deduced for
1 2

the different A;’s previously confirm that the transition intensities are uni-
modular. That is, |T]l|2 =1, j,I = 1,2. Thus, the collision scenario that
occurs among the nondegenerate solitons, in general, is always elastic. So,
the nondegenerate solitons, for ki; = Iy, ko; = Ipy, (but ky # 11, ko # Ip)
corresponding to two distinct wave numbers in general undergo elastic
collision without any intensity redistribution between the modes 4; and
q2. However, it is clear from Eq. (2.18), the changes that occur in the
phase terms do alter the structure of the nondegenerate solitons during
the collision scenario. Consequently, there is a possibility of shape alter-
ing and shape changing collisions occurring, without violating the uni-
modular conditions of transition intensities, in the equal velocities case,
apart from the earlier mentioned shape preserving collision. A typical
shape-preserving collision is displayed in Figure 2.5, in which we set two
well separated symmetric double-hump soliton profiles as initial profiles in
both the modes at z = —10. The initial structures of the two double-hump
solitons are preserved after the collision. It is evident from the dashed red
curves drawn at z = +10 in Figure 2.5. In addition to this, we have also
verified that the wave parameters k; and [;, j = 1,2, that are given in the
caption of Figure 2.5, satisfy the zero phase shift criterion (2.22). The ob-
tained numerical value from Eq. (2.22) is equal to —0.0064 (nearly equal to)
0. This value physically implies that during the collision the two double-
humped nondegenerate bright solitons pass through one another without
a phase shift and emerge from the collision unaltered in shape, amplitude
and velocity. This remarkable property has not been observed earlier in

the cases of scalar NLS bright solitons as well as in the degenerate vector
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FIGURE 2.6: Shape preserving collision between a symmetric double-
hump soliton and an asymmetric double-hump soliton: The parame-
ter values are k; = 0.333 +0.54, [; = 0.315+ 0.5, k» = 0.315 — 2.2,
I = 0333 —2.2i, ) = 0.45 4 0.45i, a}") = 2.49 +2.45i, &\*) = 0.49 + 0.45
and a”) = 0.45 + 0.45i.

bright solitons [37, 38]. Very interestingly, a similar zero phase shift shape
preserving collision also occurs even when the symmetric double-hump
soliton interacts with an asymmetric double-hump soliton. Such collision
is illustrated in Figure 2.6.

In this case, the total intensity of each soliton is conserved which can
be verfied from the relations |A;._|2 = |A;+|2, j,1 = 1,2. In addition to
this, the total intensity in each of the modes is also conserved, that is
]A}_\z + |A]2_]2 = |A]1.+]2 + \A?ﬂz = constant.

Then, we also come across another type of elastic collision, namely
shape altering collision for certain sets of parametric choices again with
ki; = Iiy and ky; = ;. To demonstrate such collision scenario in Fig-
ure 2.7, we fix the parameter values as k; = 0.425 + 0.5, I} = 0.3 + 0.5,
ky = 03-22i, I, = 0425 —22i, oV = o) = 05+ 05i and al) =
{ng) = 0.45 4 0.5. From this figure, one can observe that a symmetric
(or asymmetric) flattop soliton collides with an asymmetric (or symmetric)
double-hump soliton in the g; (or g2) component. As a result, the symmet-
ric flattop profile in the g1 mode gets modified slightly as the asymmetric
flattop profile and slightly asymmetric double-hump soliton S, becomes
symmetric double-hump soliton. Similarly, while the symmetric double-
hump soliton S| in the g mode changes slightly into an asymmetric struc-
ture, the asymmetric flattop soliton S, becomes symmetric. As we have
pointed out earlier, this kind of shape alteration essentially arises in the
structures of nondegenerate bright solitons is due to the phase conditions
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F1Gure 2.7: A typical shape altering collision is displayed in the top pan-
els. Their corresponding shape preserving nature is brought out in the

. . . . , _ ll] _
bottom panels after taking a pair of postion shifts, (z/ = z — 5/ =

123053, 7 = z— 32— = 1227) and (z' = z+ 5 = 120614,
Z = z+ 2&2,(21 = 12.0694) in the expressions (2.16a)-(2.16b) of soliton
1 and the expressions (2.17a)-(2.17b) of soliton 2, respectively.

(2.18). However, the shape preserving nature of the nondegenerate soli-
tons can be brought out by taking appropriate position shifts based on
the expressions (2.16a)-(2.16b) and (2.17a)-(2.17b). For example, the ex-
pressions (2.16a) and (2.16b) of soliton 1 after collision exactly coincides
with the expressions (2.14a) and (2.14b) after substituting z’ = z — %
and z/ =z — %, respectively, in it. Similarly, for the soliton 2, the ex-
pressions (2.17a)-(2.17b) exactly matches with the expressions (2.15a) and
(2.15b) after taking the position shifts z’ = z + % and z/ =z + %,
respectively. Correspondingly the shapes of the nondegenerate solitons
are preserved. A typical example of this transition is illustrated in Figures
2.7 (c) and (d), where the initial profiles are retained after taking the shifts
in the positions of solitons. This is also true in the case of shape changing
collision. Here, we have not displayed the shape changing collision and

their corresponding position shift plots for brevity.
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2.3.4 Collision between nondegenerate and degenerate soli-

tons

In this sub-section, we discuss the collision among the degenerate and
nondegenerate solitons admitted by the two-soliton solution (2.13) of the
Manakov system (2.1) in the partial nondegenerate limit k; = I; and ky #
l>. The following asymptotic analysis assures that there is a definite energy
redistribution occurs among the modes g; and ¢».

2.3.4.1 Asymptotic analysis

To elucidate this new kind of collision behaviour, we analyze the par-
tially nondegenerate two-soliton solution (2.13) in the asymptotic limits
z — *£oo. The resultant action yields the asymptotic forms corresponding
to degenerate and nondegenerate solitons. To obtain the asymptotic forms
for the present case we incorporate the asymptotic nature of the wave vari-
ables ;g = kjr(t — 2kjjz) and Cor = Lr(t — 2l21z), j = 1,2, in the solution
(2.13). Here the wave variable 71 corresponds to the degenerate soliton
and 7pR, Gor correspond to the nondegenerate soliton. In order to find the
asymptotic behaviour of these wave variables we consider the parametric
choice as kig, kor,Ior > 0, kiy > 0, kop, lo; <0, kip > koy, k1y > Ip;. For
this choice, the wave variables behave asymptotically as follws: (i) degen-
erate soliton Si: #1r ~ 0, #or,Gor — Foo as z — Foo (ii) nondegenerate
soliton Sy: #oRr,Cor =~ 0, y1g — £o00 as z — +oo. By incorporating these
asymptotic behaviours of wave variables in the solution (2.13), we deduce
the following asymptotic expressions for degenerate and nondegenerate
solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic form for the degenerate soliton
deduced from the partially nondegenerate two soliton solution (2.13) is
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Al
q; =~ klReiﬂllsech(ile + g), ji=12, (2.25)
Ay~
. (D)2 (2)2
1— _ () (12 (2)12y1/2 5 1 U P g™ ]%)
WhereA]. —0(1 /(|DC1|+|0€1|)/,]—1,2,R—IHW
Here, in A]l* the superscript 1— denotes soliton S; before collision and
subscript j refers to the mode number.

Soliton 2: The asymptotic expressions for the nondegenerate soliton S,

which is present in the two modes before collision are obtained as

2kor AT [ - - —
0 ~ % <ezC21+A1 COSh(112R + w) 4 el COSh(CZR + A . M )), (2.26a)
2RA (. - - -
go ~ % <61U21+A7 cosh(&g + w) + efSartAe cosh (1R + A7 5 Ao )), (2.26b)
Az — A . b1p —
D = ™5 cosh(1jar — Car + 3 5 4) + €3 cosh(i(1a1 — &) + 12qu921)
As — R
+e™ cosh (12 + 173 + 2 5 )-
Here, A%_ = [[Xél)/agl) ]1/21 Ag_ = [Dééz)/l)(éz) ]1/2. In the latter the su-

perscript 2— denote nondegenerate soliton S; before collision. The various
other constants appearing in Eq. (2.26a-2.26b) are defined below.

(b) After collision: z — +o00

Soliton 1: The asymptotic forms for degenerate soliton S; after collision
deduced from the solution (2.13) (with k; = [; and ky # ) as,

1+
Al

. + R/ —
g; =~ el(’?ll"‘e]- )klR SeCh(ﬂlR + 2(‘;22), ] =1,2, (227)

1+
AZ
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(2§vhere A%J“ = ocgl)/(|oc§1)|2 +)(|1X§2)|2)1/2, A%+ = 0652)/(|“§1)|2X_1 +
|D¢1 |2)1/2’

X = (|k1 o lz|2|k1 —|—k§|2)/(|k1 _k2|2|k1 +l§k|2)’ 81'91+ — (kl_kZ)(kT"‘kz)(kl—lz)
(k3 —k3) (kg +k3) (ki —13)

(ki+1p)
(k1+13)

7

Nl=| NI—
Nj=| NI=

1 1
eits — (krkz)lz(kﬁkz)f(klflz)(k’l”rlz)
_ (ki —k3) 2 (ki+k3) 2 (ki —13) (ka +13)
soliton S; after collision.

. Here 1+ in Al" refers to degenerate

Soliton 2: Similarly the expression for the nondegenerate soliton, S;,

after collision deduced from the two soliton solution (2.13) (with k1 =
and kp # ) is

ZkZRA%J”ei”Z’ cosh(&r + Azzzfpl)

. L ., (2.28a)
* 2 p—
cosh(ior + Cor + ) + % cosh(ror — Ear + 22558
27

2l2RA%+ei§21 COSh(’?2R + HZZT*PZ)
1
cosh(ir + §or + °2) + Ekﬁ#)i cosh(i7ar — &g + Ra5Re)]

ky—Ip

(k3-13)
(k§+lz)

[T T

go =~ (2.28b)
(k5—15)

(ka+15)

M= N

where ;= IOngé]),] =1,2, A%Jr _ [“gl)/agl)*]l/Zl A§+ _ i[“EZ)/D‘éZ)*]l/Z.
The explicit expressions of all the undefined constants are given below.
The various constants which arise in the asymptotic analysis of collision

between degenerate and nondegenerate solitons.



2.3. A new class of nondegenerate soliton solutions 51

(1)

A i (k1 — k)2 (kg — L) 2 (kS + ko) 2 (ky + K3) (ko + 13) 2 |ky + 132 s

oMk —13)2 (ks — 13)2

IV SEL +zz>%<k1 Th)AAs i1l (k) e+ K3) (12 £ 15)

kG —k5)3(ks — )3k +hk) ky — 1| ’

1 2 1 * 2 *
M= (10" P o+ [0 PYY2 (s Pl kPl 5P Jod? Pl = Bk + K32,
s _ ot 13

A = 1)2 (ko )2 (ky +15) Ay

1 2 1 2 %
= oy Ut Pl + 1 o Pk — BP) (o Pl — kol + o Pk + K32,

>>

_ @2 1/2
(6 — )b g — )%(kTJrlz) = (Ja{V (k1 — ko) — &P (K + k2)) 12,

* * * l *
A7 ”<k1 k)t (k= ) + )+ ) (0 + ) o K gt
2

as? (k; — k3)? (k5 — 13)

Az = (105" Plks — ko) ks + 1517 — | Py — L2 (kS + ko)),

Ay = (o) Pliy — ka2 (k5 +12) — (08P 2(Kky — 1) kg + k32172,

As = (0P Pk — ) — [V Pk + 1)),

gt [0 —k) (s kD e —)? o e[k — bk —R)EA
(ky +K3) (ka4 k5) (ky + k) 2 (kg + 1) 2 (ko +13) 2 kg + 2 (I + I5) A

R k1 — ka|lk1 — Lo||ka — Io| As it

|k1+k*|2|k1+z*|2|kz+z*|<\al |2+|a<2>|2>1/2

1

P <kz—k1>7<k* 520k + D)2 ists (o) e [k — Kol Alky + 15 Pe

(
Rt (k — )2 (k1 — L) (K} —13)
(

7

N\H

k2+l*) (k% k*) (k1 —1p) k1 + k3|2|k1 — 2| A7

76% e)‘7;)‘6 . (kl—kz)(kz—lz)ff\ %
Ko+ 13)2 (ks +13)(K + )2 [y + K52 (k3 + 12) 2 A
As = (& Plky — ko Plier + P+ o Pl — Bl + K512,
Loz ky — ka|[k1 — 1| As OB \kz—lz\eL;Ré LRt |"‘§1)|(lz+lf)
ey k5 2Tk + 132 (ky K7 R o (k2 + k3)
Ag = (Jaf" Pl — kal? + 0 Pk + K522, Ay = (0 Pl + B P + o Plky — )72,

1 1 1 1 1)%
e% _ (ky — ZZ)j eRTé 22 (I —kz)ie% Ry _ |0c§ )|i . R ag )zxg: .
(ky +15)2 (k; + )2 (k1 + k) (k1 +k3)
1 2 2 2)%
P 1 AT SR 1 i AT S o S W Sl

T4k S T k2 (k1+l*)2’e T L+



52 2.3. A new class of nondegenerate soliton solutions

2.3.5 Degenerate soliton collision induced shape changing

scenario of nondegenerate soliton

The coexistence of nondegenerate and degenerate solitons can be realized
from the partially nondegenerate limit of the soliton solution (2.13) (with
ki1 = 1; and ky # Ip). Such coexisting solitons undergo a novel collision
property, that has been illustrated in Figure. 2.8. From this figure, one can
observe that the intensity of the degenerate soliton S; is enhanced after
collision in the g1 mode and it gets suppressed in the g mode. As we ex-
pected, like in the complete degenerate case [37, 43], the degenerate soliton
undergoes energy redistribution among both the modes. In this case, the
polarization vectors, A; = oc(j)/(|ocgl) 4+ |tx§2)|2)1/2, 1,j = 1,2, play a cru-
cial role in changing the shape of the degenerate solitons under collision,
where the intensity redistribution occurs between the modes q; and g3. As
we have pointed out below in the next subsection, the shape preserving

collision arises in the pure degenerate case when the polarization param-

o) _ o (/)

ey 4 oyt Ja 47 —
eters obey the condition, = where «''’s, i,j = 1,2, are complex

1
parameters related to the polarizezltion vectors as given above. However,
this collision property is not true in the case of nondegenerate solitons as
we have depicted in Figure. 2.8. As a result, the nondegenerate soliton S
switches its asymmetric double-hump profile into a single-hump profile
along with a phase shift. In addition, we also noticed from the asymp-
totic expressions (2.26a)-(2.26b) and (2.28a)-(2.28b) the asymmetric double-
hump profile of nondegenerate soliton gets transformed into another form
of an asymmetric double-hump profile when it interacts with a degenerate
soliton for a specific choice of parameter values. In the nondegenerate case,
the relative separation distances (or phases) are in general not preserved
during the collision. Therefore the mechanism behind the occurrence of
shape preserving and shape changing collisions in the nondegenerate soli-
tons is quite new. These novel collision properties can be understood from
the corresponding asymptotic analysis given in the previous subsection.
The analysis reveals that energy redistribution occurs between the modes
g1 and g;. In order to confirm the shape changing nature of this interest-
ing collision scenario we obtain the following expression for the transition
amplitudes,
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30 -12

FIGURE 2.8: Shape changing collision between degenerate and nondegen-
erate soliton: ky = Iy = 1+1i,kp = 1 —i,, = 1.5 — 0.5i, a\") = 0.8+ 0.8},
oY) = 0.6+ 0.6i, &S =025+ 0.25i, al?) =1+,

(o P+ 1a” )2y (g P e )2

|
T! = Jy p - _
L e+ a®@p)2” T (a1 4 aP )12

(2.29)

In general, the transition amplitudes are not equal to unity. If the quan-
tity T; is not unimodular (for this case the constant y # 1) then the degen-
erate and nondegenerate solitons always exhibit shape changing collision.
The standard elastic collision can be recovered when y = 1. One can
calculate the shift in the positions of both degenerate and nondegenerate
solitons after collision from the asymptotic analysis. This new kind of
collision property has not been observed in the degenerate vector bright
solitons of the Manakov system [37, 43].

2.3.6 Degenerate bright solitons and their shape changing/energy

redistribution collision in Manakov system

The already reported degenerate vector one-bright soliton solution of the
Manakov system (2.1) can be deduced from the one-soliton solution (2.7)
by imposing the condition k; = I; in it. The forms of g; given in Eq. (2.7)
degenerate into the standard bright soliton form [37, 43]
agj ) el )
9= 1 4 entn+R’ j=12 (230)

which can be rewritten as



54 2.3. A new class of nondegenerate soliton solutions

0.08f ai] P ,'l“\l
I
AR '.' '|‘
N [
—_ Y
o o
iSs P
.
/ \
/'I ‘\\
0 - . —~— -
-30 0 30
t

F1GURE 2.9: Degenerate one-soliton of the Manakov equation: The values
of the parameters are k; = 0.3 + 0.5i, (xg) =15+1.5i, oc§2) = 0.5+ 0.51.

A R
q] = klRA]-el”“sech(mR + E), (231)

a0

— _ _ 2 12 AL
where MR = klR(t 2k112), M = kit + (klR kH)Z, A] = \/(|“§1>|2+|a§2)|2),

MW241,2)2
R _ (""1(}{‘1;‘]!1’3‘)12 | ), i=1,2.

Note that the above fundamental bright soliton always propagates in
both the modes g; and g, with the same velocity 2k;;. The polarization
vectors (Aq, Ay)t have different amplitudes and phases, unlike the case of
nondegenerate solitons where they have only different unit phases. The
presence of a single wave number k; in the solution (2.31) restricts the
degenerate soliton to have a single-hump form only. A typical profile of
the degenerate soliton is shown in Figure 2.9. As already pointed out in
[37, 43] the amplitude and central position of the degenerate vector bright

soliton are obtained as 2k; RA]-, j=1,2and %, respectively.

e

2.3.6.1 Degenerate two-soliton solution and its en-
ergy sharing collision

Further, the degenerate two-soliton solution can be deduced from the non-
degenerate two-soliton solution (2.13) by applying the degenerate limits
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ki = I; and k; = I;. Such degenerate two-soliton solution of the Man-
akov system is obtained in [37]. The two-soliton solution can be compactly

written in terms of Gram determinants as

NON
q] =7 ]= 1,2, (232&)
f
where
All A12 1 0 e
Ay Ap 10
A21 A22 0 1 e’

¢V=1-1 0 By Bp 0| f= ,  (2.32b)
-1 0 By1 B

0 =1 By Bxn

0 o -2 - o
. ' ity (oc](.l)txl(l)* + zx](.z)ocgz)*) -
in which A;; = m, and B;; = kj; = (kj e , 1] =

1,2. The above degenerate bright two-soliton solution is characterized by
six arbitrary complex parameters k1, k, ocgj ) and océj ), j=12

By fixing the wave numbers as k; = [;,i = 1,2,...,, N, the N degenerate
vector bright soliton solution can be recovered from the nondegenerate
N-soliton solutions. In passing we also note that the nondegenerate one-
soliton solution (2.7) can arise when we fix the parameters ocgl) = “52) =0
in Egs. (2.32a) and (2.32b) and rename the constants k, as /; and aéz)
as agz) in the resultant solution. We also note that the above degenerate
two-soliton solution (2.32a)-(2.32b) can also be rewritten from the Gram
determinant forms of nondegenerate two-soliton solution (2.13).

As reported in [37, 38, 43], the degenerate fundamental solitons (k; = [;,
i = 1,2) in the Manakov system undergo shape changing collision due to
the intensity redistribution among the modes. The energy redistribution
occurs in the degenerate case because of the polarization vectors of the
two modes combine with each other in a specific way. This shape chang-
ing collision illustrated in Figure 2.10 where the intensity redistribution
occurs because of the enhancement of soliton S; in the first mode and

the corresponding suppression of the intensity of the same soliton in the
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FiGure 2.10: Shape changing collision of degenerate two-solitons: k; =
h=1+ik =1k =151-151ial” =05+05i,al) =al? =a{? = 1.

second mode.
To hold the conservation of energy between the modes, the intensity of
the soliton S, gets suppressed in the first mode and it is enhanced in the

second mode. The standard elastic collision occurs (as already noted) for
(1) (2)

the very special choice of parameters, namely % = % [37, 38].
) %2

2.3.7 Possible experimental realization of nondegenerate

solitons

To experimentally observe the nondegenerate vector solitons (single hump /
double hump solitons) in the Manakov system one may adopt the mutual-
incoherence method that has been used to observe the multi-hump multi-
mode solitons experimentally (Ref. [52]). The Manakov solitons (degen-
erate solitons) can also be observed by the same experimental procedure
with appropriate modifications (Ref. [39]). In the following, we briefly
envisage how the procedure is given in Ref. [52] can be redesigned to gen-
erate the double-humped nondegenerate soliton as it has been discussed
in our work [78].

To observe the nondegenerate vector solitons experimentally it is es-
sential to consider two laser sources with different properties so that the
wavelength of the second laser beam is different from the first one. Us-
ing polarizing beam splitters, each one of the laser beams can be split into
ordinary and extraordinary beams. The extraordinary beam coming out
from the first source can be further split into two individual fields F;; and
Fi; by allowing it to fall on a beam splitter. These two fields are nothing
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but the reflected and transmitted extraordinary beams coming out from
the beam splitter. The intensities of these two fields are different. Simi-
larly, the second beam which is coming out from the second source can
also be split into two fields Fp; and Fp; by passing through another beam
splitter. The intensities of these two fields are also different. As a result,
one can generate four fields that are incoherent to each other. To set the
incoherence in phase among these four fields one should allow them to
travel a sufficient distance before the coupling is performed. The fields
Fy1 and Fj3 now become nondegenerate two individual solitons in the first
mode whereas F,; and F, form another set of two nondegenerate solitons
in the second mode. The coupling between the fields Fj; and F,; can be
performed by combining them using another beam splitter. Similarly, by
suitably locating another beam splitter, one can combine the fields Fj, and
Fy, respectively. After appropriate coupling is performed the resultant
optical field beams can now be focused through two individual cylindri-
cal lenses and the output may be recorded in an imaging system, which
consists of a crystal and CCD camera. The collision between the nondegen-
erate two-solitons in both the modes can now be seen from the recorded
images.

To observe the elastic collision between double-humped nondegener-
ate solitons, one must make arrangements to vanish the mutual coherence
property between the solitons Fj; and Fj; in the first mode 4; and F,; and
F»; in the second mode g, (Ref. [39]). The four optical beams are now com-
pletely independent and incoherent with one another. The collision angle
at which the nondegenerate solitons interact should be sufficiently large
enough. Under this situation, no energy exchange is expected to occur
between the nondegenerate solitons of the two modes. This experimental
procedure can also be used to realize multi-humped nondegenerate vector
solitons in N-CNLS system but with appropriate modification in the initial

conditions.
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Ficure 2.11: Numerical plots of shape preserving collision of nondegen-
erate symmetric double hump solitons with 10% and 20% white noise as
perturbations: (a) and (b) denote the elastic collision of two symmetric
double hump solitons without perturbation. (c) and (d) denote the col-
lision with 10% white noise. (e) and (f) represent the collision with 20%
strong white noise as perturbation.

2.4 Numerical stability analysis corresponding to

Figs. 2.5 under perturbation

In this section, we wish to point out the stability nature of the obtained
nondegenerate soliton solutions numrerically using Crank-Nicolson pro-
cedure even under the addition of suitable white noise or Gaussian noise
to the initial conditions. Specifically we consider the shape preserving col-
lision of symmetric double hump solitons discussed in Figs. 2.5. For this
purpose, we have considered the Manakov system (2.1) with the initial
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conditions,

9j(0,t) = [1 4+ AZ(H)]gj0(t), j = 1,2. (2.33)

In the above, qjlo’s, j = 1,2, are the initial conditions obtained from the
nondegenerate two-soliton solution Egs. (2.13) at z = —10. Here A is the
amplitude of the white noise and () represents the noise or fluctuation
function. The white noise was created by generating random numbers in
the interval [—1,1]. To fix the initial conditions in the numerical algorithm,
we consider the same complex parameter values which are given for the
tigures 2.5 in Sec. IV. We also consider the space and time step sizes, re-
spectively, as dz = 0.1 and dt = 0.001 in the numerical algorithm. To study
the collision scenario of double-hump solitons (Figs. 2.11(a) and 2.11(b))
under perturbation we fix the domain ranges for t and z as [—45,45] and
[—10, 10], respectively.

First, we consider 10% (A = 0.1) of random perturbation on the in-
tial solution of Manakov system. For this strength of perturbation, we
do not observe any significant change in the profile as well as in the dy-
namics of the nondegenerate solitons apart from a slight change, which is
insignificant, in the amplitudes of double-hump solitons after the collision.
This is illustrated in Figs. 2.11(c) and 2.11(d). Then we study the stabil-
ity with 20% white noise (A = 0.2), which is a stronger perturbation, for
the double-hump solitons. Such a study is demonstrated in Figs. 2.11(e)
and 2.11(f). The numerical analysis shows that the double-hump soliton
profiles still survive after the collision under as strong as 20% perturbation
apart from a slight distortion in the amplitudes. This ensures the stability
of nondegenerate solitons against perturbations of the above type of noise.

Similarly we have also verified the stability of nondegenerate solitons

with Gaussian noise perturbation as well.
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2.5 Nondegenerate three-soliton solution

The explicit form of nondegenerate three-soliton solution of Eq. (2.1) can
be deduced by proceeding with the Eqgs. (2.4) using the series represen-
tation upto orders e!! for ¢/N) and €'? for f. Then the solution can be

expressed using Gram determinant in the following way:

A I ¢
) A
gV =1-1 B 0of, f= , N=1,2. (2.34a)
—1 B
0 Cy O

Here the matrices A and B are of the order (6 x 6) defined as

Ao A Ko/ K
A = " mn) / B - . mn) ’m’ m// Tl, n/ == 1/ 2/ 3 (234b)

Anm Ann/

Knm Knn/
The various elements of matrix A are obtained from the following,

oI e+
S — (2.34¢)

Ay = 77—, A
mm km+k*, ’ mn km+l* ’
m n

e§n+§:;/ g’ﬁ"’gm
- 3 1~ ml m// n/ nl - 1/ 2/ 3 (234d)

Ay = ——<
nn ln+l*/ ’ Anm k* +lm 7
n n

The elements of matrix B is defined as

_ WhYw eyl pfopn oy,
R e (S A (R e R R
otV 0
In (2.34e) the column matrices are ¢; = I, 1p]’- = @ |’ j =
0 L2
]

m,m’ ,n,n’ =1,2,3, nj = kit + ika-z and §; = It + iljzz,j =1,2,3. The other

matrices in Eq. (2.34a) are defined below:

T
4):(6’71 ez o3 ef1  pl2 eé‘s) ,C1:_<06§1) agl) “gl) 00 0>,C2:
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~(0 00 a? «? «?),0=(0 000 0 0)ando=Tisa(6x6)
identity matrix.

2.6 Conclusion

We have derived the nondegenerate one- and two- soliton solution of Man-
akov system using the standard Hirota bilinearization method. Such new
class of solitons admits novel profile structure namely double hump soli-
ton structure which is not possible in its degenerate soliton version. The
double hump formation of nondegenerate solitons is explained using the
relative velocities of the modes of the solitons. The coexistence of degen-
erate and nondegenerate solitons simultaneously in both the modes was
identified by imposing wave number restrictions on the nondegenerate
two-soliton solution. Then we have elaborated an interesting interaction
dynamics of the nondegenerate solitons. Especially they undergo shape
preserving, shape altering and shape changing collision behaviours. How-
ever all these three types of collisions are classified under elastic collision
based on our detailed asymptotic analysis. They also undergo energy shar-
ing interactions for appropriate choice of parameters. We have recaptured
the degenerate one- and two-soliton solutions from our more general non-
degenerate one- and two-soliton solutions by imposing constraints on their
wave numbers. Also we have shown the energy sharing interactions be-
tween the degenerate solitons. Further we have pointed out the possibility
of realizing nondegenerate Manakov solitons experimentally, and then the
numerical stability of the nondegenerate two-solitons was studied under
perturbation. At the end, nondegenerate three-soliton solution has been

given in the Gram determinant form.
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Chapter 3

Nondegenerate solitons in general

coupled nonlinear Schrodinger

system

3.1 Introduction

In the previous chapter, we have studied the existence and collision proper-
ties of the nondegenerate vector bright solitons in the celebrated Manakov
system. In the present chapter, we intend to investigate the role of four-
wave mixing effect on the structure of the nondegenerate vector solitons
and their collision dynamics. For this purpose, we consider the general-

ized coupled nonlinear Schrédinger (GCNLS) system,

iq1,2 + quee + 2(alq1)* + clg2)* + brgs + b*qiq2)q1 = 0,
iq2,z + G + 2(alq1|? + clq2]* + bargs + b*qiq2)92 = 0. (3.1)

which in general describes the evolution and nonlinear interaction of
the two optical modes. As we have pointed out in the first chapter, the
GCNLS system contains the additional phase dependent terms, (bg;q, +
b*q195)q;, j = 1,2, which arise essentially because of the four-wave mixing
effect. The complex constant b represents the strength of the four-wave

mixing effect. By taking into account this nonlinearity, as well as SPM
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and XPM, we aim to derive the fundamental as well as higher-order non-
degenerate vector soliton solutions through the Hirota bilinear method.
In addition to this, we also obtain a special type of two-soliton solution,
which contains both degenerate and nondegenerate solitons simultane-
ously, namely partially nondegenerate two-soliton solution. It can be de-
duced by imposing a condition on the wave numbers in the completely
nondegenerate two-soliton solution. Then we analyze the effect of FWM
parameter b on the structures of nondegenerate vector bright solitons and
their dynamics. Very interestingly, we find that the presence of four-wave
mixing effect provokes the breathing vector soliton state in both the optical
modes. Such breather formation is not possible in the fundamental vector
solitons of the Manakov system (2.1). Then, we observe that the nonde-
generate solitons in the GCNLS system undergo, in general, novel shape
changing collision when the four-wave mixing effect strength is strong
enough. On the other hand, for the weak four-wave mixing effect they
undergo mere shape preserving or shape altering collision. Further, we
also analyze the degenerate soliton collision induced novel shape changing
property of nondegenerate vector solitons using the partially nondegener-
ate two-soliton solution.

The plan of this chapter is given as follows: In Section 3.2, we present
the fundamental as well as the higher-order nondegenerate soliton solu-
tions of the system (3.1) in Gram determinant forms in a compact man-
ner apart from pointing out the complete degenerate two-soliton solution.
Then in this section we also analyze the properties of nondegenerate fun-
damental soliton with special attention to FWM parameter b. Section 3.3
deals with the investigation of novel collision scenarios of nondegenerate
solitons with appropriate asymptotic analysis. In Section 3.4, we analyze
the degenerate soliton collision induced novel shape changing collision
property of the nondegenerate soliton. Then, in this section we also indi-
cate the collision properties of the degenerate solitons.

3.2 Nondegenerate vector soliton solutions

To derive the non-degenerate soliton solutions, we adopt again the well
known Hirota bilinear method, in which the considered coupled nonlinear
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evolution equation (3.1) should be written in the so-called bilinear form.

(7 .
To do so, the bilinear transformation, namely qj(z,t) — & (Z’t), i=12,

f(zt)

is introduced in Eqgs. (3.1). As a result, the following bilinear forms are
obtained. That is,

(iD,+D»gY - f=0,j=1,2, (3.2a)

In the above, ¢\/)(z,t)’s are complex functions and f(z, t) is a real func-
tion. Before proceeding further, one has to substitute the series expansions,
g(j) = eggj) + €3géj) +..,and f = 1+¢€2f, + €*f4 + ..., of the unknown func-
tions ¢U/) and f in the appropriate places of the above bilinear forms and
deduce a system of linear partial differential equations (PDEs) at various
orders of €. Solving the resultant set of linear PDEs sucessively one can
arrive at either the degenerate or non-degenerate multi-soliton solutions of

Egs. (3.1) under appropriate choices of initial seed solutions.

3.2.1 Nondegenerate fundamental vector soliton solution

To obtain the nondegenerate fundamental soliton solution of Eq. (3.1), we
start with the general form of seed solutions, ggl) = ocgl) e, giz) = zxgz)egl,
m = kit + ik%z and ¢ = 1t + il%z, ki1 # 13, as the starting solutions to the
lowest order linear PDEs, iggé) + ggj )t =0, j = 1,2. We remark here that
the previously known class of fundamental vector soliton solution of the
GCNLS system (3.1) can be obtained by considering the restricted form of
the seed solutions, ggl) = zxgl)e’ﬁ, ggz) = ocgz)e’ﬁ, nm = kit + ik3z, , which
can be easily deduced from the above general choice with k; = ;. Then,
by following the standard procedure of the Hirota method, we arrive at
the nondegenerate fundamental bright soliton solution of the system (3.1)

as



66 3.2. Nondegenerate vector soliton solutions

0 = (“§1>enl+6m+n;‘+¢1+& | mtEHE+AY )/D (3.3)

g2 = (et 4 emtniraea’ L ontairei+ay p (3.4)
D =14 N Hi+o f pi+61+02 4 o +81+05 4 o81+81+03 4 11 +81+87 +04

Here,
B T ) s N B e 0. o O I )] v
T Tk ()2 = T GE)E T T Ak (k)T
I (0 Tt O T ) P SO 0 . Sl
(B 36y )7 (k)27 k)7 L+

k=11 210l 210 2 [ac| (kg +15) 2= b1 (ke k) (1 +15) ]

oy _ k1 —11]|oq 1 1 1 1

e GRS RE AL . The nature of the above
(7)

solution is described by four arbitrary complex parameters, ki, I1, «;”’,

j = 1,2, and three system parameters a, ¢ and b. The solution (3.3)-(3.4)
is non-singular for (ac|(ky +17)[* — |b|*(ky + ki) (I, +1})) > 0, for which
the strength of SPM and XPM should be always positive (a,c > 0). For
b = 0, the solution (3.3)-(3.4) exactly coincides with the nondegenerate
fundamental bright soliton solution of the Manakov system and mixed 2-
CNLS system by further fixing a = ¢ = 1 and a = —c = 1, respectively,
in it. The previously reported three-parameter vector soliton solution of
the GCNLS system (3.1) [119] arises as a special case when we impose the
restriction k; = [; in the above four-parameter solution (3.3)-(3.4). As a re-
sult, the explicit form of the three-parameter bright soliton solution turns

out to be
(]) M
wy’'e R
9= e = kA Msech(nr +3), = 1,2, (3:5)

where nm = klt + ZkZZ = MR + 1171[ = [klR(t — 2k112)] -|- Z[kllt + (k

k3,)z], the unit polarization vectors are A; = Dég /|a |ch1 |2 + c|oc1 |2
(1)2 (2)2 D)@ 4 g (D% (2)
(1) (2)* (D (2)11 R (aay’|*+cla |+le +b*a )
bay oy + bray a2, €8 = 1 1 (k1+}q)21 %) the am-

plitude of the two modes are k; RA]-, the velocity of the degenerate soli-

ton is 2ki; and the central position of the soliton is found to be % =
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D2 cla® 2 paVal® pbralV @)}
log( oy el | jzkﬁkf)l Saila ) The above degenerate bright soli-
1

klR
ton solution always admits single-hump ‘sech’ soliton profile.

To bring out the special properties associated with the solution (3.3)-
(3.4) further, we rewrite it as follows:

2k
= D1R (C11€”7“ cosh(Z1r + ¢1) + canefeosh(mir + g2 — f1 + c2)
1
+sinh(mg + ¢2 — p1 + CZ)]) ’ (3.6)
2R

2= -7

D <clze’§” cosh(mpr + ¢2) + Conel M [cosh(&1r — (o — 1) + ¢2)
1

T sinh(Eg — (@2 — ¢1) + c2>1), (37)

Dy =M\ Cosh(171R + iR+ P2 + 1 + c1) + COSh(’?lR —CIR +¢2 — 1 + c2)
+Ajz[cosh ¢3 cos(n1] — &11) + isinh ¢z sin(y1; — &11)]-

Here, m1r = kir(t — 2k112z), Gir = hr(t — 21112) mr = kllt + (k3 B
a(l—ky)|ad) |2

Kz, G = lit+ (B — 12z, ¢ = 31 —<’<l Wy 1 A —kley |
11)%s 611 = 411 1R — M1 P = 5 10g (k1+1* (R 2/<P2 (ki‘+ll)(k1+k1‘)2’
(1), @% (x4 1 )2 (1) N ()
— 1o tu (ki+h) _ 1o (ki=h) 11,2 _1rbry T (ki—h) _
=5lo c11 = [—m——)Y%, e = 3=k, 12 =
¢3 =3 log = 0 By 322”1 [aa§1>*(k1+l{)] 21 = 5[ )
(k) iz i k) g (ot laclk Pk ()
@ (k1) 2= 2l el V1T 2 ac(ly—ky)[ky +1; 2 ’
_1 (ki —l) (k{+1) _ |k =hlaclky 15 2= b (ki +k5) (L +17)]2 _
¢2 = ;log _(llfkl)(k1+li‘)’ A = (ac) 72k + 17 2 cand Ay =

[b] (ks +K7) (b +17)
(ac)!/2[ky +17[>
the additional degree of freedom to the motion as well as the structure of

. The presence of additional wave number k; or /; provides

the soliton in the two modes g1 and g,. For instance, the following two
possibilities are always allowed. The solitons in the two modes can prop-
agate either with equal velocities: v = vy, v1 = 2k, v = 2lj; or with
unequal velocities: v; # vy. As we describe below, these two choices re-
veal the new geometrical structures associated with the solution (3.3)-(3.4)
of the GCNLS system (3.1).
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0.05,32)

212 o

F1GURE 3.1: The role of FWM effect on the double-hump soliton structure
of the nondegenerate one-soliton solution is demonstrated by fixing the
parameter values as k; = 0.333 — 0.54, [} = 0.315 — 0.51, k, = 0.315 4 2.2,

Iy = 03334221, a\!) = 0.45 + 0.45i, o} = 2.49 +2.45i, ) = 0.49 + 0.45i

and aéz) = 0.45+ 0.45i. The strength of FWM for each of the figures.
(al)-(a2): b =0, (b1)-(b2): b = 0.5+ 0.5i and (c1)-(c2): b = 1.

3.2.1.1 Role of FWM effect on one-soliton solution

The nondegenerate fundamental soliton solution (3.3)-(3.4) with v; = vy
admits double-hump profile when the FWM effect is zero. Such profiles
are displayed in Figs. 3.1(al) and (a2) for b = 0 and 4 = ¢ = 1. However,
the symmetric nature of such intensity profiles disappears and the asym-
metric double-hump profiles emerge in both the modes q; and g, when we
incorporate the FWM effect (b # 0) along with the real part of k; is slightly
greater than the real part of Iy (kg > Il1r). Such a profile transition is
displayed in Figs. 3.1(b1) and (b2). Further, increasing the value of b, we
tind that the first-hump is completely suppressed in both the modes and
the second-hump only persists throughout the evolution with an enhance-
ment in the amplitude or intensity, which is illustrated in Figs. 3.1(c1) and
(c2).

Interestingly, we also find that the presence of the FWM parameter gen-
erates the breathing state in the structure of nondegenerate fundamental
soliton of the GCNLS system (3.1). It can be identified from the expres-
sions (3.6)-(3.7) with v; = v, where periodic functions explicitly appear
because of FWM parameter b. Such the novel breathing state is depicted
in Figs. (3.2) and (3.3), where the oscillations occur along the propagation
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F1GUrE 3.2: Breather formation with strong FWM effect is demonstrated
by fixing the parameter valuesasa =c=1,b =05+ 0.5, ky = 1+ 0.5,

h =05+05i,al") =065 and ! =1+,

direction z only. From these figures, we observe that the strong breathing
nature appears when the FWM effect is high enough (see Fig. (3.2)) along
with a parameteric condition kjg >> I1r, in which case the value of kg
should be considerably larger than /;g. On the other hand, for a weak
strength of the FWM effect, the small oscillations appear in the intensity
peaks only (see Fig. (3.3)). The period of oscillation is calculated as
27 271

T = = m (3.8)

The above expression shows that the period of oscillation mainly de-
pends on the real parts of the wave numbers k; and /; apart from the
influence of the FWM nonlinearity. This type of special property has not
been observed in the degenerate counterparts, where the real part of the
single wave number k; is responsible for the amplitude of the degener-
ate vector bright soliton of Eq. (3.1) accompanying the unit polarization
vectors. For completeness, in Fig. 3.4, we also demonstrate the breathing
soliton state by considering the mixed type nonlinearity 2 = 1, ¢ = —1.
However, the singularity essentially arises in the breathing state because
of the negative sign of the XPM nonlinearity.

Next, we consider the solution (3.3)-(3.4) with unequal velocities: v; #
vp. In this situation, it admits two types of two-soliton like collision pat-
terns as we have illustrated in Figs. (3.5) and (3.6). In these figures, two
distinct single-hump profiles at different positions start to interact at z = 0.
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FIGURE 3.3: Breathing state is demonstrated for the low strength of FWM

effect. The parameter values are the same as in Fig. 3.2 except now
b =0.15+0.15i.

FiGUrRe 3.4: Singular breathing state is demonstrated for the strong
strength of FWM effect. The parameter values are b = 0.5+ 0.5,

ki = 13+05i, 1) = —0.5+0.5i, a{") = 0.65, and &) = i,

As a result, these interaction patterns appear due to the exchange of inten-
sities among the modes. This kind of switching of intensities among the
waveguides could be relevant to optical switching applications.

3.2.2 Completely/partially nondegenerate two-soliton solu-
tion

Depending on the choices of seed solutions, consideration along with the
following conditions on the wave numbers, namely (i) k1 # I , ko # Iy,
(ii) k1 = ll and k2 75 lz (OI‘ k1 75 ll and k2 = lz), and (iii) k1 = ll and
ky = I, the GCNLS system (3.1) also admits three-types of two-soliton
solutions, namely (i) completely nondegenerate two-soliton solution, (ii)
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Ficure 3.5: Nondegenerate fundamental soliton with unequal-velocity
by fixing the parameter values as k; = 0.333 — 0.5;, [y = 0.315 — 0.5,

ky = 0.315+2.2i, I, = 0.333 +2.2i, al") = 045+ 0.45i, &) = 2.49 + 245,
o) = 0.49 4 0.45i and &) = 0.45 + 0.45i.

FiGure 3.6: Nondegenerate fundamental soliton with unequal-velocity
by fixing the parameter values as k; = 0.333 — 0.5, I} = 0.315 — 0.5,

ky = 0.315 4 2.2i, I, = 0.333 + 2.2, a{") = 0.45 + 0.45i, a}") = 2.49 4 2.45i,
o) = 0.49 +0.45i and a?) = 0.45 + 0.45i.

partially nondegenerate two-soliton solution, and (iii) completely degen-
erate two-soliton solution, respectively. For instance, the two-soliton solu-
tion, with the complete nondegeneracy property, is obtained as a result of
finding the unknown functions in the truncated series expansions, g\/) =
eggj) +e3g§j) +e5géj) &gV, i=1,2,and f = 1+ €fo + €4fy + €05 + €3 fi.
To get the explicit forms of the unknown functions that are present in the
latter series expansions, we assume the initial solutions as

g&l) = ocgl)e’“ + txél)e’” and giz) = a§2)e§1 + ocgz)e@, (3.9)

Here, the wave numbers kj and lj and the constants ocy ) and ocgj ), j=
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1,2, are in general complex. We find that the other unknown functions,
gé]), ggjl), j = 1,2, fio, fi2 and etc., all exactly vanish. The remaining
non-vanishing functions constitute the nondegenerate two-soliton solu-

tion, which is rewritten using the Gram determinants in the following

way:
A 1 ¢
o = 2 R B
g9 =|-1 B 0T, f= ,5=1,2, (3.10a)
-1 B
0 G 0
where the other elements in the above determinants are defined as given
below:
St Qs gty gt
(ki+ky)  (k+ky)  (k+1)  (k+1)
Sty gty e gt
_ | (katky)  (ktks)  (kotD)  (ko413)
A= Sitny Gty Gt | (3.10b)
(11+k1‘) (11—|—k;) (11+1{) (Zl-i—lf)
L2ty Loty L2t o2+

(lz-l-kik) (lz-l-k;) (lz-HT) (124—1;)

amg )zxg )* ancé >nc§ )* b*uc§2>nc§1)* b*txé )nc(l)
(ki+ky)  (ka+kp) (h+ky) lz+k
alVal D gl e %
ki +k ko +k% 11 +k3 L+k
B=| ,0nd. hfxaf 7 Ciglil \ jf)*l B PR A
(ky+17) (k2+1 ) (h+13) (I+15)
belVe® D W@l W@u
(k+13) (k2+l*) (ll+l ) (+13)

¢ = <6771 ez b1 eCz)T, Ci=— (0(51) ‘xél) 0 O) ’

G==(00a? a?), 0=(0 000 )

and [ is a (4 x 4) identity matrix. The above solution consists of eight
arbitrary complex parameters k;, [, ocgj) and (xgj), j = 1,2. The profile
shapes of the nondegenerate solitons and their various novel collision sce-
narios are governed by these eight nontrivial soliton parameters and the
three system parameters a, ¢ and b.

Further, we wish to point out that the GCNLS system (3.1) also admits
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another class of two-soliton solution containing both degenerate and non-
degenerate vector solitons simultaneously. This additional possibility al-
ways exists in the newly derived two-soliton solution (3.10a)-(3.10c). Such
possibility arises by restricting the sets of wave numbers as k; = /1 and
ky # I or ky # I; and ky = I in Eq. (3.10a)-(3.10c). Here, we have consid-
ered the former choice. By doing so, the seed solutions (3.9) get reduced
as

g&l) = agl)e’“ + aél)e”z and g&z) = agz)e’“ + a§2)e§2, (3.11)
nj = k]t + ik]ZZ, Co = Dbt + il%Z, ] =1,2.

With the above choice of initial solutions one can also derive the partial
nondegenerate two-soliton solution through the Hirota bilinear method.
We obtain the following form of the partial nondegenerate two-soliton so-
lution as a final product. However, the resultant form is the same as the
one given in Eq. (3.10a)-(3.10c) except the following changes that occur in
the elements of matrices A, B and ¢:

St Nt SNt Nt
(k1+kT) (k1+k§) (k1+kf) (k1+l;)
2ty et et e+
ko +k* ko +k3 ko +k ko+1%
A= | Rtk (et 5) (katkp) (et 2*) (3.12a)
Nt Nt SNt PUAREY)
(kri-k{) (kri-k;) (krﬁ-k’{) (kri-l;)
L2ty 213 Loty 52183
(lz+k9{) (lg+k§) (lz+kif) (lz+l;)

T
¢ = <e771 ez e g§2> , (312]3)
azxg >zx§ )* aaé >zx§ )* b*af)agl)* b*txéz)agl)*
(ki+k7) (ko+k7) (k1+k§‘) (lerk;(‘)
mg >1x£1)* azxé >zx§ ) b*ﬂl?)a;)* b*zx;z)zx;)*
o ky+k5) (ko+k5) (k1+k3) (I+k%)
p=| & ; . 3.12¢
bag )zxg ) brxg >zxg ) Cﬂ(gz)ﬂégz)* Cﬂ(é >rx1 ) ( )
(k1+k ) (k2+k ) (k1+k ) (12+k )
()()* ()()* (2) (2)x ()()*
bay ay ba, cay” oy cay oy
(ki +13) (k2+l*) (ki +13) (L+13)

The structural and the interaction properties associated with this inter-

esting class of solution are described by seven complex parameters k;, [,
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ocgj), and océj),j =1,2.

We also wish to point out that one can capture the already known com-
pletely degenerate two-soliton solution of the GCNLS system (3.1) from
the nondegenerate two-soliton solution (3.10a)-(3.10c) for the wave num-
ber choices ky = I; and kp = [. The resultant forms again coincide with
the one given in Eq. (3.10a)-(3.10c) except for the following changes that
occur in the elements of matrices A, B and ¢:

ST gt gty gt
(kitki)  (kitky) o (katky) o (ka+k3)
Jrtn gty gty gt
A= | Uetk))  (katky)  (katky)  (koths) (3.13a)

QT gntns gty gntny ’
(ki+ky)  (ktks)  (ktkp) o (ki +k3)
et e2t3 et o2t
(katki)  (katk3)  (katky)  (ka+k3)

T
= (eh el eh 2 3.13b
e e e e 7
aocg >agl>* aocé )agw* b*a?)ﬂlgl)* b*lxéz)ocgw*
1+ 2+ 1+ 2+
(kitky)  (ka+ky) (k1+k7) (ka+k7)
atxg >a£ )* azxé )aé )* b*a§2>a§1>* b*txéz)ocgw*
_ (k1+k*) (ko +k3) (k1+k3) (ko +k3)
B= | pelna® pul0a®  0@,80  0,8- |- (3:13¢)
(ki+k7) (ko+k7) (kq+k*) (kp+k*)
btxg >zx£2>* btxé )aéz)* mgz)agz)* cagz)txéz)*
(kitks)  (ka+k3) (k1+k3) (ka+k3)

(7 0)

The above solution contains only six complex parameters, kj, ay’, ay’,
j = 1,2. Obviously, it is less general than the nondegenerate two-soliton
solution (3.10a)-(3.10c) given above.

3.2.3 Nondegenerate N-soliton solution

By generalizing the procedure given above along with the more general
form of seed solutions,

N
st = Lagllen, ¢ =)ol @14
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where 17; = kjx + ik]2.t, gj=1lix+ il]zt, j=1,2,..,N, we arrive the non-
degenerate N-soliton solution of the GCNLS system (3.1). The following
general forms of matrices A, B, I, ¢ and Cs, s = 1,2, which are defined
below, constitute the N-soliton solution. They are defined as follows:

A, A Ky K
A—( . mn)’B—( \ mn)'m'm’,n,n’_l,z,...,N, (3.15)

Anm Ann’ Knm Knn’
T
¢ = (6’71 en . . elIN b ef2 e‘:N> p
C=- (0451) (xél) . zxﬁ) 00 . . 0) ,
G=-(00..0ad" a2 .. a?),0=(00 0),
where
eﬁmJﬂ’l;/ eiy,,ﬁ—éz e§n+§;/ e’ﬁ“’gm

Amml = m, Amn - m/ Ann’ = (ln +l;/)’ Anm (k; +lm)’

P acx,(ﬁ)*ocg,) X :b*ag,})*ac,(f) X /:cocglz)*ué,(f,) X :ba,(f)*oc,(,})
= e Ea) T Rl T T L) T L)

and I is a (N x N) identity matrix. The resultant N-soliton solution
contains 4N-complex parameters, k]-, lj, “51 ), and ocgj ), j=12,.,N.

3.3 Collision dynamics of nondegenerate solitons

We find that the nondegenerate solitons of the GCNLS system (3.1) display
interesting collision properties depending on the strength of the FWM ef-
fect along with further choices of the velocity conditions. We observe that
they exhibit two types of collision scenarios, namely novel shape changing
collision and mere shape preserving or shape altering collision for equal
velocities k1 = I11, ko1 = Ip;. The novel shape changing collision essen-
tially occurs among two nondegenerate breathing soliton states when the
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FWM effect is strong. However, for low strengths of FWM effect we en-
counter a mere shape preserving collision. To explain these collision prop-
erties we again perform appropriate asymptotic analysis, as we have done
earlier for the Manakov case. Such interesting collision properties can be
analyzed by obtaining the asymptotic forms from the two-soliton solution
(3.10a)-(3.10c).

To do so, we consider the parametric choices kjg,ir > 0, j = 1,2,
kir > ko1, Iy > Iy, k1ip = liy and kp; = Ip;, which correspond to the case
of a head-on collision between the two breathing nondegenerate solitons.
In this situation these two breathing solitons S; and S, are well separated
and subsequently the asymptotic forms of the individual solitons can be
deduced from the solution (3.10a)-(3.10c) by incorporating the asymptotic
nature of the wave variables 17;r = kjr(t — 2k;;z) and ¢jr = Lir(t — 2l;1z),
j = 1,2, in it. The wave variables 7;g and §;jr behave asymptotically as (i)
Soliton 1 (51): #1r, €1r = 0, 12r, Gor — Foo as z F co and (ii) Soliton 2
(52): 2R, C2r =~ 0, 111R, C1r — Foo as z = co. Correspondingly these results
lead to the asymptotic forms of nondegenerate individual solitons as given

below.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic forms of breathing nondegener-

ate soliton states are deduced from the two soliton solution (3.10a)-(3.10c)

as below:
1 ; ‘
1= o= (el e cosh(Gu + #1) + el Eulcostne + sinh ] ), 616
1
1 ; j
2= 5= (C%zelg“ cosh(ijig + ¢, ) + ¢y €M [cosh 1 + sinh €1R]) , (317)
1

Dy = A} cosh(mig + &R + @3~ ) + A~ cosh(ir — E1r + @5 )
+A§f[cosh4>;* cos(n1y — €11) + isinhcp;’ sin(m; — ¢11))-

1- 1 c(ky ll)\ﬂél 1- _ 1, a(ly— k1)|“1 1— _
In the above, loh —Elogm ¢, 7 g(k1+k*—k*+l1 3 =
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(k5 —17) [aclky +15 12— b 2 (ky k) (1 +17)

12 )2
1— - 14 1- _ 1 ﬂ\fxl 1“(h+17)
= O 5 — ——
P T92 Tzlo8 ac(li—ky) [k +13 \2 9 =2l 8 P (e k)
(Pli _ 110 bagl)a?)*(ki‘-l-ll)z le [c|zx | (kl—ll)]l/Z le _1 b*le)|zx§1)|2(k1—ll)]
5 2 gb*ag”*af)(kﬁz;)f 11 (k1+l )(11+li‘) 7721 T 2L (kg Ak (k1) Y
2
P )V N vl U G S Y 11 Sl
12 (5 +17) (kg +K5) r 22 2U (g +)2(h+1) 772 1 (ke +k) (L +15) 17
. . . (1)
1— _ Mk —h[aclky+1 = [0 (ki +k5) (b +1)] 1— _ bflag ' [|ay”|
Ay @) 2k T I cand Ay™ = TPl

Soliton 2: In this limit, the asymptotic forms of q; and g, are deduced
from the two soliton solution (3.10a)-(3.10c) for soliton 2 as below:

1 . .
N = D (0%13”721 cosh(¢ar + gb%*) + C%;elézl cosh(#2r + 4)%)), (3.18)
2
1 ‘ ‘
g2 = o= <C%2_e1621 cosh(mr + (p%—) + c%;el’m cosh(&yr + ‘Pé_)>/ (3.19)
2

D, = A2 cosh(iar + &R + ¢35 ) + A3 cosh(ar — Car + ¢35 )
-I-A%_ [cosh 4)%_ cos(1p1 — &o1) + isinh (j)é_ sin(#21 — &a1)]-

Here,
2
c\k1—zz|2<kz—zz>|ll_zz|4\a§ 12 [aclky 15 12 (a5 ) oy 13 2 (k13— B2 (ky K7 (K] ko)

2_ —
¢ =1l \k1+z;\4(l;<+12)2(k2+1;)2(11+1;)2(12+z;)2 [aclky+13 12 (ka+15) — b2 (ky k) (K +k2) (b +17) ]

2- _ 11, \k1—k2|4|k2—11\2(k2—lz)[\b\z(kﬁ-kT)\kﬁ-kﬁ\2(k2+k§)(11+1T)(lf-i-lz)—ﬂC(k1+li‘)(k2+ll*)}
¢ =3zlo8 w11 Ry 1 1 F :

$3 = b+ +dp, dy = Ylogag R Ay = [aclky + [f2lky +
112 (ks 4+ 1) (k5 + 1) — [b]2 (L 4+ 17) (I + )] [aclky + I [ (ko 4 1) [y + I3[ (ko +
I3) — b2 (k1 4+ ki) (k§ +k2)], Ax = [aclky + I | (ka + 15) — |b[* (ke + k5) (K +
ko) (I + 17)] [ac(kf + 1) [ky + I [* = [b|* (ke + K5) (I + 1) (I + 1) | [1B]* (k1 +
ki) ky + k312 (k2 + k3) (I + 1) [+ 12 (2 + 1) + a2 kg + I Pk + 1 Pk +
5P —aclbP), g3 = g3 — ¢ +dy, dy = Ylog U PMIIEE
[aclky + 15 [2lky + 1 2 — B2 (1 +17)] [aclks + [ 12(K; + 1) — b2(ky + k) (1 +
) (15 + )] [aclky + B P(ky + 1) oy + 13 [2(ka + 1) — [B2(ks +K5) (K + k)],
As = [aclky + 2y + I5]2 — |b| (k1 + k)] [aclky + 2 (ky + I7) — [B]? (k1+

.\ (1% « —  b(ky—k)?(ko—1) (ki —15) (11 —1o)* (kg +K3)? (k3 +11)*A
KDk +k)(h+ )], 65~ = 2t s e Ae =

(K + )2 (k3 + 122 (05 + )2 [[bI2(ky + k) (K + ko) (h + ) (1 4+ 13) — ac(k; +
W), A7 = bRk + k)t + K5) (h + ) (1 + b) — ac(ky + )], 92~ =
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1 a(l—ka)|as" Py —ka |4 k11 g _ |2 2
2198 Gy ks Pkl i +anas 7 = L6l 1Pl + BP0 + B) (kG +

) = [bP(h + ) (5 + )], As = [aclky + (k] + L) — b2 (ky + kp) (I +

R — c(ko—1) oS Pl(ky =1) P |l — o [A R
D +R)] ¢ = 318 o a4 = bR+

ki) (ks + ko) (lh + 1) |l + l§|2(lz +15) —ac(ki + 17) (k§ + 12)], Ao = (ki +
1)?) (k1 + 13|l + 1 (1 + 15)2 (K = 1) (k2 + 13),
2 _ clhi=kePla=h) k|l ~P (a—1) 2 Plal Plaf” 1o e~ A
1 (k1+k*)2(k2+k*)2|k1+l*|4(k2+l*)2(l1+l*)2|k1+l*|2\11+l*\2(k2+l*)(lz+l§)’
I[* (k2 +17) — b (ks + k) (K +ka) (1 + l*)} [aclr + Ik + 17) k1 + 1517 (ko +
15) = [b]*(k1 + k1) (kf + K2)],
2= b clki—ka [Pl 11 P lka =11 (ki — 1) (ko 1) (11 — 1) 2| 2] 2 oSV |a$? A

€21 = Ttk kP 1) 2 (k1) (ka3 ) a4+ 1 Pl 5 )2 (ks )2 (k*+zz)(z*+12)2'/\12 =
1
6P (k1 + Ik + kaP(ka + k) + 1)1 + 1) — aelly + 1)k + 1)),
2= _ ablki—ko 2l = 20 1) (k=) by~ (ko =) [l —a Py P 20 jag? | Ay _
‘2 T T+k ’1‘+k2)2(k1‘+ll)(k1+li‘)2(kz+li‘)2(11+lf)|k1+1§‘|2|11+l§|2(k2+k*)(lz+l*) 13—
[[b]2 (k1+k;)(k;+k2)(zl+l;)|11+l;|2(12+l;)—ac(k*+zl)(k*+lz)] L2 =
ﬂ|k1*k2\2|k1*12|2\k2*l1|(krlz)(szlz)(lrlz)zmgl)|2\0‘§2)\2|“ |0€ A14 Aoy — [|b| (k +
(ki k) 2k k5 Tk 15 B (G112 (K + )2 (koK) (5 + ) 2k T I 2 (kg + 1) 7 14 — 1
kD) (I + 1) (I + l) — aclky + 1§ [P (k5 + 1) ] [aclky + 1§ [P ko + 17 2 (k5 + 1) (5 +

L) — b (h + ) (I + 1))

)\11 = [ac|k1 +

(b) After collision: z — +o0

Soliton 1: In this limit, the asymptotic forms of q; and g, are deduced
from the two soliton solution (3.10a)-(3.10c) for soliton 1 as below:

1 .

g = D+ (c11 e cosh (&g + ¢1+) + chy €1 cosh (1R + (,b?)) , (3.20)
1 .

g = D+ (012 e cosh (&g + g ) + chy €1 cosh (i1 + ¢%+)> , (3.21)

D} = AlJr cosh(mg + &R + 4>1+) AYt cosh(iir — &R + 47H)
+ A" [cosh ¢t cos(ni — Ep) +isinh g™ sin(i1; — &11)]-

(2))2
1+ _ 1 c(ky=h) ko=l *[h =L [*|ay” 2 _ |2 %
" = 3108 g e T sy M1 = ek H PG+ ) ke +

12(ky+13) = [bI* (k1 + k3) (ko + k3)], Ap = [aclky + 15| (ky + 1) — [bI* (ky +
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\ A o] el 1 14 (k=1 [k — 122l 24
k) ko +k3) (2 +15)), 927 = 2108 S T hy 06 70776+ BF TP

= [ (ky + kD) k1 + k52 (ko + K3) (Il + 1) (I + 13) — ac(ky + 15) (ka +
o1 1 R [aclka 132 (ky +13) — b2 (k1 +K3) (ko +k3) (413 |
D)3t =¢" + ¢yt e ol = P T BT |b|2(k1+kz><kz+k;>'

M=PM@+mw+qPrmerwa+mm+ﬁﬂ [m@+

) (ks + 1) |k + 152 ko + 1312 = (B2 (L +13) (I + 13)], ¢? 1+,
*|2 * |2 *

¢ = llo A e AU ECN ~ Tae(ks + (K + b) (ks +

A [aclko+1; 2 ko +13 12— |b[2 ]

13) — |b]2(k2 +k5) (L +13) (1 +l§)} [ac]kQ + l§| (ki +13) — \b\ (b +13) (k1 +
;)(kz +k*)], A7 = [ac(k{ + ll)(k§ + ll)|k* + lz|2|k* + lz|2 |b|2(l1 + l*)(12 +
15)] [aclk + I[P [ka + 131 (ke + 5 ()§k<1)+ I3) — [b]*(ky +K3) (k2 + k3)], ¢5 ™ =

2k 7% (1 sl

i S B 0= B )

L) (L +13) —ac(k; + 1) ] (k; +k2)2(kT +0)? (ks +1)% Ao = [[b](kj +k2) (k5 +

ko) (IF + L) (I3 + I) — ac(ky + 13)] (ky + k3)2 (k1 + 17) (ko + 17)?,

(D2
1+ _ 1 alky—ka|* (kg —1) [ky =L ||y [* A - * *
6 2log (k1 k7 )2 [k ks[4 (K +11)2 (K +12)? (ki +15 )2 A2 A = [ac(kl +1h)(k; +

I+ Pl B2 B +15) (0 15)], Ay = [ac(l + L[ + Lo —

5 " « " 1+ 1 (k1—11)|k2—11\2|11—12|4(k§—l§)|“(2)|2A13
6] (kztlz)(ll +) zllz)(lﬁ'{f)}' 7 = 2108 G U PO ) (b7 BB
A14=Elki<—k§ ll-i-l; ,

o+ — C(kl—kz)z(kl—lz)(k1—11)|k2—lz|2\k2—11|\11—12|2“§1)Mz)H | \fx \2A15

m (k1+k§)2(kz+k§)2(k§+lz)2(k1+l§‘)2(l1+li‘)2(lz+li‘)2(k§+l1)(k1+l*)(kz+l*)(11+1*)|11+l§‘|2’
A5 = [ac|k2+l§|2(k1 +l;‘) — |b|2(k1 +k§)(k2 +k§)(lz+l;)} [ac|k2+li‘|2(k1 +
17) (ks + 1) (ky + 1) (ko + 13) — |b]2 (ke 4+ k) (k2 + K3)],
(e Vel —ka (k=) (k=) (ka—1a) (ky ~1a) (1~ 1) (k=13 (k3 — 1)l o5 PJy” 2

21 T T (k) kK5 2kt k) (R 1) 2 (K, 1) [ky +13 P (s + 1) 2 (ko4 1) (412 (o152 7
Ao = [|b[*(ky 4+ K5) ke 4+ K52 (ko + k3) (11 4+ 13) (I + I3) — ac(ky + 13 )(kz +
l*)} ol — ﬂb(kl—k2)2(k1—11)|k2—ll\(kl—lz)|k2—12|2\11—lz|2(k§—l§)“§1>|"‘§2)\|“ |2 \"‘ \ZA
2707712 7 (kg +k3)2 (ko+k3 )2 [k +1 [ (ke +15 ) (I +15) (k3 +1) [+ 1512 (ko +13)2 (L +15)2 (ke +15 )27
A1y = [|b|* (k1 +k5) (ko +K3) (L 4+ 1) |15 + B2 (b + 1) — ﬂc(k* + 1) (k3 + 1)),
1+ alki—ko2(ky—1) (ko= 11)|k1*lz\(szlz)(lrlz)zw(l)||“(2>|\0¢ 205 P _ .
22 = otk o R B2+ (05 + ) B PRt e O18 = (2 +
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L) (ki +13) (k2 + 13) = b (Il + 15) (I + 13) ]

Soliton 2: In this limit, the asymptotic forms of q; and g, are deduced
from the two soliton solution (3.10a)-(3.10c) for soliton 2 as below:
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Ficure 3.7: Interaction between two breathing nondegenerate soliton
states is demonstrated by fixing the parameter values as 2 = ¢ = 1,
b=06+0.6i, ki =1.5+05i, 11 =045+ 0.5, k = 05—i, b = 1.3 -1,
ol =055, iV = 0.5+ 050, al® = 045+ 045/, and a{? = 1 +1.

q1 = D (Cn ¢ cosh(&ar + @7 7) + 51 € [cosh 7ok + sinh 772R]>/ (3.22)
g = D1+ (Clz el cosh(#2r + 47 )+ c%fei’m [cosh &k + sinh CZR]), (3.23)

Dy = A3 cosh(iar + Cor + ¢57) + A3 cosh(ior — Eor + 7 71)
+AZT [cosh ¢t cos(ar — Ear) + isinh g2t sin(i721 — &)

(2) 2 2
24 _ 1 clka—1p)|ay”| 2+ 1 a(la—ky) |tV | 2+
In the above, ¢7" = log Ly P2 =2 log —(k2+k*) k)
2 ot 1 K [acko B P bR k) (b+E) ] o g a“xz 2 (1p15)?
P17+ 5 +5log ac(l—y) ko + B 2 ¢y = zlog c|1x |2(k2+k*)
2 = 1log W0 (54 2 _ el Plo—b)yn 24 1pbielng) Plla—h),
5 T 2 gb* () ()(k +15)2 7711 (ko+13) (I +13) 7721 2 (k2+k§)(k*+lz) ’
2 = ol 2 2)71/2, 2 _[baé”mf)vaz—kz)] A =, = [l Rl Py
12 = (k*+l2)(k2+k* 0 = 20U (ky+5)2 (I 4 13) 2 (ky+k3) (I +13) 17

* * * 1
A2+ — Aalko—bllaclko tB b2 (ko tkg) (a2 g a2 [ollag e
1 (ac) 2 [k + 132 3 ko152

The above analysis clearly indicates that there are definite changes in
the asymptotic forms of the nondegenerate solitons. The profile change of
a given soliton S (or Sy) during the collision can be confirmed from the
changes that occur in both the constants, c}ki, i j,k =1,2, and as well
as from the phases, qb}i, qbfi, j = 1,2,3,4,5. This implies that the struc-

tures of the nondegenerate solitons are not preserved during the collision
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F1GURE 3.8: The collision among the two double-hump solitons is demon-
strated for low strength of FWM effect. To draw this figure we fix the
parameter values as a = ¢ = 1, b = 0.15+0.15;, k; = 0.333 + 1.5,

I = 0315 + 1.5, ky = 0315 +2.2i, I = 0.333 + 2.2i, a{") = 0.6, a{") = 0.6,

o) = 0.45i, and a?) = 0.45i.
process. However, the period of oscillation, T, = k]Zsz”ZZR, j = 1,2, remains
constant during the entire evolution process. A typical shape changing
collision is demonstrated in Fig. 3.7. From this figure, we observe that the
two breathing nondegenerate solitons are well separated and their struc-
tures definitely get drastically varied during the collision. The intensity
of breathing nondegenerate soliton, say Sy, is enhanced in both the modes
g1 and g whereas the reverse, that is suppression of intensity, is occurs
for soliton S,. For strong FWM effect, such shape changing collision hap-
pens among the two breathing soliton states. It is difficult to calculate
transition intensities in order to characterize this shape changing collision.
However, a mere shape preserving collision or shape altering collision is
observed for low strengths of FWM paramater b. This collision scenario
is demonstrated in Fig. 3.8, where the two asymmetric double-hump soli-
tons preserve their structures after collision. In this situation, the phase
terms and all the constants do not contribute significantly in the collision

dynamics.
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FiGure 3.9: Degenerate soliton collision induced Type-I shape changing
behaviour of the breathing nondegenerate soliton state is illustrated by
fixing the parameter values asa =c =1, b = 0.6 4+ 0.61, k; = 1.5+ 0.5i,

Iy = 045+ 05i, ky = 15— 0.5i, I, = 1.5 — 051, !’ = 055, a{") = 05+
0.5, ) = 0.45 + 0.45i, and a\?) =1+ 1.

3.4 Degenerate soliton collision induced shape

changing property of nondegenerate soliton

In this section, we discuss the collision between degenerate and nonde-
generate solitons admitted by the partially nondegenerate two-soliton so-
lution (3.12a)-(3.12c) of the GCNLS system (3.1) in the partial nondegener-
ate limit ky = I; and ko # I. The following asymptotic analysis ensures
that there is a definite energy redistribution occurs among the modes g;
and g». As a consequence, we observe two types of shape changing col-
lisions. We call them as Type-I and Type-II shape changing collisions. In
Type-I shape changing collision, the intensity of the nondegenerate soliton
Sy is enhanced in both the modes whereas in Type-II shape changing col-
lision it is reversed. That is the intensity of the nondegenerate soliton S, is
suppressed in both the components. During these kinds of collisions, the
degenerate soliton S; loses (or gains) energy to (or from) the nondegen-
erate soliton. To characterize these collision scenario, we perform suitable
asymptotic analysis, as given below, and obtain the asymptotic forms for
both the solitons S; and S,. To do so, we incorporate the asymptotic na-
ture of the wave variables 7;r = kjr(t — 2kjjz) and {or = Lr(t — 20212),
j = 1,2, in the solution (3.12a)-(3.12c). Here also the wave variable 771
corresponds to the degenerate soliton S; and #2g, Cor correspond to the
nondegenerate soliton Sp. In order to find the asymptotic behaviours of
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Ficure 3.10: Degenerate soliton collision induced Type-II shape changing
behaviour of the breathing nondegenerate soliton state is illustrated by
fixing the parameter valuesasa =c =1, b = 0.6 +0.67, k; = 1.5 - 0.5i,

Iy = 0.45—05i, ky = 1.5+ 0.5i, , = 1.5+ 051, al") = 055, a{") = 05+
0.5, a\?) = 045+ 0.45i, and a{”) = 1+ 1.

these wave variables, we consider the parametric choice as kg, kor, lor > 0,
kit > 0, koy,lo; <0, ki; > koj, ki1 > Ir;. For this choice, the wave vari-
ables behave asymptotically as follws: (i) degenerate soliton Si: 71r ~ 0,
Mar,GoR — Foo as z — Foo (ii) nondegenerate soliton Sp: #ogr,Cor =~ O,
MR — Foo as z — Foo. By incorporating these asymptotic behaviours
of wave variables in the solution (3.12a)-(3.12c), we deduce the following
asymptotic expressions for both the degenerate and nondegenerate soli-
tons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic form for the degenerate soli-
ton deduced from the partially nondegenerate two soliton solution (3.12a)-
(3.12¢) is

AL
= kireMisech(mig +¢7), j=1,2, (3.24)
Ay~

where A}.* _ agj)/(a|“§1)|z +c|a§2)|2 +ba§1)a§2)* n b*agl)*agz))l/z,j _

12 I 1ln (a|a§1)|2—|—c\a§2)|2+b1x§1)a§2)*+b*a§1)*a§2))
7“7 - 2 (kl_’_kT)Z

script 1— denotes soliton S; before collision and subscript j refers to the

. Here, in A}* the super-
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mode number.

Soliton 2: The asymptotic expressions for the nondegenerate soliton S,
which is present in the two modes before collision are obtained as

1/ - - -
n=5 (Hne"m cosh(&2r + @7 7) + p21€“2 cosh(112r + @3 ))' (3.25)

1 ; j
2=75 (szé’lgz’ cosh(ij2r + @7 ) + p12e™! cosh(Gar + G‘%)) , (3.26)

D = A2 cosh(iar + &R + §37) + A3~ cosh(ijar — Er + ¢27)
—H\é’ [cosh (,b%* cos(1a; — Go1) + isinh cpg’ sin(12; — &ar1)]-

|k1_l2|2(k2—l2)|[x£2>|2x1 B B
ki +12)? (ki +13)? (ko +13)% (I +15 )2 x2” X1 = [ac(kl
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_ VAsX9(ki—1)(ko—1>) |0¢£1> |“£2)
H22 = +k7)2 (ky +k2)? (k1 +k3) (ko+k3 ) (ki +-12) (K +12) 7

/\2— VX 3|k1*k2\\krlekZ*le“él)H“£2)|
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A = Vaaxslay |k | and 12— —  lk—kallky—Dol[5"||a”)

(k)2 +h5 12 (kK3 (B 5 (ky 12)2 = Tt k)2t Pk 3 Pl A P

(b) After collision: z — +o00

Soliton 1: The asymptotic forms for degenerate soliton S; after collision
are deduced from the solution (3.12a)-(3.12¢) as,

ATt
Jr .
g; ~ It esech(ir +¢7), 1= 1,2, (3.27)
Ayt
_ A 1+ _ — 1 lk1—ka|2|k1—1p|*Ag
where AT = AL A 5 _
L VAsA 2 \/A3A4 97 =5l 8 ok 2l k3 4kt 15 4 A

A

Ay = [aclky + 152 — [b]? (k2+k*)(zz+1)}A (ky — ko) [ac(ky + 13) ky +
12 = b2k +K3) (ka +5) (T2 + )y — b (ko +K5) (k= ) (k5 — 1) (k2 +
'], As = a\kl_k212\a§1>\2[acyk1+zgy lky + 122 — \b|2(z2+1;>(k1k2(k;ﬂ+

\/
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(ki +kp) (k1 —12)
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(k3 —k3)2 (k1 +k3) (k5 — l*) (ki+13)

generate soliton S; after collision.

. Here 1+ in A]1.+, j = 1,2, refers to de-

Soliton 2: Similarly the expression for the nondegenerate soliton, S,
after collision deduced from the two soliton solution (3.12a)-(3.12¢) is

1 . .
= B (dne”m cosh(&r + ¢1) + dope®2 [cosh 75k + sinh 172R]) ,  (3.28)

02 = % (dlzei‘;” cosh(12g + ¢2) + dxe’ [cosh &g + sinh CZR]) , (3.29)

D = Aj cosh(#ar + Cor + ¢3) + A cosh(#2r — Car + Pa)
+Aj [COSh (P5 COS(1721 — 621) + isinh (P5 Sin(ijzl — (:2[)].

11, clka—b)ad 2 11, all—ky)[ay?
Here, g1 = 3108 (i iy 92 = 2108 iy @9 = 91+ 92+
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(e +a) (o +5) =3l (k2 t13 2 (L +1) (ko +k3) (B+13)
Aalka—lalfaclky + 52 b (ko k) (1)1 g (bl g
(ac) 72l 152 / MR

7

N =

The above results confirm the energy redistribution that occurs among
the two modes g; and g4». Such a novel collision property is displayed
in Figs 3.9 and 3.10. From figure 3.9, that is in Type-I collision, one can
observe that the intensity of the degenerate soliton S; is suppressed after
collision in both the modes. In contrast to this, the intensity of the breath-
ing nondegenerate soliton S, gets enhanced in both the modes g; and g».
In addition to the latter case, we also noticed that the nondegenerate soli-
ton loses its energy when it interacts with a degenerate soliton in Type-II
collision, which is illustrated in Fig. 3.10. In the nondegenerate case, the

phases, 4)]2_, j=1,2,..,7 and the constants Hiks j,k = 1,2 are in general not
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Ficure 3.11: Manakov type shape changing collision among the two de-
generate solitons.

Ficure 3.12: Mixed type shape changing collision among the two degen-
erate solitons.

preserved during the collision. Consequently, the shape of the nondegen-
erate soliton is changed into another form of breather with low oscillations.
One can confirm it from Fig. 3.10. To characterize these collision scenarios,

we obtain the expression for the transition amplitudes,

A A
T11 . 1X3 T21 . 2X3

Dégl) V A3A4, 0652) vV A3A4 '

In general, the above expressions are not equal to unity. If the quan-

(3.30)

tity T]l is not unimodular then the degenerate and nondegenerate solitons
always exhibit shape changing collision. These new kind of collision prop-
erties have not been observed in the Manakov case as well as in the degen-
erate vector bright solitons of the GCNLS system [119].

Next, for completeness, we illustrate the two types of pure degenerate
soliton collisions for two different choices of SPM and XPM coefficients, (i)
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a,c > 0, and (ii) a > 0, ¢ < 0, for arbitrary values of FWM b values. In
Fig. 3.11 we demonstrate the first type of degenerate two-soliton collision
for the parametric choices a = c =b =1, k; =1—-0.5i, ko = 0.5+ 0.5,
a\V = 05-05i, 0\ = 08+0.25i, ) = 05+0.5i, a{”) = 0.9. It is evident
from this figure that the degenerate soliton S; undergoes an enhancement
in its intensity while the soliton S, gets suppressed in the g; mode and the
reverse process takes place in the g mode. This type of shape changing
collision behaviour is not possible in the single component NLS system
but it is similar to the one observed in the Manakov case. Another type
of shape-changing collision among the two degenerate solitons is depicted
in Fig. 3.12 for a = b = 1 and ¢ = —1 with other parameters same as the
one fixed in Fig. 3.11, where a given degenerate soliton shows same type
of shape change in both the modes.

3.5 Conclusion

In this chapter, we have systematically derived the nondegenerate one-
and two-soliton solutions for the general coupled nonlinear Schrodinger
system using the standard Hirota bilinearization method. The role of four
wave mixing nonlinear effect on vector nondegenerate Manakov type soli-
tons has been understood by analysing the obtained nondegenerate soli-
tons. The nondegenerate one- and two-soliton solutions of GCNLS system
have been given in a compact way using the Gram determinant forms.
Due to the effect of four wave mixing nonlinearity on vector nondegener-
ate solitons of Manakov type, they exhibit breathing behaviour in both the
modes. We have given the N-soliton solution for the GCNLS system by
generalizing the one and two nondegenerate solitons. Also the nondegen-
erate solitons of the GCNLS system have shown very interesting collision
properties. In general they undergoes shape changing collision when the
strength of four wave mixing nonlinear parameter is high enough. Further
they undergo shape altering or mere shape preserving interaction when
the strength of four wave mixing nonlinearity is low. We have deduced the
partially nondegenerate two-soliton solution from the pure nondegenerate
two-solitons by fixing the wave numbers appropriately. In such a case,
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we have analysed the degenerate soliton collision induced shape chang-
ing collision of nondegenerate soliton. Then the well studied degenerate
solitons have been regained by making the wave numbers identical in the
one and two nondegenerate solitons of the GCNLS system and then their
interaction properties are identified.
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Chapter I

Nondegenerate solitons in two

component long-wave short-wave

resonance interaction system

41 Introduction

As we have pointed out in the earlier chapters, the study of nonlinear wave
interactions is very important and interesting in various field of physics
such as plasma physics, hydrodynamics, nonlinear optics and so on. In
these areas, nonlinear wave interactions have been observed under various
physical situations. One such important wave interaction has been iden-
tified in hydrodynamics under the so called resonance conditions. Reso-
nance is a natural phenomenon which occurs in both linear and nonlinear
dynamical systems under special conditions on the frequencies [1]. This
parametric process has been widely observed ranging from simple har-
monic motion in mechanical systems to more complicated ultra-short pulse
dynamics in optical systems. In this connection, the interaction among
the nonlinear waves induces one such fascinating resonance phenomenon
called the long-wave short-wave resonance interaction (LSRI) modelled by
a set of coupled nonlinear Schrodinger type equations (4.1). Soliton forma-
tion essentially takes place in the evolution equations of SWs, that is the
tirst two of the equations in Eq. (4.1) below, due to the interplay between
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the nonlinearities and their corresponding dispersions, namely second or-
der spatial derivative terms. The nonlinearities arise in these equations
while the long-wave interacts with the short-waves. At the same time,
the self interaction of the SWs defines the soliton formation in the long-
wave evolution equation as specified by the last of the equations in Eq.
(4.1). Physically the system (4.1) appears whenever the phase velocity of
the long-wave (v, ) almost matches with the group velocity of the short-
waves (Vg sy = fli—‘;(’). This resonance condition is called Zakharov-Benny
condition. Later this LSRI process has been reported in the nonlinear op-
tics context also, especially in an optical fibers. In this chapter, we intend
to derive a more general form of bright soliton solutions for the following
LSRI model, namely two component long-wave short-wave resonance in-

teraction system/two component Yajima-Oikawa system.

The plan of this chapter is as follows: In Section 4.2, we present the non-
degenerate one- and two-soliton solutions of the system (4.1) apart from
pointing out the existence of partially nondegenerate soliton solution. In
this section, we also discuss the various properties associated with the non-
degenerate fundamental solitons of Eqn. (4.1). Section 4.3 deals with the
investigation of the three types of elastic collision scenarios with appro-
priate asymptotic analysis and suitable graphical demonstrations. The de-
generate soliton collision induced novel shape changing properties of the
nondegenerate soliton is analysed in Section 4.4. In Section 4.5, we point
out that the degenerate one- and two-soliton solutions can be captured as
a limiting case of the nondegenerate one- and two-soliton solutions under
appropriate wave number restrictions. Then we bring out the energy shar-
ing collision of degenerate solitons. Finally in section 4.6, we have given
the analytical form of nondegenerate three-soliton solution using the Gram

determinant form.

4.2 Nondegenerate soliton solutions

We have pointed out in chapter 1, that the two component long-wave short-

wave resonance interaction system can be written as,
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2
ist) 450 +1sM =0, is?® + 5@ +1s®@ =0, L, = Y (ISVP2),.  (@&1)
=1

In the above, L is the long-wave and SW’g, 1 = 1,2, are the short-waves.
The suffixes x and t denote partial derivatives with respect to the spatial
and temporal coordinates, respectively.

We construct the nondegenerate multi-soliton solution by bilineariz-
ing Eq. (4.1) through the dependent variable transformations, S!)(x,t) =
g0t [=1,2,L = 2% In f(x,t). This action yields the following bilinear

flxt) ”
forms of Eq. (4.1),

2
Dig" - f=0,1=12 Dof f=Y [s™], (42)
n=1

where Dy = iD; + D% and D, = D,D;. Here D; and D, are the Hirota
bilinear operators defined by [155]

d a\"/o 3\
DDt = (52— 5 ) (5= a0 ) *EOWED_,

In principle, the soliton solutions (with vanishing boundary condition
SO 50,1l =12and L — 0as x — =o0) of Eq. (4.1) can be de-
rived by solving a system of linear partial differential equations (PDEs),
which appear at various orders of € while substituting the series expan-
sions g(!) = egil) + e3g§1) +., 1 =12 f=1+€ef +e*fy+ .. in the
bilinear forms (4.2). The explicit forms of the functions ¢(!)’s and f lead to

various soliton solutions to the underlying LSRI system (4.1).

4.21 Nondegenerate one-soliton solution

To derive the nondegenerate fundamental soliton solution we start with

the more general form of seed solutions,

g\ =allen, ¢ = a®elt py = kix+ ik, & = hx+i}t,  (43)
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(),

where a; s, k1 and [; are arbitrary complex constants, for the lowest order
linear PDEs,

ig" + ¢t =0, ig? +¢? =o. (4.4)

From the above, one can notice that the functions ¢g(!) and ¢® consid-
ered in Eq. (4.3) are two distinct solutions. This is because of the inde-
pendent nature of the two linear PDEs specified above in Eq. (4.4) and so
their solutions should be expressed in general in terms of two independent
functions as given in Eq. (4.3) above with arbitrary wave numbers kq, [,
where in general k; # [;. The general forms of the seed solutions with dis-
tinct propagation constants will bring out a physically meaningful class of
fundamental soliton solutions as we describe below. Such a possibility has
not been considered so far in the literature for the (1 4 1)-dimensional inte-
grable two component LSRI system as far as our knowledge goes except in
our earlier papers [77-79, 84, 160]. What has been considered so far is only
the restricted class of seed solutions, that is the wave number restricted
seed solutions, namely ggl) = agl)e’h, giz) = agz)e’h, m = kix +ik3t (one
can get this set of seed solutions straightforwardly by setting the condition
ki = l; in (4.3)). Even such restricted seed solutions have been shown to
yield interesting energy sharing collision properties of solitons [161]. So
what we emphasize here is that the vector bright solitons reported so far
in the literature are achieved by considering such a limited class of seed
solutions only. With the general forms of seed solutions (4.3), we solve the
following system of linear inhomogeneous partial differential equations:

0(e) :0=10, O(?) : D2(1 fot for1) = gVgl" + 578", (4.5)
0() : Digl 1= —Digl" - £, (4.6)
€):Da(1-fy+ fy-1 2f2 f2 81 83 83 &1 81 83 &3 g1 , (47)
o(e): Dlgél) : ( ' fa +83 fa), 1=1,2, (4.8)

O(€®) : Dy(1- fo+ fo- 1) = —=Da(fa- fo+ fo - fa) +8§1)8§l)* +g§1)3§1)* +8§1)8§1)*
+g( )géz) +g(2)g( )* +g§2)g§2)*, (4.9)

and etc. By doing so, we find the explicit forms of the unknown
functions f,, ggl), I = 1,2, and fy as fo = enTnm+Ri  litéi+Ry gél) =
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* 2 * * *
eMm+e1tei+Ar gé ) — oltm+ A fq =entn +8+6+Rs where

1 2 . (1 2
N ¥ G O S " ) O N ¥ . ol
2i(k1+l(<21‘))2((lg—k1‘)’ (L1152 (L)’ (1)2(1(1(;11*)(11—1;)(11+11*)2'
oo 0PlPl) Ry 0 Pl Pliy = 2 We

—2(kj+h) (kg —ky) (ky+k)2 Al (k) (1) (k)2 ()2
note that the right hand sides of all the remaining linear PDEs identically

vanish upon substitution of the obtained functions ggl), gél), I =12, f
and f4. Consequently, one can take gél) = ggl) =.=01=12 and
fo = fg = .. = 0. Thus in the series all gfl) = 0 for i > 5 and all
fi = 0, j = 6. Therefore, ultimately the series converges at the O(e®)
in the function ¢\!) (x, t) while the series terminates at the O(e*) in f(x, t):
g = eggl) + e3g§l), 1=1,2, f = 1+€>f, +e*f4. We also note that the small
parameter € can be fixed as 1 (as it can be subsumed with the parameters
chl) and ocgz)), without loss of generality. Thus the above procedure makes
the infinite expansion to terminate with a finite number of terms only and
hence the solution can be summed up into an exact one. Finally, the resul-
tant explicit forms of the unknown functions constitute the nondegenerate
fundamental soliton solution for the system (4.1), which reads as,

Sy p) — 851) +g§l) B vcgl)e’ﬁ + eMte1tei+A 410
(x8) = T+ fo+fr 14 entH+RI L p6+8T+Ry o o+ +81+87+Rs” (4.10)
SO x ) g?) +g§2) B w§2)egl + b1t +02 1
(x ) = T+ fot+fi 14 entntRi g poi+6+Ry o ot +E++Rs” (@.11)

2
L(x, ) = za% In(1 4 M HI+R | B4R | gt +E+E Ry (4.12)

Using Gram determinants [162, 163], we can rewrite the above soliton
(1) (2)
solution in a more compact form as s = gT’ 52 = gT’ L= 2% Inf,

where
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St gt
(k1 -H(T) (k1 -HT)
€§1+'7f o1 +&1
(ll+k’{) (ll+lf)
—1 0
0 —1
0 0
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(k1 -Hq) (k1 -HT)
L1ty Gt
(ll-‘rkT) (ll-‘rli‘)
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2i(B—132)

0 P 0

1 0

0 1
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% 0
2i(k2—k3?) )

0 a2

2i(B-12)

We find that the above forms of Gram determinants satisfy the two

component LSRI system (4.1) as well as the bilinear equations (4.2). In

order to analyse the various special properties of the nondegenerate one-

soliton solution of Eq. (4.1), we obtain the following expression for the

one-soliton solution by rewriting Eqgs. (4.10)-(4.12) in hyperbolic forms,

s — Hary k1 Aye/0nt3) [cosh(81r + @1r) cos @iy + isinh(§1g + @1r) sin 1]

. (416)
[a11 cosh(i1r + G1r + @1+ @2+ 1) + é cosh(71gr — &1r + @2 — 1 + ¢2)]

52 _ 4l y/Ti1 A2eCut3) [cosh(1r + @ar) cos @a + i sinh(171g + @ar) sin @a] 417)
[a12 cosh(iir + E1r + @1+ @2 +¢1) + % cosh(i1r — C1r + @2 — @1+ C2) ]

_ 4kfg cosh(2G1R + 291 + ¢4) + 417 cosh(2y71R + 292 + ¢3) + %eRéf(RﬁRﬁRg) (4.18)

[A cosh(nir + &1r + @1 + @2 +¢1) + A~Lcosh(1r — E1r + @2 — @1+ 2)]%’

eRs = d(kg + 11r)2eR + 4(kig — lig) 2N TRz,
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1

(k1-17)2 _ (k=1) _ 1 lk1—1| _1 (k1
,a1p = 112 A= _lo L, 51o
(k: +11)% 12 (ky+17) 8 i+ & (h—h)
_ 1 (k1 — 11)(k +h) _ 1 (I3 —k)) (ki+1h) _ 1 (ki —17) (k1 +17)
o lo log

(k1) (ky+17)” 2 (ki +15) (i —k1)” (ki+h)(ki—11)”
MR = klR(x — 2kqrt), m1 = klIx + (g = kDt §1R = llR(x —2Iy1t), G11 =
hix+ (Bg — Bt Ay = [(xl /oc1 2, Ay = 1[ oy /le “11/2, and the other

constants can be calculated using the constants that are defined below Egs.

z*)

NI=| Nj=

where a1 =

7

(4.10)- (4 12). Here, @1r, @2r, @11 and ¢ are real and imaginary parts of
p1 = A1 pl and ¢, = Az;pz/ el = (xgl), | = 1,2, respectively and kg, l1r, k11
and [y denote the real and imaginary parts of k; and /1, respectively. The
four arbitrary complex parameters, ocgl)’s, I =1,2, k; and [, determine the
structure of the nondegenerate fundamental soliton solution (4.16)-(4.18)
of the two component LSRI system (4.1).

In general, the amplitudes of the soliton in the short-wave components
are 4k1rv/k11A1 and 4l1r+\/111 Ay, respectively, and their velocities in their
respective SW components are 2ki; and 2/j;. On the other hand, the
amplitude and the velocity of the soliton in the LW component mainly
depend on the real and imaginary parts of both the wave numbers k;
and [y, respectively. From the above, one can easily notice that the am-
plitudes of the SW components explicitly depend on the velocity of the
soliton. This interesting amplitude dependent velocity property is analo-
gous to the property of the Korteweg-de Vries (KdV) soliton of the form
u(x,t) = %sechz\/TE(x — ct). Here c is the velocity of the KdV soliton [1,
164]. Consequently, like the degenerate bright solitons, the taller nonde-
generate solitons also travel faster than the smaller ones, as pointed out in
Section 5 and in Ref. [161]. We note that the nondegenerate fundamental
soliton in the Manakov system does not possess this velocity-dependent
amplitude property [77, 78]. The solution (4.16)-(4.18) shows both regular
and singular behaviour. The singularity property of the solution is deter-
mined by the quantities eX1, eR2 and e®3. The regular soliton solution arises
for the case when both kq; and I;; < 0. In this case, the quantities, eR1, eRo
and e¢® > 0 whereas the solution (4.16)-(4.18) displays singularity for k;
and/or I;; > 0.

The nondegenerate one-soliton solution (4.16)-(4.18) is classified as fol-

lows depending on the choice of the velocity conditions:
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F1GURE 4.1: Five types of symmetric profiles of the nondegenerate funda-
mental soliton solution (4.16)-(4.18) with ki; = ;1 or (4.19)-(4.21): While
(a) represents double-hump profiles in all the components, (b) denotes
double-hump profiles in S™) and L components and a flattop profile in
S componenet, (c) indicates double-hump profiles in S() and L com-
ponents and a single-hump profile in S2) componenet, (d) represents
double-hump in S component, single-hump in 5 component and a
flattop profile in L componnet and (e) denotes double-hump profile in
S and single-hump profiles in both $?) and L components. The pa-
rameter values of each one of the cases are as follows: (a) k1 = 0.25 — 0.57,

h = 0315—05i, 4\ = 05+0.5i and «\? = 0.45+0.5i. (b) ky = 0.3 — 0.5,

L = 0425 —05i, ! = 043+ 055i and &\ = 045+ 045i. ()

ki = 0315—05i, 1 = 0.5—0.5i, a!’) = 05+ 05i and a\? = 0.45 + 0.45i.

(d) ky = 0315 —05i, I = 0.545 — 05i, ol = 05+ 05i and a\¥ =
0.45 4 0.5i. (e) k; = 0.315 — 0.5i, I; = 0.65 — 0.5i, «\Y) = 0.5 + 0.5i and

1
) = 0.45+0.5i.
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(i) For ki = I;;, we designate the one-soliton solution as (1,1, 1)-soliton
solution, where all the components (S, 5@ L) consist of only one soliton
with double-hump or flattop or single-hump structured profile.

(i1) On the other hand, we refer the solution (4.16)-(4.18) with ky; # I1; as
(1,1,2)-soliton solution, where both the short-wave components S (1) and
S(2) possess one humped localized structures only while the long-wave
component contains two single-hump structured profiles like the 2-soliton
solution of the NLS equation. We will discuss each one of these cases
separately in the following.

In the equal velocity case, the soliton in the SW components propa-
gates with identical velocities but with different amplitudes. For this case,
the imaginary parts of ¢;’s are equal to zero. Thatis, ¢;; = 0, j = 1,2.
This property reduces the solution (4.16)-(4.18) into the following form of
(1,1, 1)-soliton solution,

() — 4k1rv/FiA1e! 1 3) cosh (&1 + @1r) 4.19)
[b1 cosh(i71r + 1R + @1 + @2 +¢1) + ﬁ cosh(ig — G1r + @2 — 91+ 2) ]
5@ _ 4l gv/Fi1 Aze' 11 3) cosh (1 + gar) @20

[by cosh(i71g + 1R + @1+ @2 + 1) + % cosh(i1r — C1r + @2 — @1+ 2)]

L 4k2 o cosh(2&1R + 21 + c4) + 412, cosh(2171r + 292 + ¢3) + 4(K3x — 133) 421)

[b1 cosh(yig + E1r + @1 + @2 + 1) + by cosh(i1r — E1r + @2 — @1 + 2)]2

M, mr = kir(x — 2kist), my = kux + (kg — ki)t
(kir+1ir)2

&ir = hr(x = 2kpt), &1y = kax + (3 — K3t
From the above solution, we find a relation between the short-wave

=N

where b; =

components and the long-wave component and it turns out to be

1SM12 4522 = —2ky L. (4.22)

The latter relation confirms that the above type of linear superposition
of intensities of the two short-wave components accounts for the formation
of interesting soliton structure in the long-wave component. The special
solutions (4.19)-(4.21) with the condition kjg < ljg admits five types of
symmetric profiles which we have displayed in figure 4.1. The symmetric
profiles are classified as follows: (i) Double-humps in all the components,
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(ii) double-humps in $(1) and long-wave components and a flattop in the
5(2) component, (iii) double-humps in $(1) and long-wave components and
a single-hump in the $(?) component, (iv) double-hump in S() component,
single-hump in $(2) component and a flattop profile in the long-wave com-
ponent and (v) double-hump in $() component and single-humps in both
the 52) and long-wave components. In order to demonstrate all the above
tive cases we fix ki = 17 = —0.5 < 0 in figure 4.1. From figure 4.1, one
can observe that the transition which occurs from double-hump to single-
hump or from single-hump to double-hump is through a special flattop
profile. The corresponding asymmetric profiles are illustrated in figure 4.2
for the parameter values as specified there. This can be achieved by tun-
ing either the real parts of the wave numbers k; and /; or by tuning the
complex parameters agl) ’s. One can also bring out a double-hump and a
flattop profile in the SV () and L as well) component by considering
another possibility, namely k1 = 17 < 0 and kg > 1.

Further, one can confirm the symmetric and asymmetric nature of the
(1,1,1) solution (4.19)-(4.21), by finding the extremum points as we have
analyzed the profile nature of the nondegenerate soliton solution in the
Manakov system [78]. In the following, we explain this analysis for the
symmetric double-hump soliton profile, displayed in figure 4.1(a), of the
LSRI system (4.1): First, we find the local maximum and minimum points
by applying the first derivative test ({|S/)|?}, = 0, {|L|}» = 0) and the
second derivative test ({|SU)|2} sy, {|L|}xx < 0 or > 0) to the expressions of
S () 2,j=1,2,and |L|, at t = 0. As a result, for the first SW component,
three extremal points are identified, namely x; = —1.4, x = 4.3 and x3 =
9.99. Then we found another set of three extremal points, x4 = 0.6, x5 = 4.3
and xg = 8.09, for the second SW component. We also identified another
set of three extremal points, x; = —0.6, xg = 4.29 and x9 = 9.2, for the
LW component by setting {|L|}x = 0. While the points xp, x5 and xg
correspond to minima, the points, (x1, x3), (x4, X¢), and (x7, x9) correspond
to maximum points. In all the components, the minimum points x,, x5 and
xg are located at equal distances from the two maximum points (x1, x3), (x4,
x6) and (x7, x9), respectively. This can be easily confirmed by finding their
differences. For instance, in the S(l)-component, X1 —Xxp = —57=xp — x3.
This is true for both the SW component $?) and the LW component L



4.2. Nondegenerate soliton solutions 101

also. That is for S@: x4 —x5 = —3.7 = x5 —x¢ = —3.79 and for L:
xy —xg = —4.89 &~ xg —x9 = —4.91. Then the intensity, IS 2, of each
hump, of the double-hump soliton, corresponding to maxima x; and x3
are equal to 0.078. Similarly, in the second SW component, the magnitude
of the intensity corresponding to the maximum points x4 and x¢ are equal
to 0.086. We also obtain the magnitudes corresponding to the maxima
x7 and xg are equal to 0.154. The above analysis confirms that the double-
hump soliton profiles displayed in figure 4.1(a) are symmetric. In addition,
one can also verify the symmetric nature of the single-hump soliton about
the local maximum point and checking the half widths as well. For the
flat-top soliton case, we have confirmed that the first derivative {|S()|?},,
I = 1,2, and {|L|}x, very slowly tends to zero, for a certain number of
x values, near the corresponding maximum. This also confirms that the
presence of almost flatness and symmetric nature of the one-soliton. By
following the above procedure, one can also verify the asymmetric nature
of the solution (4.19)-(4.21).

Next, we consider the (1, 1, 2)-soliton solution, that is the solution (4.16)-
(4.18) with ki # li7. In this situation, the soliton in the two short-wave
components (as well as in the long-wave component) propagate with dis-
tinct velocities as we have displayed in figure 4.3. As it is evident from
this figure that distinct single-humped one-soliton structures always oc-
cur in each of the short-wave components and they propagate from +x
to —x direction (but with different localizations). However, surprisingly
the two single-hump structured solitons of the SW component emerge in
the LW component and they interact like the two soliton solution of the
scalar NLS case. Each of the single-humped structures of the soliton in
the SW components S(!) and S() interact through the LW component as
dictated by the nonlinearity of the LW component. This special nonlinear
phenomenon occurs because of the nondegeneracy property of the fun-
damental soliton solution (4.16)-(4.18) of the LSRI system (4.1). To the
best of our knowledge, this special kind of phenomenon has not been
observed earlier in the present (1 + 1)-dimensional two-component LSRI
system and its multicomponent version. A similar kind of soliton nature
is also observed in the Wronskian solutions, derived by Ohta et al., for the
two-component (2 + 1)-dimensional LSRI system [142]. Although we have
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FIGURE 4.2: Panels (a), (b), (c), (d) and (e) denote asymmetric profiles
corresponding to the symmetric profiles of Fig. 4.1(a)-4.1(e) with ki; =

li;. The parameter values of each of the cases are as follows: (a) k1 =

0.25—05i, I} = 0315 — 05, al") = 0.5+ and ') = 045+ 0.5i. (b)

ki =03 —05i, I; = 0.425 — 0.5i, a\") = 0.3+ 0.55 and !> = 0.45 4 0.45i.

(c) ky = 0.315 — 0.5i, I; = 0.5 — 0.5i, a{") = 0.15 4 0.5i and a\? = 0.45 +

0.45i. (d) k; = 0.315—0.5i, I; = 0.545 — 0.5i, o\’ = 0.38 4 0.5i and

oY) =045+ 0.5i. (e) ky = 0.315 — 0.5i, I = 0.65 — 0.5, a\") = 0.25 + 0.5

and a\® = 0.45 + 0.5i.
graphically demonstrated the (1, 1,2) and (2, 2, 4) soliton solutions in [142],
the complete analysis of such soliton solutions and their associated many
novel results are still missing in the literature. We have systematically an-

alyzed the (1,1,2) and (2, 2,4) soliton solutions of the (2 + 1)-dimensional
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multicomponent LSRI system by expressing their exact analytical forms
in terms of Gram determinants and the results will be published else-
where. Moreover, it is shown in Ref. [144] that the Wronskian solutions
(N, M, N + M) reported in [142] have also been deduced from the degen-
erate soliton solutions (m, m, m). However, the dynamical properties of the
Wronskian solutions, as graphically illustrated in [142], are distinct from
the degenerate soliton solutions as explained in [144]. We point out that the
double-hump soliton profile emerges in all the components when the rel-
ative velocity 2(l;; — ki) tends to zero. In other words, the double-hump
formation will occur if 1 =~ kqj.

To experimentally generate the nondegenerate vector solitons one may
consider three channels of nonlinear dispersive medium or triple mode
nonlinear optical fiber [142], where the two light pulses are in the anoma-
lous dispersion regime and the remaining pulse is in the normal disper-
sion regime. By introducing the intermodal interactions in such a way one
can make the short-wave modes (anamalous dispersion regime) to interact
with the long-wave mode (normal dispersion regime). In this situation, it
is essential to consider two laser sources of different characters so that the
frequency of the first laser beam is different from the second one. By send-
ing the extraordinary mutual incoherent optical beam, coming out from
both the sources, to the short-wave channels along with the appropriate
coupling on the long-wave channel, it is possible to create the nondegen-
erate solitons. In this situation, the group velocities vy = ‘3—‘,;’ of the optical
beam in the short-wave channels should be equal to the phase velocity v,
of the long-wave channel. Under this resonance condition, the nondegen-
erate solitons in the short-wave optical modes can be created and made
to interact with the soliton in the long-wave mode. In the fluid dynamics
context also one can observe the nondegenerate solitons by considering a
three-layer system [165] of homogeneous fluids having different densities.
In this circumstance, it is possible to achieve the problem of resonance in-
teraction of a long interfacial wave and a short surface waves. By a proper
choice of the various densities and layer thicknesses, one may tune the
three-layer system to a resonant condition whereby the group velocity of

the shorter surface waves and the phase velocity of the longer interfacial
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wave are nearly equal. Thus, all of the physics relevant to the nondegener-
ate solitons can be identified from this simple three-layer fluid system. On
the other hand, it is also possible to create the nondegenerate solitons in
spinor BECs by tuning the hyperfine states of the 8 Rb atoms [166] when-
ever the group velocities of the short-waves are equal to the phase velocity

of the long-wave.

FIGURE 4.3: Nondegenerate one-soliton (1,1,2) with unequal velocities.
The parameter values are k; = 0.25 - 0.57, [; = 0.2 — 24, agl) = 0.45+ 0.51
and a\?) = 0.5+ 0.5i.

4.2.2 Completely nondegenerate two-soliton solution

To construct the completely nondegenerate two-soliton solution, we con-
sider the seed solutions of the following forms,

gt = allen ol yy = kyx +il3t, 7, = kox +ik3t,

g§2> _ a§2>e§1 4 ,xg)ecz, &1 =hx+il%t, & = hLx+il3t,  (4.23)

for Egs. (4.4). Here we treat the four arbitrary constants k1, k2, /1 and I
as distinct from one another, in general, apart from the other four distinct
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complex constants zxgl) and agl), I = 1,2. For the two-soliton solution,
we find that the above seed solutions terminate the series expansions as
gV =gy’ +%gy) +e%l) + g 1 =12, f =1+ Ef+ e fy+efs +
€8s, while solving the resulting inhomogeneous linear partial differential
equations recursively. The explicit Gram determinat forms of ¢(!)’s and f

can be written as

Apw Amn 1 0 ¢
Ayt Amn I 0
Awm  Anw 0 I $2 A A 0 I
nm nn'

sV = | ZI 0 Ky K 07| f= 4.24)
—I 0  Xpum' Kmn
0 —1I Knm  Kun' 0,

0 - I Knm Kl/li’l/
0’ (1 Cy 0 0

Apt Awn I 0 ¢y
Anm AT’ZI’I/ O I 4)2
§? = | 21 0wy km 07| (4.25)

O - I Knm Knn/ 0/

o’ 0’ 00 C 0

The various elements are defined as

e’?m“"”/:l/ e”]m‘f’é; e§"+§:§’ 617”*+€m
Ay 7 Lk Amn = JApy = N/ Apm = 77—,
P (o +15) (I + 1) (6 + 1)
SR .0 I s S 'l RN U4 /70
mm Zl(k% — k;;lz/)/ mn 21(1%1 _ k22)r nm Zl(k% _ 1;512)1 nn Zl(l% — ZZ/Z)’

m,m' ,n,n’ =1,2.

The other elements are defined below:

= ( el ell2 )T,4>2: ( 61 ol )T,lp].: ( “](1) 0 )T,lp]/, _ < 0 “](2) )T,
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10 00
0/:<O O),IZO’Z ,0= al’ldCN:—<0¢§N) (xéN)
01 00

j,N = 1,2. Note that in the above the g(/)’s are (9 x 9) determinants and
f is a (8 x 8) determinant. The collision dynamics and the structure of the
nondegenerate two-solitons are characterized by eight arbitrary complex
constants, ocgj ), agj ), kj and l]-, j = 1,2. The singularity of the two-soliton so-
lution mainly depends on the function f. To get the non-singluar solution,
the function f should be positive definite (f > 0). This restricts the imag-
inary parts of the wave numbers, kﬂ and lﬂ, j = 1,2 as negative. That is
ki1, Ij1 < 0. Further, the complete nondegenerate two-soliton solution (4.24)
and (4.25) is classified as (2,2,2)-soliton solution (k;; = i, j = 1,2) and
(2,2,4)-soliton solution (k;; # [;;, j = 1,2). We have also given the com-
pletely nondegenerate three-soliton solution in section 2.6 for the system
(4.1) using the Gram-determinants.

0.4
B

0

-30

% 30

60 90 ~-30

— t=-30
-------- t=30
Si

Si
0 A M
0 100

-100

2

|S(1)|2

X X X

F1GURE 4.4: Elastic collision: Shape preserving collision with zero phase
shift among the two symmetric double-hump solitons for the parameter
values k; = 0.333 — 0.54, [; = 0.32 —0.54, ko = 0.333 — 1.2, [, = 0.32 — 1.2i,
V' = 0454050, al? = 045+ 055, al!) = 045+ 0.45i and o) =
0.45 + 0.515i.

4.2.3 Partially nondegenerate soliton solution

We next deduce partially nondegenerate soliton solution from the com-
plete nondegenerate two-soliton solution by imposing the wave number

).
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restriction ky = [ (or ko = I;) in Egs. (4.24) and (4.25). Due to this re-
striction, the wave variables ¢; and 7, are no longer independent and they
get restricted as §; = #; , while ¢, and 7, continue to be distinct and
independent. The Gram determinant forms of g{!)’s and f are the same
both for the partially nondegenerate soliton solution and for the complete
nondegenerate two-soliton solution except that they differ in the following
constituents, Aun, Anm, Aun's Kmn, Knm, Ky @and ¢p. Their explicit forms for

the present case are given below:

A A e+ A en+63 A e+ A e2+és
mn - 11—m/ 12—m/ 21—m/ Zz—m/
A A i A el té A ezt A e +82
nm - 11_(kaT)/ 12_W7 21_M/ ZZ_W/
) A en i A 61183 A eb2 i A e621+83
nn' - 11—(k1Tkg{)r lz—m/ 21—m, Zz—m;
DU (' S (-0 ) SRS 4 W )5
T i k) T 200G k) T 2B k) R 2B — k)
Ko © K11 = 1/’1*‘7 Py ey = 1/’1+‘7 (23 K1 = 1P2+‘7 (1 yy = 1P2+‘71P2
e 2i(k2 — ki2)’ 2i(k2 —132)’ 2i(k3 — ki2)’ 2i(k3 — 1;2)’
/+ / /+ / /+ / /.l. Vi
o : K1 = P 0Py Ky — ¥1 0%, o — Py oy oy — ¥y 0Py (4.26)

20 k) T 20 1) T T 2i(B k) T 2i(B - 15

and ¢, = ( el b2 )T. The above new class of solution permits both
degenerate and nondegenerate solitons, simultanously leading to the for-
mation of coexistence phenomenon in the present LSRI system (4.1). It
is interesting to note that the coexistence phenomenon has also been dis-
cussed in the context of rogue waves [167]. The above partially nondegen-
erate soliton solution is described by seven arbitrary complex parameters,
ocgl), océl), k]-, l,j = 1,2 and I. Further, in order to get the regular (nonsin-
gular) solution one has to fix the condition k;; <0, j=1,2 and I; < 0.
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025 3 0.35

|S(1)|2
|S(2)|2
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O _..'
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F1GURre 4.5: Elastic collision: Shape preserving collision with zero phase
shift between the symmetric and asymmetric double-hump solitons. The
parameter values are given in the main text.

4.3 Various types of collision dynamics of non-

degenerate solitons

In this section, we analyze several interesting collision properties of the
nondegenerate solitons of the system (4.1). To study the collision dynam-
ics, it is essential to analyse the form of each of the solitons in the two
soliton solution in the long time limits ¢ — Foo. It can be done by per-
forming appropriate asymptotic analysis of the completely nondegenerate
two-soliton solution (4.24) and (4.25). From the analysis, we find that the
nondegenerate solitons exhibit three types of collisions, namely shape pre-
serving, shape altering and a novel shape changing collision dynamics for
the cases of (i) equal velocities: k;j; = lj;, j = 1,2 and (ii) unequal veloci-
ties: kj; # ljj, j = 1,2. Very interestingly, we find that the shape altering
and shape changing collision scenarios belong to elastic collision which is
confirmed through the following asymptotic analysis. Additionally, we ob-

serve a shape changing collision for the partially equal velocities (k1 = I3,
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kor # Ipr) case also. In this section, we describe the asymptotic analysis
for equal velocities case only and it can be extended to unequal velocities
cases as well in a similar manner. We note that the singularity condition,
kir < 0 and [;; < 0, enforces the two nondegenerate solitons to propagate
in the same direction. Thus, the nondegenerate solitons in the system (4.1)
always undergo overtaking collision. From this, it can be understood that
the positive type of nonlinearity of the system (4.1) does not permit any

head-on collision among the nondegenerate solitons.

4.3.1 Asymptotic analysis

We carry out an asymptotic analysis of the two-soliton solution (4.24) and
(4.25) by considering the parametric choices, k;; = I;; < 0, kjr,lir > 0,
j =1,2, ki > koy and I3; > Ip;, which corresponds to the overtaking colli-
sion of two symmetric double-hump solitons. For other choice of parame-
ters, similar analysis can be carried out without much difficulty. In order
to deduce the asymptotic forms of nondegenerate solitons in the long time
regimes, we incorporate the asymptotic behaviour of the wave variables
iR = kjr(x — 2kjit) and ¢jr = Lir(x —2lj1t), j = 1,2, in the solution (4.24)
and (4.25). For the above parametric choices corresponding to overtaking
collision, the wave variables behave asymptotically as (i) Soliton 1 (S1): 771r,
¢1r ~ 0, #or, Cor — £oo as t £ oo and (ii) Soliton 2 (S7): 12r, Gor == 0, 11R,
¢1r — Foo as t F co. Substituting these results in Egs. (4.24) and (4.25), we
derive the following asymptotic forms of nondegenerate individual soli-
tons.

(a) Before collision: t — —o0

Soliton 1: For soliton 1, we obtain the asymptotic forms of S!), I = 1,2
and L from the two-soliton solution (4.24) and 4.25) as
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51 o 4A]" kigrvk1je"1 cosh (&g + ¢y )
[an cosh(mpr + &1r + ¢ +¢, + o)+ é cosh(mmr — Gir + ¢, — ¢ + Cz)] ’

5(2) - 4A%711R lue’f“ COSh(iﬁR + (PE)
[a12 cosh(mir +Gir + ¢ + ¢, +c1) + u}j cosh(mig — &1r + ¢5 — ¢ +c2)]”

L(x,t) ~ f2 ((k — 133) + 3 cosh (21r + 2¢, +c3) + k3, cosh(2& R + 20 + C4)),

f =bycosh(ing + &g + ¢; +¢; +c1) + by cosh(1r — G1r + ¢ — @7 + 2)- (4.27)

Here, Al = i[zxil)/ocgl)*]l/z and A}~ = i[zxiz)/ocgz)*]l/z. In the latter,
superscript (1—) represents soliton S; before collision and subscripts (1, 2)
denote the two short-wave components S(1) and (%), respectively.

Soliton 2: In this limit, the asymptotic expressions for soliton 2 in the
two SW components and the long-wave component turn out to be

s ~ ko A3 \/kape! 21400 cosh(Ear + 7))
~ [1121 cosh(imar + Ear + 97 + @5 +db) + % cosh(1or — Cor + @, — @7 + dz)] ,

5(2) N 412RA%7 lz]@i(éﬂ—w;) COSh(IjzR + (pE)
 [axcosh(ar + Gar + @] + @5 +d1) + é cosh(nar — Ear + 95 — 7 +da2)]”

4 _ _
L(x,t) ~ 2 ((k%R — I5g) + Big cosh(2iar + 2 + d3) + k3g cosh(28ar + 29, + d4)> ,

f =bycosh(ior + Cor + @7 + @, +d1) + bz_l cosh(1or — Cor + @, — ¢ +d2). (4.28)

NI—=

1 1
In the above, 4y = (k3 2)1’ % - %’ Gy = (k5 — 2)1’ % _ (2+2)1’
(k5+1)2 "2 (kp—)2 (kat13)2 "2 (kyoly)?

Nl—=

7

gt — (k) ko) () (ko) 2 (a5 ()
(kf—kﬁ)(kTJrkz)l(kT‘Fk*) (k3 — l*) (ki ]‘12)7(k2+if
oity — (ll—lz)(lkl—lzﬁ(kﬁlf) (h+1 )(11+12)7(11 1)71
(kg —13)2 (1 ~13) (K +12) 2 (1 + 1) (1 +15) 2 (l* l)2 )

2— _ 1,1, (1) 2— _ _ (kr=hbr)2 5 _ (k3—15)
A2 = o2, A2 = [042 /az 12 by = ﬁ dy = 3log AL
(k3+1) (k3 —13) (ka+15) (ky—13) (k3 +1)

dZ:%log(ki—Hg)'d 1logw(kz)andd4—210g(—22

ko+13)(ko—1lp)*
Here, superscript (2—) refers to soliton 2 (S;) before collision.

)

1
2
1
2
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(b) After collision: t — o0

Soliton 1: We have deduced the following asymptotic forms of for soli-
ton 1in SO, 1 = 1,2 and L from the two soliton solution (4.24) and 4.25)
after collision as below:

4AT kiR Krre!tnt4) cosh (&g + o7)

[all cosh(mr + G1r + Qbf + (P;_ +c1)+ é cosh(mr — G1r + Qb;_ - (Pf_ + Cz)} ’
4A%+11R leei(§11+9;) COSh(?ﬁR + szr)

[a12 cosh(i1r + &R + ¢ + 5 +c1) + % cosh(ir — E1r + 5 — ¢ +2)] ’

@ ~

L(x,t) ~ 7 ((k — Iig) + ig cosh(2n1g + 295 + ¢3) + kig cosh (281 + 27 + C4)> ,

f =bicosh(ipir + &1 + ¢ + @5 +c1) + by cosh(ir — Eir + 5 — ¢ +c2). (4.29)

1 N 11 .
Here, eigfr _ (k1—kp) (k1—1 )i(k +k2)(k +lz)§(k1+k2)2l(k1*k2)21 , Ai+ _ i[agl)/ﬂégl) ]1/2,
(ki —k3) (ki —13) 2 (ky+k5 ) (ki +13) 2 (k§ +k5 )7(k1*]§§)j ) )
(1) (kp— 11) ko+15)2 (i +h) (i +1)2 (If k)2

A%Jr — i[“§2)/a§2)*]1/2 and 61'92+ _

NI

(
(k3=1)2 (1 =13) -+ 2 (+15) (17 +15)2 (1 —13)2
In the latter, superscript (14-) represents soliton S; after collision and sub-

scripts (1,2) denote the two SW components S() and $®), respectively.

Soliton 2: The asymptotic expressions for soliton 2 in S!), I = 1,2 and
L after collision turn out to be

4kor ATt V/kare™1 cosh(Eor + @7 )

[aﬂ cosh(rmar + Cor + (pl+ + (/)2+ +di) + é cosh(mar — Cor + (,pz+ - q)l+ + dz)} ’
éllzRA%Jr lzleigﬂ COSh(ﬂzR + (P;r)

[1122 cosh(mar + Cor + cpl+ + (pz+ +dqi) + % cosh(rmar — Cor + (,pz+ — gol+ + dz)} ’

©n
=
¢

©n
S
2

4
L(x,t) ~ 2 <(k%R — I3R) + Iig cosh(2nar + 291" + d3) + K5g cosh(28ar + 295 + d4)>,

f = by cosh(yar + &2r + QDT + (P;_ +di) + bz_l cosh(mr — Gor + QDQF - QDT +dp). (4.30)

Here, A3" = i[txgl)/txgl)*]l/z, ATt = i[zxéz)/ocgz)*]l/z. The phase con-

stants, cp]._, cp;“, qo]._, (p;’, j = 1,2, appearing above are related as follows:



112 4.3. Various types of collision dynamics of nondegenerate solitons

¢ =91+ 0 =y ¢, 0 =97 — Y1, 9f =9, — Yo, (4.31)
where
ko — ||l — |2l + b

k2 + [ + L = 15
k1 — L||l; — L|2|l + Lo

k1 — ka|?|ky + ka|[ky — Lo
|k1 +k§‘2|k1 —k;”kl +l;|’
lky — 1] [ky — ko |?|kq + k2|

lpl =1In

1’L77_ =1In

Y, =1In , ¥ =1In , 4.32
P [ i R e R e = )
PSS P (et S YR I il
P2 2k + ) (A )R =) T 2 20k + h) (k)2 (ke — )

2 1
S SO (- 1 ol O S P (Sl - 4l
P2 it )t )HR—5) P 2 2k + ) (ke K3 (ke — k)

From the above, one can easily observe that the phase terms only get
changed during the collision process. As we have pointed above, the
phases of each of the solitons also get changed during the collision dy-
namics. The total phase shift of soliton S; in both the SW components is
calculated as

APy = ¢ +¢y — (¢ +¢7)
~ log ko — lillli — B[l + o[ ki — L[k — ko *[k1 + ko
ka2 + ([l + I512|1 — B |k 4 5]k + k3|2 [k — K3 |

(4.33)

Similarly the total phase shift experienced by soliton S; in the SW com-
ponents are given by

APy = of + o5 — (97 +9;)
ko — I||lh — L2\l + Dbk — bl [ky — ko |2 [ky 4+ ka|

8 ko + BL T B3P0 — Ky + [Tk + K3 Pl — B3] : (39

Here, the subscript 1 and 2 in A® denote the soliton number. The total
phase shifts obtained for the SW components are the same for the LW
component.
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FIGURE 4.6: The column figures (al)-(a3) represent the shape altering col-
lision of two symmetric double-hump solitons S;” and S, at t = —10
(blue dotted curves) into S;’ and S; at t = 410 (red curves) and the col-
umn figures (b1)-(b3) denote their corresponding shape preserving na-
ture which is brought out after taking appropriate time shifts. The dotted
black curves in (b1)-(b3) refer to the solitons before collision at ¢t = —20,
and the solitons after incorporating the appropriate finite time shifts are
represented by the solid red curves. To bring back the shape preserv-
ing nature of solitons after collision we have taken the following time
shifts based on Eq. (4.38): For solitons S; and S, the time shifts are per-
formed respectively as (short wave S(1): t = 18.6525, short wave S(?):
' =18.5791) and (SW: ¥ = 20.4559, S@): ' = 20.4266). As far as the LW
component is concerned one has to combinedly take the shifts for soliton
Sy (' = 18.6525, t' = 18.5791) and soliton S, (' = 20.4559, t' = 20.4266)
in the LW component expressions (4.28) and (4.29), respectively.
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4.3.2 Elastic collision: Shape-preserving, shape-altering and
shape-changing collisions
The asymptotic analysis of equal velocities case (k1; = I1; and kp; = lop)

Fhak
2 — |A{7‘2 =1,1,j =1,2, (where
j

reveals that the transition intensities, ]T]l

A;-i’s are defined in the above asymptotic analysis) always remain unimod-
ular. Consequently, the corresponding collision among the nondegenerate
solitons is always elastic in the equal velocities case. Thus, the expressions
of the individual solitons should be invariant in the asymptotic time lim-
its t — +oo leading to the preservation of shapes of the nondegenerate
solitons. As a result, the asymptotic expression (4.27) of soliton 1 before
collision should coincide with the form (4.29). Further, to hold the elastic
collision nature, the asymptotic form (4.28) of soliton 2 must also agree
with Eq. (4.30). However, in view of Eq. (4.31), this is not true. Since the
phase terms dramatically get varied during this collision scenario. This
phase variation significantly influences the structure of the nondegenerate
solitons. Therefore, to maintain the structure, the phase terms should obey
the following condition:

¢ =¢;, ¢ =9, j=12 (4.35)

The above implies that the additional phase terms, ¢; and ¥;, j = 1,2,
are equal to zero. That is

kp = L||h =Bl + k| _

* * |2 * =0, IPZ =In * |2 * *
lka + I3[l + 1521y — 13 k1 + k3 |2[k1 — k3| [k1 + 15|
k1 — ||l — L2+ L]

lky — | lk1 = ka|*[k1 + Ko
=0,% =1 =0. 4.37
27 My 11k + k3 2y — k] (4:37)

ki —ko|?|ky + kallky —1
k1 — kol ks + kollky — o] _ (4.36)

1 =In

Y, =In
Y ke Bl B -

Physically this indicates that the nondegenerate fundamental solitons
undergo shape preserving collision (or elastic collision) without a phase
shift. Such a zero phase shift criterion is calculated from the above expres-
sions (4.36) and (4.37) as

ko + 5| [k + 1]
ko =L k1 — Do

0. (4.38)
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From the above, we infer that the two nondegenerate solitons pass
through one another with zero phase shift whenever the criterion (4.38)
(or equivalently from the phase condition Eq. (4.35)), is fulfilled by the
wave numbers. This remarkable new property is not possible in the de-
generate counterpart and even in the scalar nonlinear Schrédinger equa-
tion. A typical shape preserving collision with zero phase shift is demon-
strated in figure 4.4. From figure 4.4, one can easily recognize that that
the two symmetric double-hump solitons S; and S; are located along the
lines mr = kir(x — 2kipt) ~ 0, 1 = kir(x — 2kipt) ~ 0 and mr =
kor(x — 2koyt) ~ 0, &r = kogr(x — 2kpyt) ~ 0, respectively. Around x = 0
they start to interact and pass through one another with almost zero phase
shift. We have numerically verified this from Eq. (4.38) by calculating the
value as —0.0006. It ensures that the structures (as well as phases) of the
nondegenerate solitons remain constant throughout this collision process.
A similar shape preserving collision scenario among the two asymmetric
double-hump solitons is illustrated in figure 4.5 for the parameter values
ki = 025—-0.51, I; = 0315—-0.54, kp = 025 —-1.2i, I = 0.315 — 1.2,
a\V = 054050, a\” =045+ 05i, al!) = 1+iand &}’ = 0.45 + 0.5i.

In general, the phase constants c,b;r, (p].*, cp;r and go;, j = 1,2, do not
agree with the condition (4.35) in the equal velocities case. Under this
circumstance, the nondegenerate solitons undergo either shape altering
collision or shape changing collision without infringing the unimodular
transition intensities condition. Therefore, depending on the nature of
the changes in the phase terms, the nondegenerate solitons experience
slight alteration or drastic reshaping during the collision process. A typ-
ical shape altering collision is depicted in figures 4.6(al)-(a3). To draw
the figures 4.6(al)-(a3), we fix the soliton parameters as k; = 0.25 — 0.5},
L = 0315—05i, k, = 031 — 1.5i, [, = 028 — 1.5, &\ = 0.5+ 0.5i,
a\?) = 045+ 05i, al!) = 045+ 05i and &}’ = 0.55+ 0.55i. Then these
tigures show that the symmetric nature of double-hump solitons in all the
three components get altered slightly into asymmetric forms after collision.
However, this shape alteration can be undone, without loss of generality,

by making appropriate shifts in time,
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b4 b 4
popo P gy P2 >and(t’—t+ L o y—pyp 2 > 439
( 2l rk1y 2k1rk1r 2lrrkop 2korkor (4.39)

in the wave variables ¢1g and #;r for soliton 1 and ¢r and g for
soliton 2 in the expressions (4.29) and (4.30), respectively. After effecting
these time shifts in the respective asymptotic expressions, we find that the
asymptotic expressions of the two nondegenerate solitons becomes iden-
tical except for unit phase factors. As a consequence, the shapes of the
nondegenerate solitons are conserved asymptotically with zero phase shift
thereby confirming the elastic nature of the collision. This shape preserv-
ing nature is graphically illustrated in figure 4.6(b1)-(b3).

Moreover, for ki = I1; and ky; = Ip;, the nondegenerate solitons also
exhibit a novel shape changing interaction again without violating the
unity condition of the transition intensities. Very interestingly, as it is
evident from Eq. (4.31), the shape changing occurs not only in the two
short-wave components but it is also observed in the long-wave compo-
nent as well. We display such non-trivial shape changing collision in fig-
ure 4.7(al)-(a3) as an example, where the symmetric structure of the flattop
soliton S, in the S(!) component and symmetric double-hump solitons in
both the $?) and L components are altered drastically as indicated by the
red curves at t = 25. To display this figure 4.9(al)-(a3), the parameter
values are fixed as ky = 0.315— 0.5, [; = 05— 0.5, k,, = 0.45 — 1.2},
L =0315—12i, a\Y = 05+ 05, al? = 045+ 045/, a{") = 045 + 0.4i
and txgz) = 0.65 4 0.65i. This type of shape changing collision has not
been observed earlier in the degenerate case [161]. However, as we have
performed the analysis in the above case of shape altering collision, the
present shape changing collision also belongs to the case of elastic colli-
sion. Thus the shape preserving nature can be retrieved by shifting the
time as per Eq. (4.39). This elastic collision scenario after taking the time
shifts is demonstrated in figure 4.7(b1)-(b3). Therefore, what we empha-
size here is that the collision scenario among the nondegenerate solitons
is always elastic regardless of the zero phase shift criterion (4.38). Further,
we also demonstrate the shape changing collision in the partial velocity

case ki1 = Ij; and kp; # Ipr in figure 4.8 for the parameter values as given
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FIGURE 4.7: The column figures corresponding to (al)-(a3) demonstrate
shape changing collisions among the nondegenerate solitons whereas the
figures (b1)-(b3) illustrate their corresponding shape preserving nature
which is brought out after effecting the time shifts (S(1): ¢/ = 22.5772, S(?);
t' = 21.962) and (S™): #' = 26.3074, S@): ' = 26.0926) in the expressions
(4.29) and (4.30) of both the solitons S; and S,, respectively. For solitons
in the LW component, one has to take the time shifts (' = 22.5772, ' =
21.962) and (' = 26.3074, t' = 26.0926) combinedly in Egs. (4.29) and
(4.30), respectively. In figures (b1)-(b3) black dotted curves denote the
solitons before collision at t = —25 and the red solid line curves represent
the solitons after collision with time shifts t'.

in the figure caption.

In addition to the above, the elastic collision does occur in the case of
(2,2,4)-soliton solution (unequal velocities: ki; # I1; and kyj # Ip;) for the



118 4.4. Collision between nondegenerate and degenerate solitons

|5(1)|2 0.41

0
-40

25 |sOp 3

0
0t -40

x ©

40 _o5 x

80

0.4 1.8

s | - t=25 is; s si
— t=25 ;

0.6 2-soliton like collision:
. unequal velocity
3

Ll

st

|SOP

o

E k]
|S@P

i

o

-90 0 90 ~90 0 90 -100 0

X X X

FiGure 4.8: Shape changing collision of nondegenerate solitons in the
partially equal velocity case (ki; = I and ko; # Ip;): The values are

ki = 0315 — 0.5, I = 0.545 — 050, ky = 0.315 — i, [ = 0.545 — 1.5, a!!) =

0.5+ 0.5i, a*) = 0.45 + 0.45i, ") = 0.5+ 0.5 and «” = 0.45 + 0.45i.

general choice of wave parameters. We illustrate such a collision process in
tigure 4.9 for the parameters given in the figure caption. From figure 4.9,
it is clear that each interaction picture of the two single-humped solitons
in both the SW components S() and S(?) reappears through the LW com-
ponent. The interesting fact of this collision scenario is the structures of
all the solitons do not get altered throughout the collision process thereby
confirming the elastic collision.

4.4 Collision between nondegenerate and degen-
erate solitons: Two types of shape changing

collisions

Here, we discuss the collision dynamics of nondegenerate two-soliton so-
lution (4.24) and (4.25) under the partially nondegenerate limit ky = [
and kp # [. The resultant solution of the LSRI system (4.1) describes the
coexistence of nondegenerate and degenerate solitons. It is of interest to
study the dynamics of nondegenerate soliton in the presence of degen-
erate soliton and vice versa. In order to explore the underlying collision

dynamics we perform an asymptotic analysis for the two-soliton solution
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Ficure 4.9: Elastic collision among the two nondegenerate soliton in the
unequal velocities case, k1; # l1; and ky; # Io;. The parameter values are

ky = 0.315— 0.5, I = 0.545 — i, k = 0.315 — 1.8i, [ = 0.545 — 2.5i, a\!) =
0.5+ 0.5i, a\?) = 0.45 + 0.45i, a}") = 0.5 + 0.5 and a\”) = 0.45 + 0.45i.

(4.24) and (4.25) with the wave number restriction ky = [; and kp # [. By
doing so, we find that the nondegenerate soliton undergoes two types of
shape changing collisions. Here, we define such shape changing collisions.
(i) Type-I shape changing collision is observed for the velocity condition
kor = Ip1, where the initial profile structure of the nondegenerate soliton, in
all the components, is either drastically changing into an asymmetric form
or the initial profile structure is completely reshaped into another profile.
(ii) Type-II shape changing collision is observed for the velocity choice
ko; # Ip;, where the two single-hump structured nondegenerate solitons
are merged into a single-hump soliton in both the SW components while
the shape of the nondegenerate soliton is preserved in the LW component.
In both the collision scenarios, the degenerate soliton exhibits the usual
energy exchange collision property as described in [161].
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4.41 Asymptotic analysis

In order to explore the degenerate bright soliton collision induced shape
changing behaviours of the nondegenerate soliton, we intend to analyze
the partial nondegenerate two-soliton solution (4.24) and (4.25) with the
elements of the Gram determinants given in Eq. (4.26) in the asymp-
totic limits t — Zoo. In these limits, the resultant action provides the
forms corresponding to degenerate and nondegenerate solitons. As we
have pointed out in the earlier sub-section 3.1, to obtain the asymptotic
forms for the present case one has to incorporate the asymptotic nature of
the wave variables 17jr = kjr(t — 2k;z) and {or = br(t —2lyz), j = 1,2, in
the partially nondegenerate soliton solution. Here we note that the wave
variable 771g represents the degenerate soliton and 7;r, ¢2r correspond to
the nondegenerate soliton. To find the asymptotic behaviour of the above
wave variables, we consider as a typical example the parametric choices,
kir,lor > 0, kj;,lo; < 0, j = 1,2, ki1 > koy, Io;. For this choice, the wave
variables behave asymptotically as follows: (i) degenerate bright soliton
S1: Mg =~ 0, 1R, Gor — £o0 as t — Foo (ii) nondegenerate fundamental
soliton Sy: 1R, Cor >~ 0, 71g — £o0 as t — Foo. By incorporating these
asymptotic behaviours of the wave variables in the solution (4.24)-(4.25)
with Eq. (4.26), we deduce the following asymptotic expressions for the
nondegenerate and degenerate solitons.

(a) Before collision: t — —oo

Soliton 1: The asymptotic form of the degenerate soliton deduced from
the partially nondegenerate soliton solution is

1—
n o~ [ M i+ 3) oy
S~ ) 2kir\/ kire 2sech(mr +¢7), [ =1,2, (4.40)
AX
L =~ 2kizsech?(ig +97). (4.41)

(ot P+al? P)
2i(kq +k§)2(k1 —k{) '
Here, in Alf the subscript 1 denotes degenerate soliton S; and superscript

where All_ = agl)/(|0¢§1)|2+ |0€§2)|2)1/2,l =1,2,¢p" =5 =3In
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| — refers to the SW components before collision.

Soliton 2: The asymptotic forms of the nondegenerate soliton Sy, which
is present in both the short-wave components as well as in the long-wave
component, before collision are obtained as

s ~ S( in21 15 cosh(&g LB Hl) +effaret ot cosh(mar + k4 ; V2)>, (4.42)
1

2

52 ~ 1( 2107 * cosh (&R + 2
Dy

)—i—e“:ﬂe 2y cosh(mar + - 2)), (4.43)

(k2 + k3)?cosh( + & + L2 18) (s 1)

(e + ps) ; (us + u7) 1+ %e”é

(ps + p10) — (ps + ug))
2

(s + o) — (#5 + p10) )

2
Hetr7tH9+H10

de 2z [(k2 _ 12) COSh( ‘: + (Vé + .7/[9) _2(147 + VlO))

2—(#9+V7))]>I (4.44)

1 p5t+ie iz tig
L~ e ) I

D2
Di

+(Ip 4+ 13)? cosh(yj, + 115 +

145+;18+]49+;¢10
¢ [

(ki 4+ 1p)? cosh(ny + & +

+(ke + 13)* cosh(Z2 + 73 +

+(k3 —13)? cosh(17 — & + (M6 + t10)

D; = eﬂsys cosh(mr + &r + @) + eyrﬁzm cosh(i(nar — &a1) + Vloz ]19)
+e™2'7 cosh(iar — Ear + @). (4.45)
Here, A}” = [zxgl)/txgl)*]lm, A = [a§2)/a§2)*]1/z_ In the latter, the

superscript [—, I = 1,2, denotes the SW components S(!) and $(?) before
collision and the subscript 2 refers the nondegenerate soliton S,.

(b) After collision: t — o0

Soliton 1: In this limit, the asymptotic forms for the degenerate soliton
S; after collision are deduced as
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Al . .
e ( 1+ ) 2k1g v/ kel Dk psech (g + ), 1= 1,2, (4.46)
A;

L ~ 2k3gsech?(nig + ). (4.47)

where A%* _ agl)/(|a§1)|2+X|a§2)|2)1/2, A%* _ agl)/(|a§1)|zx—1+
(2)12y1/2
g™ |) 7,
= (Jky — Lo|Plk1 + k3 12 [k1 + Lo |* kg — K312) / ([ky — ko [k1 + 131 ky + ko |* k1 —
I51%),

eitl — (k1 —ko) (k] +ko) (k1 —1 )%(k +lz)%1(k1+k2)%1(k +k2)
(k7 —k3) (ka+k3 ) (ki —13) 2 (ky+13) 2 (ki +k3 )7(k1+k§)
pity — (k- 2)1%(k*+k2) (kl—lz)(kT+lz)(k1+lz)%1( )%1
(k1 —k3) 2 (k1 +k3) 2 (ki =13) (k1 +15) (k1 +15) 2 (ky = 13) 2

1 [k1—ka |2k —lo|*A3

ln

+ Al
and Fr R k2~ Pl B PTep Hlere, e in Ay 1=1,2,
refers to SW components after collision and the subscript 1 denotes the de-
generate soliton S;.

Soliton 2: Similarly the asymptotic expression for the nondegenerate
soliton S; after collision deduced from the soliton solution (4.24) and (4.25)
with the elements given in Eq. (4.26) is

(1) 4k ka1 AT €121+ 2) cosh (Ear + )
SV PP o (448)
[az1 cosh(nar + Cor + ) + o cosh(1ar — o + 2]
) Alyr /Ty AZTel&215) cosh(pr + 5)
S~ yPEa— o (449)
(a2 cosh(ipr + Cor + 3) + . cosh(rar — Cor + 3]
4 A+ A3 —Axy 1y datatds
L~ D_% (k%R COSh(ZézR + f) E Ay—( 3 )
Ay +Ag—A
-+l cosh(2ir + %)) , (4.50)
Ay Ap+Ag Ay — A
D, =¢? cosh(772r + G2r + 5 Z2) 4677 cosh(iog — Eag + —= 5 3,

e Ay — 4(k2R + ZZR) 2eM + 4(k2R — ZZR)2€A2+A3, (4.51)
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1
ky—1 2|V 1202 2

2
(bl

where Al =In 2i(lz*l§)(12+l;)z(k2+l;)’ 2 = In (2i)2|k2+l§‘|2(k27k§)(lz l*)(k2+k*)2(lz+l;)2’
A3 =In ‘“él)‘(lz—li‘)(lz-i-l;)z = 11’1 . (lz—k2)|oc§1>\2
Irxz I(kz k*)(kz+k*) ’ (kz k*)(k2+k;)2(k;+zz)'

Al—i— [“2 /tx ]1/2 A2+ [0‘2 /a ]1/2.

The explicit forms of all the other constants are given below.

. 1 * (2

o — i(ky —ko)ay o )Al et — i(ky — lz)txg )txg ) zxé ) ,

2(ky — k7) (ka +k*) (K — k) (K + k2)? 20k + k) (k5 — L) (K + 1)2
o3 — i(ky )(kz - lz)\kl — PVl PAgeRs

2(ky — k7) (ka +k*) (k7 — ko) (kf +k2)2 k1 — I3 2 [kr + 5[4 (k2 + 1)
L k2)? (k1 + ko) (kf — k3) (ka — o) (k2 — lz)aﬁ”af)*a?)e&,

2(ky + k7)) (k7 + kz)(k — k) (ky — L) (k5 + 1) (kj + 12)?

o5 Ay ik — ko|*AseRs

= et
2i(k = k) (ke +1)27 7 20k = k) (e + k)l = k5Pl + K3 [
ki — L2 AgeRe .
W7 — _ | 1 2 6 _ (1)2
‘ 20— k)0 + k)20 — 5k i (2 +[af2),

ilky — ko |?|ky — Ip|?|ky — Io|*AgeRetRs

el’lS — 7
2(ky — k) (ki + Ky 2Tk — K3 P2[ky + kg [Iky — 03 Pl + 32k + 312
2)% * (2
o _ (ky = k3) (k1 — l)at o af "o
4(ky +kp) (k1 — k3) (ke + k3)2 (ky — 1) (k7 + 12)2(k; + 1)’
1)* 1 2)*
i (k1 — ko) (k5 — 15)a 0P oVl
4k + k7) (k7 — ko) (k7 + k2)? (kl —15) (ki + 1) (k2 + 13)’
o i(k1 — kZ)“El)*agz)“él) o2 — i(k1 — lz)"‘gz)fb
200 +K) (kG — k) (G + k2 T 2k k;)(kl n k*) (ki — L) (k5 + L)
vy ik = ko) (k1 = )2 (ks — o) (ky + Io) (K — I5)a o PafVeRs
2(ky +k5) (k5 — ko) (k5 + k)2 (k5 + 1) (ki — 13) (kq ) (kz +13)
o — ilky — ka|*(ky — 1) (ky — Ip)ax 52)
2(ky — k) (ky + Ky 2Tky — K3 Plky + k3 (k] — 2><k1< 12k + 1)
= (eu|a§”|2+eu|a1 2), As = (02712 P1alV 2 + 05z P1aP ),

2 N 1 N 2
= (lo1|? mz\ |oc1 12+ 1z|2|712|2|a§ '12), As = (lo2 a2 + |03 2P ?),
= (712 |041 2+ y12]? |’X1 |2)/ A7 = (’712\0651)|2+712\0é§2)|2),

2 A *
(|912|2712|061 2+ (05 Pr20alP P), a1 = (B — 1K), 612 = (3 —K32),
712—( ) 712—(7(2—1 )'
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F1GURE 4.10: Type-I shape changing collision between degenerate soliton
and nondegenerate soliton: To draw this figure the parameter values are
fixed as follows: k1 = I; = 0.8 —0.5i, k,, = 0.315—-1.2i, [, = 0.5 — 1.2,

oV = 05,0 =08, al") = 0.5+ 0.5i and &) = 0.45 + 0.45i.
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Ficure 4.11: Type-II shape changing collision between degenerate soliton
and nondegenerate soliton: To illustrate this collision we fix the complex
parameter values as follows: ky = [} = 1—0.5i, ko = 0.35-1.8i, [, =

05—i,al’ =1,a? =07, 4" = 08 and a{? = 0.6.
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4.4.2 Degenerate soliton collision induced shape changing

property of nondegenerate soliton

As we have defined earlier, the coexisting solitons (both degenerate and
nondegenerate) undergo Type-I and Type-II shape changing collisions cor-
responding to two distinct velocity conditions ky; = Ip; and ky; # Iy,
respectively. In both these collision scenarios, the degenerate bright soli-
ton strongly affects the structure of nondegenerate soliton as it is ensured
from the above asymptotic analysis. As a result, the initial structure of
the nondegenerate soliton S; is varied to a different of geometrical struc-
ture. A typical Type-I shape changing collision is depicted in figure 4.10
for ky; = Ipr. In figure 4.10, it is true that the degenerate soliton S; under-
goes energy sharing collision among the two SW components only while
it interacts with the nondegenerate soliton S, as it has been shown in the
pure degenerate case [161].

In the long-wave component, we observe elastic collision only when the
degenerate soliton even collides with another class of asymmetric double-
humped nondegenerate soliton. During such enegy sharing collision of the
degenerate soliton, the polarization constants of SW components All_ =
af/(jaf" P+ P12, 1 = 1,2, change into AT = i/ (Jaf" |2+ x[al? )12,
A% = /(1Y Px Tt + |0 )12, where x = (Jky — [k + K3l +
b|?|ky — k312) / (|k1 — ka|?|k1 + 13|k + k2|?|ky — I5]?). Meanwhile, the am-
plitude of the soliton S; in the long-wave component remains unchanged
except for a finite phase shift. In contrast to the degenerate soliton Sq,
the profile structure of the nondegenerate fundamental soliton S; gets dra-
matically altered during the collision processes as it is evident from figure
4.10. From figure 4.10, one can observe that the initial set of asymmetric
double-hump profiles in the short-wave component S() and in the long-
wave component L get transformed into another set of asymmetric double-
hump profiles with a finite phase shift. However, in the second short-wave
component, the soliton S, switches its asymmetric flattop profile into a
single-hump profile with an enhancement of energy along with a phase
shift. From the asymptotic forms, we identify that the relative separation
distance or the phase terms are not maintained during this special kind of

interaction.
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Next, we display the Type-II shape-changing collision in figure 4.11 for
kyr # Ip;, where the degenerate soliton S; undergoes usual energy shar-
ing collision as expected. However, the nondegenerate soliton S, exhibits
unusual collision property. From figure 4.11, one can immediately notice
that two single-hump solitons appear in the two short-wave components
S0, 1 =1,2, under the velocity condition ky; # I apart from the appear-
ance two similar solitons in the long-wave component. We do not come
across the appearance of such two single-hump solitons in the short-wave
components in the case of one-soliton, where a single-hump profile only
emerged in both the S (1) components at ki; # I;; (one can confirm this
from figure 4.3). We also notice that the small amplitude soliton structure,
in both the SW components, disappears after colliding with the degenerate
soliton S; whereas the energy of the larger amplitude soliton is enhanced
turther. In other words, the two single-humped structures, in both the SW
components, are merged during the collision. After the collision, they get
combined into a single-hump soliton. However, very interestingly the two
single-humped nondegenerate structure in the LW component propagates
without any distortion thereby confirming the elastic collision nature. To
characterize both Type-I and Type-II shape changing collisions, one can
calculate the corresponding transition amplitudes. For both the collision

scenarios, the explicit forms of the transition amplitudes turn out to be

1 S 1 i

T} = , T2 = )
R S P (P SIS IV

(4.52)

where x = ([ky — b2 lky + K Plk1 + o 2l — K312)/ (e — a2 [k + 15 Ky +
kz|?|kq — I3|?). In general, the value of x is not equal to one. Consequently
the transition amplitudes T} and T? are not unimodular. In this situation,
one always comes across shape changing collision. The standard elastic
collision can occur when x = 1, where the quantities T} and T? are equal
to unity. We point out that one can also calculate explicitly the position
shift that occurred during the collision between the degenerate and non-
degenerate solitons. We wish to emphasize here that to the best of our

knowledge the collision scenarios discussed above have not been reported



4.5. Degenerate soliton solutions and their collision dynamics 127

elsewhere in the literature for the (1+1)-dimensional two component LSRI
system (4.1).

051 jsp 4

I sop i

£l
OL: = . : - .
-15 0 15

F1GURE 4.12: Single-humped degenerate fundamental soliton: k; = 0.5 —

0.5, &\ =05 and a{? = 1.

4.5 Degenerate soliton solutions and their colli-

sion dynamics

Here, we provide the minimal details about the already known class of de-
generate soliton solutions and the underlying collision property, reported
in Ref. [161] for Eq. (4.1), in order to clearly distinguish the correspond-
ing dynamics from the dynamics of nondegenerate soliton solution (4.10)-
(4.12) presented in this paper. The energy exchanging collision exhibiting
degenerate fundamental bright soliton solution can be extracted from the
nondegenerate one-soliton solution Eqs. (4.10)-(4.12) by imposing the re-
striction k; = [ in it. As a consequence of this constraint, the seed solu-
tions (4.3) get restricted as g%l) = agl)e’ﬁ, ggz) = ocgz)e’ﬁ, m = kix + ik%t.
This results in the degenerate one-soliton solution of the form,

. . R R
S = 2A kg v/kige! " Dsech(img + ), L = 2kigsech? (g + 7)- (4.53)
() W2, 1,22
Here, A N M l:1,2,eR:—(‘a1 |“+ oy |)/ — kio(x —
l 16k2 k7 R 1R (

4
Vi 2+ 2

2kigt), m1r = kigx + (k%R — k% )t. In contrast to the nondegenerate soliton,
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the above degenerate soliton always propagates in all the components with
identical velocity 2k;;. This is because of the presence of a single complex
wave number kj in the solution (4.53). It leads to single-hump profiles only
in all the three components as we have shown in figure 4.12. The ampli-
tudes of the degenerate soliton in the SW components and the long-wave
component are 2A;kigrv/k1; and 2k3y, respectively. The central position of
the soliton (for all the components) is %

F1IGURE 4.13: Energy sharing collision of two degenerate solitons: ki =

15— 050,k =2 —2i,al" =25,0? =1.2,4{” =09 and a{?) = 0.6.

The degenerate two-soliton solution of the system (4.1) was reported in
Ref. [161] by considering the seed solutions

g%l) _ “gl)em +“§l)er72’ nj = ij+ik]2.t, l,ji=1,2 (4.54)

On the other hand, it can be captured from the nondegenerate two-
soliton solution (4.24) and (4.25) by imposing the restrictions k; = [; and
ky = Ip. The resultant Gram determinat forms of the degenerate two-
soliton solution contains the following elements in Eqs. (4.23),

oy T
A W = Amn = Aum = Ay, ¢1 = P2 = ( et el ) ’
_I..
(o /
Kp! = YT _ Kmn = Knm = Ky, m,m’ ,n,n’ =1,2. (4.55)

2i(k2, — k%)
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The other elements are the same as the ones defined in Egs. (4.24) and
(4.25). In general, the degenerate N-soliton solution is a special case of
our nondegenerate vector N-soliton solution under the restrictions, k; = [;,
i=1,2,..,N. We wish to remark here that obviously any one soliton solu-
tion will be a special case of the two-soliton solution, under the appropriate
specialization of the parameters. The nondegenerate fundamental soliton
solution (4.10)-(4.12) turns out be a special case of the nondegenerate two-
soliton solution (4.24) and (4.25) with agl) = ocgz) = 0. Similarly, the degen-
erate fundamental soliton solution (4.53) i)s a S}ze)cial case of the degenerate
(1 2

two-soliton case under the restriction a, ° = a,”” = 0. In passing, we note
that very special parametric choice turns out to be the present fundamen-
tal one soliton solution (one soliton solution presented in Egs. (4.10)-(4.12)
can be deduced from the degenerate two-soliton solution (4.55) too under

(1) (2) (2)

the restriction &, © = a;” = 0 after renaming the resultant constants «,
as ocgz) and kp as ;). However, as it is evident from our discussion, the
properties of the nondegenerate fundamental soliton solution (4.10)-(4.12)
are entirely distinct from the interacting degenerate two-soliton solution
reported in Ref. [161].

As we have pointed in the previous sub-section 4.2 and by the authors
of Ref. [161], the degenerate solitons of the LSRI system (4.1) undergo
collision with energy redistribution among the short-wave components.
Such a typical collision scenario is displayed in figure 4.13 as an example.
From this figure, one can easily observe that the energy of the soliton S;
is enhanced in the (1) component and it gets suppressed in the $() com-
ponent. In order to preserve the conservation of energy in both the SW
components, the energy of the soliton S; is suppressed in the S(1) compo-
nent and it gets enhanced in the $(2) component. However, the degenerate
solitons in the long-wave component always undergoes elastic collision.

The elastic collision is brought out in all the components by fixing the pa-
(1) (2)
rameters as % = % [161].
) )
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4.6 Nondegenerate three-soliton solution

The three-soliton solution of the system (4.1) is given below:

Ayt Amn 1 0 ¢
Ayt Amn 1 0
Apm Ay 0 I ¢ A ) 0 ;
nm nn’

= | =T 0 Ky kmn O], f= 4.56)
T —1I 0  Kpum' Kmn
0 —1 Knm  Kun/ 0’
0 —1 Knm Kun!

o o ¢ 0 0
Ayt Amn I 0 ¢
= —I 0 Ky Kmn 07T | (4.57)

0 - I Knm Knn/ 0/

0 0’ 0 C ©

The various elements of the above Gram determinants are defined as

e’7m+’7;/ eUergZ eénJFé:/ eUZJrgm
A, — A=A =, A= —————, 4.58
o K (P 1y A (R T LR (e L
b _ phoyn Py _ by,
Kinm! — 12 2N 7 Kmn = == 2 %2\ 7 Knm = == 2 2 s Kun! = = 2 NG
2i(k2, — k%) 2i(12, — k;?) 2i(kZ — 1;2) 2i(1z —1*7)

m,m ,n,n’ =1,2,3.

The other elements are defined below:

P = (3’71 ez ell3 > , P = <e§1 e%2 oG )T, P = (“](1) 0 )T, 1/)], —

) 100 000
(o oc](.z)),()/:(o 00),1202 0o10[,0=]000
001 000

and Cy = — < (XgN) “éN) [ng) ),] =1,2,3, N = 1,2. We remark that the
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degenerate three-soliton solution can be obtained from the above nonde-
generate three-soliton solution when kj = l]-, j = 1,2,3. In general, mathe-
matically to obtain the degenerate N-soliton solution from the nondegen-
erate N-soliton solution one needs to impose N number of restrictions on
the wave bumbers kj = l]-, j=12,.,N.

4,7 Conclusion

In this chapter we have derived nondegenerate fundamental soliton so-
lutions of the LSRI equations by adopting the Hirota bilinearization pro-
cedure. This general type of soliton solutions have been given in Gram
determinant form for compactness. Symmetric and asymmetric profile
structures of LSRI nondegenerate solitons have been demonstrated ana-
lytically and graphically. Very complicated nondegenerate two-soliton so-
lutions of the two component LSRI system have been obtained. Also we
mentioned the possibility of coexistence of nondegenerate and degenerate
solitons which we called partially nondegenerate soltions. Various inter-
esting collision behaviours (i) between nondegenerate solitons (ii) between
nondegenerate and degenerate solitons have been studied in detail by the
tedious asymptotic analysis. As a result of this analysis, we identified that
the nondegenerate solitons exhibit three types of interaction behaviours,
namely shape preserving interaction with zero phase shift, shape altering
and shape changing interactions with finite phase shifts. These shape al-
tering and shape changing interactions can also be understood as elastic
interactions by taking appropriate time shifts in the asymptotic forms of
the nondegenerate two-soliton solutions. In the partially nondegenerate
soliton limits, two types of shape changing and energy sharing interaction
have been observed. At the end, the already known class of degenerate
solitons have been deduced as a subclass of our newly derived nondegen-
erate solitons and its profile structures, and collision properties have been
mentioned briefly.
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Chapter 5

Existence of Nondegenerate

solitons in other coupled nonlinear

Schrodinger family of systems

5.1 Introduction

In the second chapter we have studied the properties and collision dynam-
ics of nondegenerate solitons in the Manakov system in which shape pre-
serving, shape altering and shape changing collisions have been identified.
Then we have confirmed through systematic asymptotic analysis that all
these three types of collsions come under elastic collision scenario, except
in the cases where degenerate solitons are involved. In Chapter 3, the effect
of four wave mixing nonlinearity on the nondegenerate Manakov solitons
have been analyzed. Very interestingly in chapter 4, the nondegenerate
solitons in the two component long-wave short-wave resonance interac-
tion system have been studied through the Hirota bilinearization method,
where all the above mentioned three types of collision nature have been
captured under appropriate wave number restrictions. Further the coex-
istence of degenerate and nondegenerate soliton solution simultaneously
in the LSRI system is also identified. Now it is very curious to know the
analytical structures and collision behaviours of nondegenerate solitons in
other coupled systems like the mixed two coupled nonlinear Schrodinger
system, N- coupled nonlinear Schrodinger system and coherently coupled
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nonlinear Schrodinger system. In this chapter we explore some of these
aspects.

This chapter is framed as follows: In section 5.2, we briefly present the
nondegenerate bright solitons and their profile nature of mixed 2-CNLS
system. Then the generalization of nondegenerate bright solitons admitted
by N-CNLS system of Manakov type is presented in section 5.3. Also the
Gram determinant solutions are deduced for the N = 3 and N = 4 cases
for demonstration. Then numerical stability of triple hump nondegener-
ate solitons against white noise is presented in section 5.4, nondegenerate
soliton solution in 2-CCNLS system is presented using the nonstandard
Hirota bilinearization technique.

5.2 Nondegenerate and degenerate bright solitons

in mixed 2-CNLS system

This section is essentially devoted to show the existence of nondegenerate
fundamental bright solitons in the mixed 2-CNLS system or Eq. (1.10) with
01 = +1 and 0o = —1. Then the equations take the form,

iq1,2 + e +2 (|111|2 - |IJ2|2> q1=0 (5.1)
2+ Qo +2 (012 = 19212) g2 = 0

In this section, we also point out how the degenerate fundamental
bright soliton can be captured from the obtained nondegenerate one-soliton
solution and indicate its energy sharing collision. In order to write down
the analytical form of nondegenerate fundamental soliton solution, one
has to follow the same procedure that has been adopted to derive such a
solution in the case of the Manakov system. Since the solution construc-
tion methodology has been extensively described in Refs. [77-79] and in
chapter 2, here we immediately present the explicit form of nondegenerate
fundamental soliton solution of the mixed 2-CNLS system. It reads as
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1) , (1)
&1 183 Lo om o nra+e+al)
=21 99 — — (p; e fNMTe1TertA ) 5.2
2) 4 ,(2)
81 +&3 L. @z i+ E+A?
=21 99 _— (g Veb 4 MTITe1TR ), 5.3
Here D = 1 + eMH1ito1 4 pl1+861+02 4 oty +81+81+on
B o Yl (o 0]t e N .t L S .t
(k1+lf)(ll+lf)2 ’ (k1+k91‘)2(k;+11) 4 (k1+kf)2’ (11+lik)2
=i Plag PP
and ¢’ = — NI . Like in the Manakov system, the two

(k)2 k1 P(L 4172
complex parameters ocgl)’s, j = 1,2, and the two wave numbers ki, and
I1 describes the behaviour of the above general form of one-soliton solu-
tion (5.2)-(5.3). By rewriting the solution (5.2)-(5.3) in hyperbolic form, as
it has been done in Egs. (2.9a) and (2.9b), we find the amplitude, veloc-
ity and central position of the soliton in the first mode is 2kig, 2k;; and

B 1 e (ki)
2hR 2k 908 (ki +13) (h+13)27
tude, velocity and central position of the soliton are defined by 2I;g, 2I;;
and 22 — 1 1o (=l ")
Zig — 2kig 08 (ki+1) (ky+k5)2”
too, the nondegenerate fundamental soliton propagates in the two modes

respectively. In the second mode, the ampli-

respectively. In the mixed 2-CNLS system

either with identical velocity (v; = v, = 2k;;) or with non-identical veloc-
ity (v1 = 2kq; # vy = 2lj1) depending on the restriction on the imaginary
parts of the wave numbers k; and /1. The solution (5.2)-(5.3) always shows
singular behaviour due to the presence of negative sign in the constant

terms ¢ and e’11

except for k; = ;. This negative sign essentially arises
because of the presence of defocusing nonlinearity of the mixed CNLS sys-
tem. The singularity nature of the solution (5.2)-(5.3) is depicted in Figure
5.1 with the parameter values k; = 1.25+0.45i, I; = —0.5+0.45i, a\") = 0.3
and agz) = i. We note that the singular nature of the soliton has been re-
cently discussed in the context of singular optics [168]. The nondegenerate
higher order bright solitons can also be obtained in a similar way and one
can analyse their collision dynamics.

By imposing the limit k; = I; in the solution (5.2)-(5.3), one can cap-
ture following degenerate fundamental vector bright soliton solution of the

mixed 2-CNLS system, q; = klRAjei”Hsech(mR + %), where n1r = kig(t —
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10710

F1GURE 5.1: The singular double-hump profiles of the nondegenerate one-
soliton solution (5.2)-(5.3) of the mixed 2-CNLS system.

A R _ (|0c§1)|27|zxgz)|2)
Vi B aR)’ sk
j = 1,2. The latter degenerate bright soliton solution always admits the

2k11z), mir = kit + (k%R - k%I)Z' Af =

non-singular single-hump intensity profile when |¢x§1)| > |0¢§2)|. The de-
generate multi-soliton solutions and their interesting collision property
have been already discussed in [66]. The two-soliton solution of the mixed

2-CNLS system can be easily obtained by replcing B;; as Bjj = «j; =
(“(1)ag1)* _ “(z)agz)*)
] ]
(kj + kF)
(2.32a)-(2.32a) of the Manakov system. However, here we indicate the spe-

, 1,j = 1,2 in the degenerate two-soliton solution

cial collision dynamics exhibited by the degenerate bright solitons only
through a graphical demonstration as we illustrated below in Figure 5.2
for the parametric choice ky =1 —1i,ky =17+ 1, agl) =141, océl) =1-—1,
(xgz) = 0.5+ 0.3i and océz) = 0.7. From Figure 5.2, we identify that during
the collision process of the degenerate two bright solitons S; and S, in the
present mixed 2-CNLS system, the intensity of the soliton S; is enhanced
in all the modes. In contradiction to this, the intensity of the other soliton
Sy is suppressed in both the modes. Therefore, such a special property of
enhancement of the intensity of a given soliton always occurs in the mixed
2-CNLS system. One may find the details of energy conservation in Ref.
[66]. Additionally, we also observe the amplitude dependent phase shifts
in each of the modes. This energy sharing collision is quite different from
the shape changing collision of the Manakov system. The collision scenario
is depicted in Figure 5.2 can be viewed as a signal amplification process, in
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which the soliton S; refers as a signal wave and the soliton S, represents
as a pump wave. During this amplification process, there is no external
amplification medium is employed and is without the introduction of any

noise [66]. We point out that the standard NLS soliton-like collision can be
(1) (2)

. . o g T
recovered by imposing the restriction NORRINOE

FiGure 5.2: Energy sharing collision of degenerate two bright solitons of
the mixed 2-CNLS system [66].

5.3 Nondegenerate solitons in N-CNLS system

We intend to investigate the multi-hump nature of nondegenerate fun-
damental solitons in the following system of multi-component nonlinear

Schrodinger equations,

N
19 + e+ 2 21 9179, =0, j=1,2,..,N, (5.4)

p=

by deriving their analytical forms through Hirota bilinear method. Equa-

tion (5.4) describes the optical pulse propagation in N-mode optical fibers
[6] and it describes the incoherent light beam propagation in photorefrac-
tive medium [53] and so on. In the above, ;s are complex wave envelopes
propagating in N-optical modes and z and ¢ represent the normalized dis-
tance and retarded time, respectively. We note that for N = 2 in Eq. (5.4),
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we have studied the collision and stability properties of the nondegener-
ate solitons [78] and also we have identified their existence in other inte-
grable nonlinear Schrodinger family of equations by revealing their analyt-
ical forms [79]. To derive the exact form of the nondegenerate fundamental
soliton solution for the N-CNLS sytem, we bilinearize Eq. (5.4) through the

dependent variable transformation, q;(z,t) = g}’éézt)t ), j=1,2,.. N where
¢!)’s are in general complex functions and f is a real function. Substitu-
tion of this transformation in Eq. (5.4) brings out the following bilinear
forms: (iD; 4+ D?)g\) - f = 0 and D?f - f = 2(X2_, g™ - ¢(W*). Here D,
and D; are the usual Hirota bilinear operators [155]. Then we consider the
standard Hirota series expansions g() = eggj )1 e g:(),j )+ ] =12,.,N
and f =1+ €?f, +€*f4 + ... in the solution construction process.

To obtain the nondegenerate fundamental soliton solution of Eq. (5.4)
we consider the general forms of N-seed solutions, g\/) = agj )6’71, N =
kjt + ika.z, where ucgj ) and kj, j = 1,2,..,N are complex parameters and
are nonidentical in general to the N-independent linear partial differential
equations, igg ; + ggj 2t =0,j=1,2,.., N, which arise at the lowest order
of €. With such general choices of seed solutions, we proceed to solve the
resulting inhomogeneous linear partial differential equations successively
in order to deduce the full series solution upto ggz,_l in ¢U) and foy in
f. By combining the obtained forms of the unknown functions as per the
series expansions we find a rather complicated form of the nondegenerate
fundamental soliton solution for the N-CNLS equation. However, we have
managed to rewrite it in a more compact form using the following Gram

determinants [162, 163],

A I ¢
™) A 1
gV =1 -1 B oY |, f= , (5.5)
—-I B
0 Cy O

where the elements of the matrices A and B are
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it ypioy;
A B = WY (0 WY
Tkt k)Y 9T k) N (al L i )
T T
P = ( oV, @, , al) ) = ( el e ol ) im=12.N.

In the above, gN) and f are ((22N) 4 1) and (22N)th order determi-
nants, T represents the transpose of the matrices i; and ¢, T denotes trans-
pose complex conjugate, o = I is an (n X n) identity matrix, ¢ denotes (n
x 1) column matrix, 0 is a (1 X n) null matrix, Cy is a (1 X n) row matrix
and ¢ represents a (n x 1) column matrix. In the above expressions, for
the nondegenerate fundamental soliton solution the elements «;;"s do not
exist («j; = 0) in the square matrix B when j # i. Also for a given set of N
and j values the corresponding elements only exist and all the other ele-
ments are equal to zero in Cy and ¢; matrices (we have demonstrated the
latter clearly for the 3-component case below). We have verified the valid-
ity of the nondegenerate fundamental soliton solution (5.5) by substituting
it in the bilinear equations of Eq. (5.4) along with the following deriva-
tive formula of the determinants, %—]XI = Yi<ij<n %gu—]\f = Yi<ij<n %AM,
where A; /s are the cofactors of the matrix M, the bordered determinant
properties and the elementary properties of the determinants [155]. This
action yields a pair of Jacobi identities and thus their occurrence confirms
the validity of the obtained soliton solution. Multi-hump profile nature is a
special feature of the obtained nondegenerate fundamental soliton solution
(5.5). Such multi-hump structures and their propagation are characterized
by 2N arbitrary complex wave parameters. The funamental nondegenerate
soliton admits a very interesting N-hump profile in the present N-CNLS
system. In this system, in general, the nondegenerate solitons propagate
with different velocities in different modes but one can make them to prop-
agate with identical velocity by restricting the imaginary parts of all the
wave numbers kj, j=1,2,.. N, to be equal. Interestingly, in 1976, Nogami
and Warke have obtained soliton solution for the multicomponent CNLS
system [169]. We note that their soliton solution corresponds to the so

called partially coherent soliton (PCS) which can be checked after replac-
ing the function ¢; = exp(k;x) by e; = , /2k;a; exp(k;X;), where ¥; = x — x;,
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kitk; , . ) .
aj = Hjzicij, cij = |k1 i and k;’s are real constants, in their solution [55].

Since, the stationary N -PCS solution arises from our solution (5.5) under
the parametric restrictions ocgj ) = e, j=1,3,4,..,Nand agz) = —¢'l0, (17]~0:
real), k]- = ij, k]-I =0,j =1,2,.., N, the solution of Nogami and Warke
[169] and its time dependent version are essentially special cases of our
general solution (5.5).

It is interesting to note that if we set all the wavenumbers k;, j =
1,2,...,N, as identical, k]- = ki, j = 1,2,..,N, which corresponds to the
seed solutions getting restricted as gl/) = oagj )6’71, n = kit + ik3z, for all
j=1,2,..,N, in the fundamental soliton solution (5.5), the resultant form
gets reduced to the following degenerate soliton (DS) solution for Eq. (5.4)
[37] [38] as

- R
(41,92, 93, - Gn)T = (A1, Az, As, ..., AN) " kireMisech (171R+ > (5.6)

where fig = kir(t — 2ki12), Aj = o' /6 and & = (ZN o] )2
Here ocgj ), ki, j = 1,2,..,N, are arbitrary complex parameters. Further,

kirA; gives the amphtude of the jth mode, 5 (= 1log 2+ " denotes the

k)
central position of the soliton and 2kq; is the soliton VellcoJcrft))l [38]. It is evi-
dent that the degenerate soliton solution (5.6) always admits single-hump
structure. Using this single peak intensity or power profile as signal in
binary coding one cannot improve higher bit-rate in information transmis-
sion as pointed out in [19] whereas this class of degenerate solitons in-
terestingly exhibit energy exhanging collision leading to the construction
of all optical logic gates [44]. To enhance the bit-rate multi-hump pulses
with symmetric and asymmetric profiles, as we describe below for 3 and
4-CNLS systems as examples, can be useful for optical communication.

In order to show the multi-hump nature of the nondegenerate soliton,
here we demonstrate such special feature in the case of 3-CNLS and 4-
CNLS systems. To start with, we consider the three coupled nonlinear
Schrodinger equation (N = 3 in Eq. (5.4)). To get the nondegenerate
fundamental soliton solution for this system, we consider the solutions,

gil) = agl)e’h, ggz) = txgz)e’h and g§3) = ocf)e’73 as seed solutions to the
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lowest order linear PDEs. These general form of seed solutions termi-
nates the series expansions as g\/) = eggj )4 e3g§j )+ géj ) i=1,2,3and
f=1+¢€>f,+€e*fy + €°fs. By rewriting the explicit forms of the obtained
unknown functions in terms of Gram determinants we get the resultant
forms similar to the one (Eq. (5.5)) reported above for the N-component
case. We find that for the 3-CNLS system the matrices A and B are consti-

tuted by the elements, A;; and Bjj, i,j = 1,2,3 and also the other matrices
Cn, j and ¢ are deduced as C; = ( ,Xgl) 0 0 ), C, = ( 0 D{gz) 0 >’

T T
G=(00a ) pi=(a 00),¥2=(0a? 0),
T T
¢3:<0 0 oc§3)) andql?:(e’?l el e’73>
From the resultant Gram-determinant forms, we deduce the follow-

ing triple-humped nondegenerate fundamental soliton solution for the 3-
CNLS system,

1 . As1+ Aqp+A
no= ?6”7” <€ *2 cosh(rag + 73x + (l;l) "7 cosh(iar — 113k + % )
1 . Asp+ Ajp+D9
g = ?e”m <e 2,12 cosh(mr + 73R + 1/]1) te 2 cosh(mpr — 3R + % ),
1 . Asz+ A +A
g3 = ?3”731 (e S cosh(mir + 12r + %) Je 2 cosh(mir — 1R + );2)>,
5 o7 31+4 —
f = e? cosh(ir + 2R + 73R + > Ty +e 7 cosh(iir — v — 3R + 2 )
9405 6y — 05 93tdy b3 — 04

+ e72 cosh(for — 1R — 3R + ) +e "2 cosh(nar — 1R — 2R +

2 2

where 1jr = kir(t — 2kj1z), j = 1,2,3, ¢1 = Asy — p11, ¢2 = D11 — Aoy,
Y1 = Asp — p12, Yo = Dio — Do, X1 = As3 — p13, X2 = D1z — Doz, p1j = Dégj),

(1)|2

. . 14
= 1,2,3, and the other constants given above are ¢/ = L , e =
J & A
2 3 2
|“§ )|2 03 — \“% )\2 eAll — “g )912 52 eA21 — “g )013 (53 eAlz — _a§ >913651
Ay 7 Azz 7 A A Al ’
(2) (3) 3)
€A22 _ Q23653 eA13 — Y .913651 eA23 — Y 0236(52 6(54 — ‘Q12| (51"‘(52
23 ’ A3 ’ A ! 1A122 !
6(55 — \Q13|2e(51—|—53 6‘56 — |Q23|2 §2+53 657 — |012\ |Ql3\ |Qz3|2 51+(52+53 A51 —
" [A13]2 ! [A23]2 [A12]2[A13]2[A23]?
o 912913|Q23|2€52+(53 el — “1 912|Q13\ Q23 51+(53 s — "‘1 |Q12\ 013023 (51—1—52
7

AaAg3]Ans)? A, A2 A [A2[2Af3A%

), (5.7)
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A = (k14 k)% Ap = (ko +k35)% Asz = (ks +k3)% 012 = (k1 — ko),
013 = (k1 — k3), 023 = (ko — k3), A2 = (k1 +k3), Az = (k1 +k3) and A3 =
(ko +k3). The above nontrivial soliton solution is described by six arbi-
trary complex parameters, zxgj ), ki, j =1,2,3. As a specific example, we can
easily check that such multi-parameter solution admits a novel asymmetric
triple-hump profile when we fix the velocity as ki = kp; = ka; = 0.5. The
other parameter values are chosen as kjg = 0.53, kor = 0.5, kg = 0.45,
a\V = 0.65+0.65i, ) = 0.45 —0.45i and &\ = 0.35+0.35i. In Fig.
5.3 (a), we display the asymmetric triple-hump profiles in all the compo-
nents for the above choice of parameter values. It is important to note that
for the specific choice of parameter values, the solution (5.7) also exhibits
symmetric triple-hump soliton profile. The symmetric and asymmetric na-
ture of solution (5.7) can be identified by calculating the following relative

separation distances between the solitons of the modes,

2(ksgp — k k k
Aty =1t —ty = %log o ks = ko) (e + K K R, (5.8)
|"‘1 2(k2r — k3r) (k1r + k3r)kig
2(kyg — k k kag ) k2
Abps = b — s — 210g \0‘1 |“(kir — kar) (kar + kar )k 3R 5.9)
|0¢1 |2(sz — kar) (k1r + kor )K3 ¢
2(kop — k k kg k3
Aty =ty —ts = 21og el ST TR (5.10)
’“1 2(k1r — k3r) (kir + kar)k3g

It is evident from Egs. (5.8)-(5.10) the solution (5.7), with ki; = kyj =
ksr, always admits asymmetric triple-hump profiles when At;; = Aty3 =
Aty # 0. In contrast to this, almost symmetric (not perfect symmetric)
triple-hump profile arises in all the modes when the soliton parameters
obey the condition, Aty = Atj3 = At3 — 0. The double node (or multi-
node) formation occurs when the relative velocities among the solitons of
the modes, q]-’s j = 1,2,3, do not tend to zero. Such node formation is
demonstrated in Fig. 5.4 for the unequal velocity case (of the modes) in
the present 3-CNLS system. We wish to point out here that the triple peak
power profiles obeying the above relative separation distance condition,
both symmetric and asymmetric, could be useful in the launching of the
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initial signal in binary coding scheme. In the practical situation the ini-
tial profiles can vary their shape due to fiber’s loss and nonlinear higher
order effects. This situation cannot be avoided in a fiber. However, the
solution (5.7) retains the fundamental property, namely the triple-hump
soliton profile, of the nondegenerate soliton during the evolution along
the fiber.

0.15 0.14

2
— lal . b

lg;1?
la;1°

FiGURe 5.3: (a) denotes triple-hump profiles of nondegenerate funda-
mental soliton in the 3-CNLS system and (b) is its corresponding single-
humped degenerate soliton profile. (c) represents a quadruple-humped
nondegenerate soliton profiles in 4-CNLS system. The specific values of
the soliton parameters are given in the text.

It is interesting to note that when we impose the condition k; = ky = k3
in the solution (5.7), it turns out to be a single-humped degenerate funda-
mental soliton for the 3-CNLS system. This can be seen from Fig. 5.3 (b)
for the values ky = ky = k3 = 1 +1, a\") = 0.65 + 0.65i, a\?) = 0.45 — 0.45i
and ocgs) = 0.35+ 0.35i. We note that the 3-partially coherent soliton or
multi-soliton complexes arise from the nondegenerate fundamental soli-
ton solution (5.7) of the 3-CNLS system when the soliton parameters are
fixed as zxgl) = ¢lo, 0452) = —e'l20, 0453) = e, k1 = kigr, ko = kog, k3 = k3r
and kﬂ =0,j =1,2,3, where Mo, ] = 1,2,3, are considered as real con-
stants [32, 38]. Next we illustrate the multi-hump nature of nondegenerate
soliton in the 4-CNLS system. To obtain such solution one has to proceed
with the analysis for the N = 4 case, as we have described in the above
3-component case. For brevity, we do not give the details of the final solu-
tion due to its complex nature. However, one can easily deduce the form
of the solution from the soliton solution of the N-component case, Eq.
(5.5), as given above. The final solution contains eight arbitrary complex
parameters, namely ucgj ) and ki, j = 1,2,3,4. These parameters play a sig-

nificant role in determining the profile nature of the underlying soliton in
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the 4-component case. In general, the nondegenerate one-soliton solution
in the 4-CNLS system exhibits asymmetric quadruple-hump profile in all
the modes. Such novel quadruple-hump profile is displayed in Fig. 5.3(c)
for the parameter values k; = 0.48 + 0.51, k; = 0.5+ 0.5, k3 = 0.53 4 0.5},
ky = 055+ 0.5, &\ = 0.65 + 0.65i, a\* = 0.55 — 0.55i, a'®) = 0.45 + 0.45i
and a\*) = 0.35 — 0.35i.
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F1GUrE 5.4: Double-node formation in the unequal velocities case in the
profile of nondegenerate fundamental soliton in 3-CNLS system. The
parameter values are k; = 0.55 + 0.35i, ko = 0.5+ 0.57, k3 = 0.45+ 0.8i

a{Y = 0.65+0.65i, a\”) = 0.45 — 0.45i and &\’ = 0.35 + 0.35i.

We have verified the asymmetric quadruple-hump profile nature by
calculating the relative separation distance, Aty = Atj3 = Aty # 0. How-
ever we do not present their explicit forms due to size limitation of the
letter article. It is evident from Figs. 5.3 (a) and (c) that the nondegenerate
soliton (in 3, 4 and also in the arbitrary N (> 4) CNLS systems) exhibits
multi-hump nature. This multi-peak nature can increase the bit-rate in
coding the information. Consequently it can help to uplift the flow of data
in fiber. In the present 4-CNLS system case also multi-node forms when
the relative velocities of the solitons among the modes do not tend to zero.
One can also recover the already known degenerate soliton solution by
tixing the condition k1 = k, = k3 = k4 in the final form of nondegenerate
soliton solution of the 4-CNLS system. In the following, we further report
the fact that the N-CNLS system can also admit very interesting partially
nondegenerate soliton solution when the wavenumbers are restricted suit-
ably. Such partial nondegenerate soliton solutions also exhibit multi-hump
profiles (but less than N in number). For instance, here we demonstrate

their existence for the 3 and 4-CNLS systems and this procedure can be



5.3. Nondegenerate solitons in N-CNLS system 145

generalized to the N-component case in principle. For the 3-component
case, the partially nondegenerate soliton solution can be obtained by im-
posing the condition, ky = k2 (or k; = k3 or ko = k3), on the wave numbers
in the solution (5.7). This restriction reduces the asymmetric triple-hump
profile, as depicted in Fig. 5.3 (a), into the asymmetric double-hump in-
tensity profile as displayed in Fig. 5.5 (a) for the choice of parameters
ki = ky = 0.5+ 0.5i, ks = 0.45 + 051, ") = 0.65 + 0.65i, a{>) = 0.45 — 0.45i
and rxf’) = 0.35 4 0.35i. The partially NDS double-hump profile is de-
scribed by the following explicit form of solution, deduced from solution
(5.7),

= jlreim’e%;p11 cosh(nzr + w), g3 = lei”“e% cosh(n1r + %),
QP = }ei”“ (; [cosh(2171r — 3R + A12) + sinh(2771r — #3R + A12)]
—i—eA222+P12 cosh(nzr + Az —pi2 ;pu )),
f = e cosh(n1r + 73R + 5—1) + ¢ cosh(171r — 3R + b —% ). (5.11)

2 2

In the above et = ¢% 4 e, e = ¢l 4 ¢%2, ¢ = D13 4 A3, =1 =
kit + ik%z, N3 = kat + ik%z and the other constants are deduced from the
constants of the solution (5.7) by imposing the condition k; = ky in them.
We point out that one can get the degenerate soliton solution by imposing
the restriction further on the wavenumbers, that is as we mentioned above
ki = ko = k3 leads to completely degenerate soliton solution.

It is important to note that partially nondegenerate soliton solution of
the 3-CNLSE can exhibit only upto double hump profile in all the three
modes due to the degeneracy among the modes and the nature of this
solution is controlled by five arbitrary complex parameters.

Similarly, for the 4-CNLS equation, partially nondegenerate soliton so-
lution can be deduced from the solution (5.5) of N-component case. How-
ever, due to the complex nature of the resultant solution we do not present
the expression here. Very interestingly such solution provides the fol-
lowing three possibilities: (i). k; = kp, (ii). k1 = ko = k3 and (iii)
ki = ky = ks = k4. The quadruple-hump soliton profile of the 4-CNLS
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F1GURE 5.5: (a) denotes double-humped profile of the partially nondegen-
erate one soliton solution of 3-CNLS system. (b) and (c) represent triple
and double-humped profiles of partially nondegenerate soliton solution
of 4-CNLS system when the conditions k; = k; and k1 = k» = k3 on
wavenumbers are imposed, respectively.

system becomes a triple-hump profile when we consider the first possi-
bility, k; = k. This triple-humped partially nondegenerate soliton solu-
tion is diplayed in Fig. 5.5(b) for ky = k, = 0.55 + 0.5i, k3 = 0.5+ 0.5i,
ky = 045+ 0.5, a\") = 0.65 + 0.65i, a\* = 0.55 — 0.5/, a'®) = 0.45 + 0.45i
and oc§4) = 0.35 — 0.35i. In contrast to the latter, we observe that the double-
hump soliton profile emerges while considering the second possibility,
ki1 = ky = k3, in the full nondegenerate form of solution of the 4-CNLS
system. Such double-humped partially NDS solution profile is depicted
in Fig. 5.5(c) for the values ky = ky = k3 = 0.55 4 0.5i, k4 = 0.45 4 0.5},
V) = 0354035, al?) = 045+ 045i, !’ = 055+ 0.55i and al? =
0.65 — 0.65i. The final possibilty, ky = ko = k3 = ky, corresponds to com-
plete degeneracy. This choice brings out the completely degenerate soliton
solution for the 4-CNLS system. In general, for the N-component case,
one would expect N — 1 possibilities of choices of wave numbers. Out of
these choices a single-humped complete degenerate soliton solution (5.6)
arises if all the wavenumbers are equal, k; = k» = ... = k;, whereas the
partial nondegeneracy appears from out of the remaining N — 2 possibili-
ties. Such partial nondegeneracy would bring out multi-hump profiles as
we have illustrated above for the 3 and 4 component cases.

We also wish to point out the stability nature of the triple-humped
nondegenerate fundamental soliton solution (5.7) of the 3-CNLS system
as an example. In order to do this, we consider the Crank-Nicolson nu-
merical algorithm [170] with different percentages of white noise as per-

turbations to the initial profiles. The initial profiles are considered in the
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FIGURE 5.6: Numerical plots for the asymmetric nondegenerate triple
hump soliton profile with 5% of white noise as perturbation. Top panel
denotes the triple-hump profile of 3-dimensional surface plot and the
bottom panel represents the corresponding density plots. The soliton pa-
rameters correspond to Fig. 5.3(a).

numerical analysis as q;(—100,t) = [1 + AZ(t)]q;,-100(t), ] = 1,2,3, where
qj-100(t), j = 1,2,3, are the initial profiles obtained from the solution (5.7)
at z = —100. Here, A is the amplitude of the white noise which is gen-
erated from the random numbers in the interval [—1,1] and {(¢) is the
noise function. The space and time step sizes are fixed in the numeri-
cal calculation, respectively, as dz = 0.1 and dt = 0.2. We also fix the
domain range values for both ¢ and z as [—100, 100]. The triple-hump pro-
file nature survives during the evolution even for 5% and 10% of white
noise perturbations except for minor changes in the amplitude part. This
is clearly demonstrated in figures 5.6 and 5.7. These figures ensure the
stability of triple-humped nondegenerate soliton against perturbations of
white noise. One can extend this analysis for even longer ranges of time

and space without much difficulty. Similarly, we have also confirmed the
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FiGUre 5.7: Numerical plots for the asymmetric nondegenerate triple
hump soliton profile with 10% of white noise as perturbation.

stability of asymmetric quadruple-hump nondegenerate soliton of the 4-
CNLS system as well.

54 Nondegenerate soliton solutions of CCNLS

system

Two coherently coupled nonlinear Schrodinger equations reads as follows,

iq12 + quee + 771> + 2|92 )1 — v939; =0, (5.12)
iq2z + Qo + (2|71 + |921*)92 — vq395 = 0.

In order to deduce the appropriate nondegenerate soliton solution to
%)

g (zt)
fz1)

iliary function s(z,t) [109, 110, 168]. It results in the following bilinear

with an aux-

(5.13), we introduce the bilinear transformation gq; =

0.2

0.1

0.0
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equations

Digl) - f=gW* s, Dof - f = Z“Yi 875 f = i(g(”)z, (5.13)
j=1 j=1

wher Dy = iD, + D? and D, = D?. We follow the procedure described
in [109, 110] for the degenerate case but now with the seed solutions
ggl) = aqe'h, ggz) = B1€%1, 1 = kit + ik?z, & = lit + il?z. While doing so,
the series expansions get truncated as g(f ) = eggj ) + €3 géj ) +€° géj ) + e7g;j ),
f=1+efr+e*fy+e8fs+€8fs and s = €23, + €*sy + €%s6. By substituting
the obtained forms of the unknown functions in the truncated series ex-
pansions, we get the following general form of nondegenerate coherently

coupled fundamental soliton solution of 2-CCNLS system (5.13),

— 1 <lxle’71 4 2 HAL 4 ol F281 81y oG HE A o201 +61)+01

i =
2 )+A 2 * T4+A 2 ¥ F4A
4ot (G1+C7)+A1s 4+ 2N GG+ (m+G1+E7)+ni+ 17>’
= 1 ([513(:1 4 @261 HCT A0 G2+ An Gt Ay p612(81 ) A0
eS1+2(n ) +05 | 281+CTF A+ 62(’71+771*+§1)+§T+A27) ,
f= 1+ e+ + G161+ + e2(m+17)+03 + 2 (m+87)+4 + e2(61+77) 405

+€2(§1+CT)+56 + e+ +81+87)+67 + e2m+ni)+61+8+n

L 2@ P v | 2 G s (5.14)

The various constants which appear in the above solution are given by
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41%192 ’ 21(11l119%91< ’ 81(1112 949*2 '
oBo 7[31|/31|2/ Ay “%,BTIBAB _ _’7|“1|213191,6A24 _ Pe3et]B Py ,
2141 262 07x11 411161
s _ OBy PoReiBla PIBP 010 Brle B
4K119*2 ’ 2K11[11619*2 ’ 81(11111929*4 ’
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0, = (k1 —i—lik), P1 = (k1 — ll), K11 = (k1 —f—kT)z.

The auxiliary function is obtained as s = a2e?ln + B2e%¢1 4 2N +61+61+¢1 4

e2oitmAni+r  2m+ni+8)+d3 o (771+§1+Cl)+¢4 e = w b2 = M

Tht 07%K11
veteflpl*
46113,
ently coupled fundamental one-soliton solution [109, 110] of Eq. (5.13) is

obtained by restricting k1 = I; in Eq. (5.14). This leads to

o3 — 2pipilaa [t

w7 © Ps = . The already reported degenerate coher-

* *
o= wpel +?2171+171 +A1q g = Biel +?2771+’71 +A1n eAH _ yoi (a%—‘,—ﬁ%)
1 1 1701 4 200 +i7)+027 2 1 1701 4 200 +07)+027 2x11 7
* (o2 432 2 a2 p? .. .
eA12 — M, 0 — M, e ) ’H—lﬂ The auxﬂlary functlon
2K11 K11 4x%,

is reduced as s = (a? + B3 )e?n.

From the solution (5.14), it is easy to identify that the shape of the non-
degenerate coherently coupled fundamental soliton (5.14) is also governed
by two arbitrary complex parameters oy and B; and two distinct complex
wave numbers ki and /j. The solution (5.14) admits various novel pro-
tiles , such as a quadruple-hump, a triple-hump, a double-hump and a
single-hump profiles under appropriate restrictions on the wave parame-
ters. This is due to the presence of additional wave number and the four

wave mixing effect. As an example, we display a nontrivial breathing type

7
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|g4

F1GUre 5.8: Breathing type triple-hump profile of nondegenerate soliton
in the CCNLS system.

triple-hump shaped soliton profiles in Fig. 5.8 for the parameters ¢y = 2,
ki = 0214054, I; = 029+ 0.5i, ay = 095+ 0.5 and B; = 0.97 —i.
By tuning the relative separation distance it is also possible to separate a
single-hump and a double-hump from this triple-hump profile. However,
a distinct double-hump profile only occurs in the degenerate case. This
is due to the presence of a single wave number apart from two arbitrary
constants a; and 1. A typical degenerate flattop soliton in q; component
and a double-hump profile in g, component is illustrated in Fig. 5.9 for
vy=2k =11 =05+0.5i, a1 =0.72+ 0.5/ and B; = 0.5 — 0.42i.

0
t

F1GURE 5.9: Flattop-double-hump profiles of degenerate solitons in the
CCNLS system.
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5.5 Conclusion

In this chapter we have deduced the nondegenerate one-soliton solution
for the mixed 2-CNLS system using the Hirota bilinearization technique.
The singular nature of the nondegenerate double hump solitons due to the
presence of defocusing nonlinearity has been identified. The non-singular
degenerate solitons under appropriate a parameter condition has been re-
tained. Further the nondegenerate Manakov solitons have been general-
ized to N-CNLS system which interestingly admits N-humped soliton pro-
tile. This has been demonstrated with 3-CNLS (triple hump solitons) and
4-CNLS (quadraple hump solitons) systems. Also the stability of the triple
hump nondegenerate solitons has been studied using Crank-Nicolson nu-
merical algorithm against 5 percent and 10 percent white noise as pertur-
bation. Finally the nondegenerate fundamental solitons for 2- coherently
coupled nonlinear Schrodinger system have been derived through a non-
standard Hirota bilinearization procedure and their breathing nature have
been deduced.
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Chapter

Summary and Future works

6.1 Summary of the thesis

In this present thesis, we have systematically analysed the new class of
solitons, namely nondegenerate solitons in coupled nonlinear Schrédinger
family of systems. Initially, we have started with the derivation of some
of the coupled nonlinear Schrodinger family of systems which have more
physical importance. We have derived nondegenerate solitons using Hi-
rota bilinearization procedure which is the direct method to construct soli-
ton solutions. Here nondegenerate solitons have been derived with more
general form of seed solutions having nonidentical wave numbers for the
bilinear equations. As a result we have obtained more general class of
soliton solutions which exhibit interestingly multihump profile structures
which are not possible in the already known class of soltions in the stud-
ied coupled systems. We have also recaptured the already known class
of solitons with appropriate restriction on wave numbers. We designated
the later as degenerate solitons. Apart from the completely nondegenerate
and degenerate solitons, partially nondegenerate solitons have also been
identified with suitable wave number constraint. This set of partially non-
degenerate solitons allows the coexistence of nondegenerate and degener-
ate solitons simultaneously in all the components. As a result of our work,

we understand that the partially coherent solitons can be derived from our
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more general solutions with further constraints on the wave numbers. Sin-
gularity of solitons and breathing nature of solitons have also been identi-
fied with appropriate nonlinearities in the coupled nonlinear Schrédinger
models. Following the above, interesting collision dynamics have been
studied between nondegenerate solitons, and nondegenerate and degen-
erate solitons. Systematic asymptotic analysis have been carried out for
all these collision scenarios. The role of polarization unit vectors have
been clearly understood in the energy redistribution between the coupled
modes through our detailed analysis. We strongly believe that our stud-
ies on nondegenerate solitons in coupled Schrodinger equations may open
new doors in the theory of solitons. Further this may be very much use-
ful in soliton based optical communications with enhanced data carrying
capacity. In the following we summarize the concrete results which we
have obtained from our series of works on nondegenerate solitons and

then point out some of the future directions along similar lines.

6.2 Conclusions of the thesis

1. We have derived a general form of nondegenerate one-, two- and
three-soliton solutions for the Manakov model through Hirota bilin-
earization method. Such new class of solitons admit various interest-
ing profile structures. The double-hump formation is elucidated by
analysing the relative velocities of the modes of the solitons. Then
we have pointed out the coexistence of degenerate and nondegen-
erate solitons in the Manakov system by imposing a wave number
restriction on the obtained two soliton solution. Then we have elu-
cidated that the nondegenerate bright solitons possess novel colli-
sion properties. In particular, they exhibit shape preserving, shape
altering and shape changing collisions. However, by performing a
careful asymptotic analysis, we found that all these three types of
collision scenarios can be viewed as an elastic collision. For appropri-
ate choices of parameters, they also exhibit energy sharing collision
properties. Further, we have demonstrated that the degenerate vector
bright solitons of Manakov system can be captured by imposing ap-

propriate constraints on the wave numbers. In addition to the above,
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we have also explained the intriguing energy sharing collisions that
occur between the degenerate vector bright solitons through graphi-
cal demonstration and analytical calculations. We have also verified
the stability nature of double hump solitons even during collision

using Crank-Nicolson numerical method.

2. In this chapter, we have investigated the role of the four-wave mix-
ing effect on the structure of nondegenerate vector solitons and their
collision dynamics. The fundamental, as well as higher-order non-
degenerate vector soliton solutions, are derived through the Hirota
bilinearization method and their forms are rewritten in a compact
way using Gram determinants. Very interestingly, we found that
the presence of four-wave mixing effect induced the breathing vec-
tor soliton state in both the optical modes. Then, we have observed
that the nondegenerate solitons in the GCNLS system undergoes, in
general, novel shape changing collision when the four-wave mixing
effect strength is strong enough. On the other hand, for weak four-
wave mixing effect they undergoes mere shape preserving (or shape
altering) collision. Further, we have also analyzed the degenerate
soliton collision induced novel shape changing property of nonde-
generate vector soliton by deriving the partially nondegenerate two-
soliton solution. We believe that the results reported in this chap-
ter will be useful in nonlinear optics for manipulating light by light

through collision.

3. We have derived the nondegenerate one-,two- and three-soliton so-
lutions through the Hirota bilinear method for the two component
long-wave short-wave resonance interaction system. The obtained
soliton solutions are represented by Gram determinant forms. We
have shown that the appearance of an additional wave number in the
fundamental soliton solution brings out novel geometrical structures
under the condition ki; = [4;. In addition, for ki; # [1;, the soliton
number is increased by one in the long-wave component. The reason
for the creation of additional soliton in the long-wave component is
that the solitons in the two short-wave components nonlinearly in-

teract among themselves through the LW component. Further, we
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have observed that the nondegenerate solitons undergo three types
of collisions, namely shape preserving with a zero phase shift, shape
altering and shape changing collisions with finite phase shifts. The
mechanism of the nonpreserving nature of phase terms or relative
separation distances induces these novel shape altering and shape
changing collision scenarios. However, they can be viewed as elastic
collision only by taking time shifts in the asymptotic forms of non-
degenerate solitons. Surprisingly, such type of collision property has
not been observed in the degenerate counterpart though they belong
to elastic collision only. Besides the above, the emergence of a coexist-
ing nonlinear phenomenon in the two component LSRI system is also
explored. We found that the existence of a partially nondegenerate
soliton solution, which is a special case of the completely nondegen-
erate two-soliton solution, is responsible for the appearance of such a
nonlinear phenomenon, where the nondegenerate soliton simultane-
ously exists with the degenerate soliton. We have noticed that the ex-
plicit appearance of degenerate soliton induces two types of interest-
ing shape changing and energy sharing properties of nondegenerate
soliton. Finally, we recovered the energy exchanging solitons from
the nondegenerate solitons under degenerate limits. The present
study on nondegenerate solitons of long-wave short-wave resonance
interaction system will be useful in hydrodynamics, plasma physics,

nonlinear optics and Bose-Einstein condensates.

We have pointed out the singularity nature of nondegenerate funda-
mental soliton in mixed 2- coupled nonlinear Schrodinger equations.
we have also reported the existence of nondegenerate fundamen-
tal soliton solution for the N-coupled nonlinear Schrodinger equa-
tions. This new class of solitons exhibit multi-hump nature among
all the modes. The existence of such special multi-humped profiles
is demonstrated explicitly by considering the nondegenerate soliton
solution for the 3 and 4 component cases. Very interestingly we have
also shown the existence of partially nondegenerate soliton solutions
by restricting the wave numbers suitably. The already known energy
exchanging degenerate class of vector bright solitons is shown as a
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6.3

sub-case by imposing specific restriction on the wave numbers. Fi-
nally, the stability of multi-humped nondegenerate fundamental soli-
ton has also been verified numerically. We believe that the existence
of multi-peak power nature in the nondegenerate fundamental soli-
ton in multi-mode optical fibers may be relevant to increase the data
stream in multi-level optical communication applications. Then the
nondegenerate one soliton solution for 2- coherently coupled non-
linear Schrodinger equations have been derived using nonstandard
Hirota bilinear procedure and breathing type triple hump and flat

top soliton profiles were obtained.

Future works

. We have studied the properties of fundamental nondegenerate soli-

ton solutions and their two-solitons collision dynamics for focussing
type 2-coupled nonlinear Schrodinger system /Manakov system, Gen-
eral coupled nonlinear Schrodinger system, 2-component long-wave
short-wave Resonance Interaction system. Two-soliton collision dy-
namics of CNLS generalizations, namely 3, 4 and N-coupled equa-
tions are still open problems. Also one can study the collision dy-
namics of higher order solitons of the above mentioned systems.

. It is a quite obvious question that what kind of effects will nonde-

generate solitons show for other higher order nonlinear effects and

their higher dimensional counterparts.

. Nondegenerate solitons study in artificial materials like negative in-

dex materials will be of great interest due to their fascinating prop-
erties and potential applications.

. In this present work we have constructed only the bright soliton so-

lutions. One can derive dark soliton solutions also in appropriate
cases. This work can be further extended to other interesting local-
ized structures, namely breather and rogue wave solutions through
already known systematic procedures.
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5. One can also extend this study to other physically important sys-
tems like coupled Radhakrishnan-Kundu-Lakshmanan system, cou-
pled Lakshmanan-Porsezian-Daniel system and some of the coupled

real equations.

6. Mathematically this problem may be studied for more general class
of initial conditions through a sophisticated Riemann-Hilbert prob-
lem approach.

7. Also in the next step, one can extend this study using numerical and
experimental techniques which can suggest more useful results for

the application purpose.
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It is known that the Manakov equation which describes wave propagation in two mode optical fibers,

photorefractive materials, etc., can admit solitons which allow energy redistribution between the modes on

collision that also leads to logical computing. In this Letter, we point out that the Manakov system can

admit a more general type of nondegenerate fundamental solitons corresponding to different wave

numbers, which undergo collisions without any energy redistribution. The previously known class of

solitons which allows energy redistribution among the modes turns out to be a special case corresponding

to solitary waves with identical wave numbers in both the modes and traveling with the same velocity. We

trace out the reason behind such a possibility and analyze the physical consequences.

DOI: 10.1103/PhysRevLett.122.043901

The discovery of solitons has created a new pathway to
understand the wave propagation in many physical systems
with nonlinearity [1]. In particular, the existence of optical
solitons in nonlinear Kerr media [2] provoked the inves-
tigation on solitons from different perspectives, particularly
from the applications point of view. By generalizing the
waves propagating in an isotropic medium [3] to an aniso-
tropic medium, a pair of coupled equations for orthogonally
polarized waves has been obtained by Manakov [4,5] as

2
inz+tht+ZZ|Qp|24j:0v J=12, (1)

p=1

where g;, j=1, 2, describe orthogonally polarized complex
waves. Here the subscripts z and ¢ represent the normalized
distance and retarded time, respectively. Equation (1) also
appears in many physical situations such as single optical
field propagation in birefringent fibers [6], self-trapped
incoherent light beam propagation in a photorefractive
medium [7-9], and so on. The generalization of Eq. (1) to
arbitrary N waves is useful to model optical pulse propa-
gation in multimode fibers [10]. It has been identified [4]
that the polarization vectors of the solitons change when
orthogonally polarized waves nonlinearly interact with
each other, leading to an energy exchange interaction
between the modes [11]. The experimental observation
of the latter has been demonstrated in Refs. [12-14]. The
shape-changing collision property of such waves, which
we designate here as a degenerate polarized soliton
propagating with identical velocity and wave number in
the two modes, gave rise to the possibility of constructing
logic gates leading to all-optical computing at least in a
theoretical sense [15-17]. Energy-sharing collisions
among the optical vector solitons have been explored
[16] by constructing multisoliton solutions explicitly to

0031-9007/19/122(4)/043901(6)

043901-1

the multicomponent nonlinear Schrodinger equations.
Furthermore, it has been shown that the multisoliton
interaction process satisfies the Yang-Baxter relation
[18]. It is clear from these studies that the shape-changing
collision that occurs among the solitons with identical wave
numbers in all the modes has been well understood.
However, to our knowledge, studies on solitons with
nonidentical wave numbers in all the modes have not been
considered so far. Consequently, one would like to explore
the role of such an additional wave number(s) on the soliton
structures and collision scenario as well.

In the contemporary studies, a new class of multihump
solitons has been identified in different physical situations. In
birefringent dispersive nonlinear media, asymmetric double-
hump-single-hump frozen states have been obtained [19].
Double-hump structure has been observed for the Manakov
equation by considering two soliton solutions [20,21]. The
first experimental observation of multihump solitons was
demonstrated when the self-trapped incoherent wave packets
propagate in a dispersive nonlinear medium [22]. These
unusual solitons have been found in various nonlinear
coupled field models [23]. The stability of multihump optical
solitons has also been investigated in the case of a saturable
nonlinear medium [24]. It is reported that in such a medium
both two- and three-hump solitons do not survive after
collision. N-self-trapped multihumped partially coherent
solitons have also been explored in a photorefractive medium
[25]. The coherent coupling between copropagating fields
also gives rise to double-hump solitons in the coherently
coupled nonlinear Schrodinger system [26]. In addition to the
above, the dynamics of multihump structured solitons have
also been studied in certain dissipative systems [27-30].
A double-hump phase-locked higher-order vector soliton has
been observed, and its dynamics has been investigated in
mode-locked fiber lasers [27,28]. Similarly in deployed fiber
systems and fiber laser cavities, double-hump solitons have

© 2019 American Physical Society
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been observed during the buildup process of soliton mole-
cules [31,32].

Motivated by the above, in this Letter, we present a new
class of generalized soliton solutions for the Manakov
model, exhibiting various interesting structures under
general parametric conditions. A fundamental double-
hump soliton (as well as other structures described below)
sustains its shape even after a collision with another similar
soliton. This behavior is in contrast to the one which exists
in saturable nonlinear media, where two and three humps
do not survive after a collision. The soliton solutions
presented in this Letter also have both symmetric and
asymmetric natures analogous to the partially coherent
solitons in a photorefractive medium. Under a specific
parametric restriction on wave numbers, they degenerate
into the standard Manakov solitons exhibiting shape-
changing collisions [11,16].

To explore the new family of soliton solutions for
Eq. (1), we consider the bilinear forms of Eq. (1) as
(iD.+D?)g"f =0, j=1, 2, and D} ff=2370_, g"g""",
which are obtained through the dependent variable trans-
formations ¢; = g9/f, j=1, 2. Here D, and D, are the

well-known Hirota bilinear operators [33], and g(j) (z,1) are
complex functions, whereas f is a real function, and
denotes complex conjugation. In principle, multisoliton
solutions of Eq. (1) can be constructed by solving recur-
sively the system of linear partial differential equations

which results by substituting the series expansions gl/) =
eg(ll) +€3ggj) +---and f=1+¢e*f, +e*fy+ - for the
unknown functions ¢/) and f in the bilinear forms. Here e
is a formal expansion parameter.

Considering two different seed solutions for ggl)

as agl) )

and g(l2>

e and agz e, respectively, where 7, = kit + ik3z,
& =1t + iz and agj),j = 1,2, k; and [, are, in general,
independent complex wave numbers, to the resultant linear
partial differential equations (iDZ—f—D%)gg’ '1=0,j=1,2,
which arise in the lowest order of ¢, the series expansion
gets terminated as g(/) zeg(lj) +€3ggj) and f=1+€>f,+e*fy.
The explicit forms of the unknown functions present in the
truncated series expansions constitute a new fundamental
one soliton solution to Eq. (1) in the form

q = (Ol§1>€’71 + e”'*zf'*fT*A(ll))/Db
g, = ((Z?)eél + eh+m+é +A(12))/D1, (2)

. ‘s s . ‘s
where Dy = 1 4 M ™h+o 4 o&1+6+0 1 gntn+a+E+on

& = [|lat" P/ (ko + k7)), € = [lal 2/ (1 + 1)), e =
{1y = 1 21al" Pla™ 21/ [y + k20K + 1) (ky + 1) (1 +
EVTY e = {[(ky = 1)t a2/ [k + 1) (0 + 1))
and &2 = ~{[(ky = )" Pal®)/[(ky + &)2(k; + 1,)]}-
From the above, it is evident that the fundamental solitons

propagating in the two modes are characterized by four

arbitrary complex parameters k;, /;, and a%’ >, j=1,2.
These nontrivial parameters determine the shape, ampli-
tude, width, and velocity of the solitons which propagate in
the Kerr media or photorefractive media. The amplitudes of
the solitons that are present in the two modes ¢; and ¢, are
governed by the real parts of the wave numbers k; and [,
whereas velocities are described by the imaginary parts of

them. Note that agj ), j=1, 2, are related to the unit
polarization vectors of the solitons in the two modes.

To identify certain special features of the obtained four
complex parameter family of soliton solution (2), we first
consider (for simplicity of analysis) the special case where
the imaginary parts of the wave numbers k;; = [;; but with
kig # l1z- The latter case yields at least the following four
different symmetric wave profiles, apart from similar
asymmetric wave profiles, from solution (2) by incorpo-
rating the condition k;p < [;p with further conditions and
with suitable choices of parameters (examples given in
Ref. [34]): (1) single-hump-single-hump soliton, a&) >
aﬁ) and a<,1,) = a§2,>; (i1) double-hump-single-hump soliton,
a(llR) = 0‘(1%?) and aﬁl,) < a(ﬁ); (iii) double-hump-flattop sol-

iton, 0‘(1}3) = aﬁ) and agll) R~ ag?; (iv) double-hump—double-

hump soliton, a&) > aﬁ) and a(lll) = ag). Similar condi-

tions can be given for k;z > [ also. We have not listed the
asymmetric wave profiles here for brevity, which also
exhibit the properties discussed below. A similar classi-
fication can be made for the case ky; # [,;, so that the
solitons propagate in the two modes with different veloc-
ities and exhibit similar interaction properties. These will be
discussed separately.

To illustrate the symmetric case, we display only the
intensity profile of the double-hump soliton in Fig. 1. We
call the solitons that have two distinct wave numbers in
both the modes as in Eq. (2) nondegenerate solitons (which
can exist as different profiles as described above), while the
solitons which have identical wave numbers in all the
modes (which exist only in single-hump form) are des-
ignated as degenerate solitons. In particular, in the special
case when k; =1, the forms of ¢; given in Eq. (2)
degenerate into the standard bright soliton form [4,11]

()

- al e’ .
9= 1 4+ emtm+R’ Jj=L2 (3)
which can be rewritten as
A R
q; = kigAje™isech{ g + 7 ) (4)

where ng = kig(t = 2ky;2), 0y = kit + (k%R - k%l)z’
o j 1 2
A = {[a1/\/ (a2 + a3,
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FIG. 1.

Nondegenerate symmetric double-hump one soliton in
the two modes: (a) and (b) denote the intensities of the
components ¢; and g,, respectively. The parameters are chosen
as k; =0.316+0.5i, 1, = 0333 +0.5i, o\ =049 +0.45i,

and o\? = 0.45 + 0.45i.

R = [(|a"P + |al? )/ (ky + &)%), and j =1, 2. Note
that the above fundamental bright soliton always prop-
agates in both the modes ¢; and g, with the same velocity
2ky;. The polarization vectors (A;,A,)? have different
amplitudes and phases, unlike the nondegenerate case
where they have only different phases [A; = (agl) / agl)*)l/ 2,
Ay=(al?/aP")12]" [vide Eq. (2)] but the same unit
amplitude. We call the above type of soliton (3) or (4) a
degenerate soliton [35].

In order to understand the collision dynamics of the
soliton solution of the kind (2), it is essential to construct
the corresponding two-soliton solution. In the latter case,
the series expansion for ¢ »J=1,2, gets terminated as

gu) = eggﬂ + 63951) + 65921) + €7g§’> and f=1+éf, +
€*f4 + €°f¢ + €8 fg. The obtained explicit forms of g/ and
f,J =1, 2,1in the above truncated expansions constitute the
nondegenerate two-soliton solution of Eq. (1), which
reduces to the known form given in Ref. [11] for
k; =1;, i =1, 2. The complicated profiles of the present

nondegenerate two-soliton solution are governed by eight

arbitrary complex parameters ;, [;, a<lj ) and agj ), j=1,2
(see Supplemental Material [34]).

To study the collision dynamics between the nondegen-
erate two solitons, as an example, we again confine
ourselves to the case of symmetric double-hump solitons
by fixing the imaginary parts of the wave numbers as
k;; = l;;, i = 1, 2. For other types also, a similar analysis
has been carried out. By carefully examining the behavior
of the obtained nondegenerate two-soliton solution in the
asymptotic regimes, 7 — Foo, we find that the phases of
the fundamental nondegenerate double-hump solitons in
both the modes change during the collision process, while
the intensities remain unchanged. This can be verified by
defining the transition amplitudes as T' = (A}" /A7),
j=1,2 and [ =1, 2, where subscript j represents the
mode and superscript /+ denote the nondegenerate soliton
numbers 1 and 2 designated as S; and S,, respectively, in
the asymptotic regimes z — F-oo.

In the nondegenerate double-hump soliton case, the
amplitudes of the solitons §; and S, in the first mode

(k1AL {[(ky = ko) (ky = 11) "2 (ky k3 ) (ks 1)V /[ (K =
13) (ks =) 2 (ki ke ) (Ry + 1) /2] } 2kp A7) before  a
collision change to ({[(k; —ky)(k; —1,)"/?(k} + ky) x
(ki +10)'2)/ (k5 = ks (ki = 15) 2 (ky + ks) (ky +15) 2]}

2k gAlT, 2k,gALT) after a collision, where Al* =

2" /a""] and A = \/[a)/ol")]. Similarly in the

second component, the amplitudes of the solitons S; and S,
are (21gAT, {[(1) = L) (ky = L) (1 + 1) (ky + 13)'/%]/
(I3 = 1) (ki = 13)Y2(kt + 1) '2(15 + 1) }21,,A37)  before
a collision which change to ({[(l; — L)(l; — ky)'/? x
(5 + L) (ke + )21 = B)(ky = 1)'2(1 + 15) x
(ks + 1,)'2]}21,zAT", 21,,A3") after a collision, where
A = [agz) /a(lz)*] and A3 =
the intensity redistribution does not occur among the modes
of the solitons, which can be confirmed by taking the
absolute squares of the transition amplitudes which turn
out to be unity, that is, |Tj-|2 = 1. This shows that, in the
nondegenerate case, k; #/;, i =1, 2, the polarization
vectors do not contribute to intensity redistribution among
the modes. Consequently, the double-hump solitons in each
mode exhibit a shape-preserving collision corresponding to
an elastic nature. This is illustrated in Fig. 2 for the
parameter values given there by actually plotting the
two-soliton solution (given in Supplemental Material
[34]). From this figure, it is easy to identify that the
intensity or energy of the double-hump solitons in the two
modes propagates without change after a collision with
another double-hump soliton except for a phase shift.
A similar scenario exists generally for all other cases of
k; #1;, i =1, 2, the details of which will be published
elsewhere. We also find that the phases of the soliton
Sy in the two modes change from ({[A;; —p;]/2},
{lri1 = pal/2}) to ({[Asy = @] /2}, {[rs1 — x22/2}) dur-
ing the collision process, while the phases of soliton S,
change from ({[A;5—©y]/2}, {[ris—vil/2}) to

({[A22 = P1]/2}, {[p22 — P2]/2}) after a collision. Here
() ()

[ag) / agz)* |. However,

pj=loga;’, pj=logay’, j=1,2, Ay, 711, Asis 751
A]s, @]], Y15> V11> A22 and Moy are constants (See [34])

FIG. 2. Nondegenerate solitons exhibiting shape-preserving
collisions: (a) and (b) denote the elastic collision of two
symmetric double-hump solitons for the parametric values
ky =0.333 + 0.5, ky =0.3-2.2i, Iy =03 4+ 0.54, [, =0.333-
2.2i, o\ =0.45+0.45i, ol =0.49+0.45i, o\? = 0.49 + 0.45i,
and o = 0.45 4 0.45i.
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In addition to the above, we have also observed a similar
shape-preserving collision in the case of a symmetric
single-hump soliton when it collides with another identical
soliton. The flattop soliton also preserves its structure
when it collides with a symmetric double-hump soliton.
However, while testing the stability property of a double-
hump soliton interacting with a single-hump soliton, we
come across a slightly different collision scenario. During
this interaction process, the symmetric double-hump sol-
iton experiences a strong perturbation due to the collision
with the symmetric single-hump soliton. The result of their
collision is reflected only in a change in the shape of the
symmetric double-hump soliton into a slightly asymmetric
form but without a change in energy. However, the
symmetric single-hump soliton does not undergo any
change (see [34]).

In contrast to the nondegenerate case, the nonlinear
superposition of degenerate fundamental solitons (k; = /;,
i =1, 2) in the Manakov system exhibits an interesting
shape-changing collision due to intensity redistribution
among the modes as shown in Ref. [11]. The intensity
redistribution occurs in the degenerate case due to the
arbitrary polarization vectors in the two modes getting
mixed up, which is illustrated in Fig. 3, where the intensity
redistribution occurs because of the enhancement or sup-
pression of intensity in any one of the modes in either one
of the degenerate solitons with a corresponding suppression
or enhancement of intensity of the same soliton; see Eq. (4)
[11]. To hold the energy conservation between the two
modes, the intensities of the two solitons S; and S, change
appropriately. It is well known that the degenerate soliton
or Manakov soliton [Eq. (3)] reported in Refs. [10,11], in
general, exhibits a shape-changing collision through energy
redistribution among the modes (except for the very special
case [ocg1> /agl)] = [a<12) /aéz)] [10,16], where elastic colli-
sion occurs). We have also verified the elastic nature of a
double-hump soliton collision using the Crank-Nicolson
method [36].

We also further wish to point out that, considering the
notion dissipative solitons, they also exhibit an elastic
collision property. However, this collision scenario, for
example, in a fiber laser cavity, is entirely different from the

15 -4 15 -4

FIG. 3. Degenerate solitons exhibiting a shape-changing colli-
sion: (a) and (b) denote the energy-sharing collision in the two
modes for the parametric values ki =1 =141, kry =1, =

151 - 1.5i, ") = 0.5+ 0.5i, and o)) = o =) = 1.

one that occurs in our present case. In the fiber laser cavity,
during the collision between the soliton pair (bound state or
doublet) and single-soliton state (singlet), the single soliton
destroys the bound state, but another pair is formed that
moves away with the same velocity, leaving one of the
solitons of the previously moving pair in rest [37,38].
During this collision scenario, the energy or momentum is
not conserved in the dissipative system (fiber laser cavity).
To bring the above elastic collision, it is essential to set up
the binding energy of solitons to be nonzero, and the
difference in velocities of the pair and the singlet is fixed
and must be the same before and after collision [37,38].
Also, no explicit analytical form of such a dissipative
soliton is available for a direct analysis.

In principle, one can construct the N-soliton solution of
the nondegenerate type to the Manakov system by follow-
ing the procedure given above. For the N-nondegenerate
soliton, the power series expansion should be of the form

gV =Y e gl) | and f =1+ 32N, €¥fy,. The
shape of the profile will be determined by the 4N complex
parameters which are present in the N-soliton solution. The
degenerate soliton solutions can be recovered from the
nondegenerate N-soliton solution by fixing the wave
numbers as k; = [;, i = 1,2, ..., N. The symmetric profile
of the multinondegenerate soliton can be obtained by fixing
the imaginary parts as k; =1, i =1,2,...,N. We also
point out that the symmetric and asymmetric cases of the
nondegenerate soliton solution given in Eq. (2) can be
compared with a partially incoherent soliton in a photo-
refractive medium [25]. The profile of the partially coherent
soliton is determined by only three real parameters for
N =2 as a special case of the degenerate soliton [10,16]
(Manakov case), whereas in the present nondegenerate
case, the profiles of the single soliton are governed by four
complex parameters. In the incoherent limit (the number of
modes is infinity), the shape of the partially coherent
soliton can be arbitrary, since the number of parameters
involved in the underlying analytical form is N-free real
parameters. However, in the incoherent limit, the presence
of 2N free complex parameters in the nondegenerate
fundamental one soliton would bring in more complex
shapes than the above-mentioned partially coherent soliton
reported in the photorefractive medium.

To observe the existence of nondegenerate solitons (2)
experimentally, one may consider the mutual-incoherence
procedure given in Refs. [12,22] with two different laser
sources of different characters (instead of a single laser
source). Using polarizing beam splitters, the extraordinary
beams coming out from the two laser sources can be further
split into four individual incoherent fields. These four fields
can act as two nondegenerate individual solitons in the two
modes. Furthermore, the collision angle must be large
enough to observe the elastic collision between these two
nondegenerate solitons in both the modes [12,13]. The
experimental procedure with a single laser can be used to
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observe the Manakov solitons and multimode multihump
solitons that arise in a dispersive nonlinear medium [12,22].

Finally, it is essential to point out the application of our
above-reported soliton solutions. Our results open up a new
possibility to investigate nondegenerate solitons in both
integrable and nonintegrable systems and will give rich
coherent structures when the four-wave-mixing phenome-
non is taken into account. Our studies can also be extended
to fiber arrays and multimode fibers where the pulse
propagation is described by Manakov-type equations.
Experimental observations of Manakov solitons in
AlGaAs planar wave guides [13] and multihump solitons
in the multimode self-induced wave guides [22] give the
impression that our results will be important to an inter-
action of the optical field in coupled field models.
The shape-preserving collision which occurs among the
nondegenerate solitons can be used for the optical com-
munication process. The double-hump nature of the non-
degenerate solitons can be useful for the information
process as described in the concept of a soliton molecule
[31]. As far as the degenerate soliton is concerned, it has
already been shown that it is useful in the computation
process [15,16]. We note that under the appropriate con-
ditions, namely, k;; ~ k,; and [4; = [,;, the nondegenerate
solitons reported in the present conservative system can be
seen as the soliton molecule observed in the deployed fiber
systems and in fiber laser cavities [31,32,39-42].

In conclusion, we have shown that the Manakov model
under a general physical situation admits interesting non-
degenerate solitons exhibiting shape-preserving collisions,
thereby leading to explain the interaction of the elastic
nature of a light-light interaction under general initial
conditions. The fascinating energy-sharing collisions
exhibiting the nonlinear superposition of degenerate multi-
solitons can be extracted from the nondegenerate soliton
solutions under the specific physical restrictions, which
leads to the construction of optical logic gates [15].
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S.1. NONDEGENERATE TWO SOLITON SOLUTION

To explore the nondegenerate two-soliton solution of Manakov system, we adopt the Hirota’s
bilinear method which we have discussed in the main text. We find that the Hirota’s series expan-

sion gets truncated for the nondegenerate two-soliton solution as

gV =g + 9 + Eg) + g 5 = 1,2,

f=1+fot e fit+efo+fs. (1)

The following nondegenerate two soliton solution of Manakov system can be obtained by finding

the unknown functions that are present in the above series expansions,

(4)
g .
q; = T Jj=12,

where the explicit forms of ¢\) and f are given by
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The constants that are present in the above two-soliton solution are given below,
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0, = (kl - k2)7 0> = (ll - l2)7 Onm = (kn - lm)7 Tnm = (kn + l;kn)a
lnm = (ln + l:m)Qa Knm = (kn + k';kn)Z, n,m = 1,2.

S.2. DEGENERATE TWO SOLITON SOLUTION

In the limit, k; = [, and ks = [5, the above given nondegenerate two-soliton solution is reduced

to the following standard degenerate two-soliton solution [1], that is

a(lj)em + a(j)enz 4 M0 g emtne s +02

3)

t, 2
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. . e S0 _ ki Ry _ _ku Ry __ _ koo
where j = 1,2, 1; = kj(t +ik;z), e = g5z, €7 = g, e = g3,
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The energy-sharing collision of the above degenerate two-soliton solution was studied in [1].

S.3. ASYMPTOTIC ANALYSIS: SHAPE PRESERVING COLLISION OF DOUBLE-HUMP SOLI-
TON

To study the interaction between nondegenerate solitons, we carefully perform the asymptotic
analysis for the nondegenerate two soliton solution (2a)-(2c). Here, we present the asymptotic
analysis for the shape preserving collision that occur between the double-hump solitons. To ex-
plore this, we consider the choice of wave parameters as kg > l1r, kor < logr, k11 > Koy,
lig > log, kig > kog, lig < lag, k17 = 117 and kyy = l5;. Under this parametric choice, we deduce
the following asymptotic forms corresponding to two individual double-hump solitons in both the
modes before and after collision can be given as follows.

Before collision: z — —o0

Soliton 1: In this limit, the asymptotic forms deduced from the two soliton solution for soliton 1

in both the modes before collision,
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Here, ¢1 = A1 — p1, 02 = Y11 — po, Pj = log CY(])-

Soliton 2: The asymptotic expressions for the soliton 2 in the two modes before collision turn out

to be,
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After collision: z — 400

Soliton 1: The asymptotic forms for soliton 1 after collision deduced as,
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Soliton 2: The expression for soliton 2 after collision deduced from the two soliton solution is,
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FIG. 1. Stability of double hump solitons-alteration of shape of the symmetric double hump soliton in both
the modes: (a) and (b) denote the symmetric double hump soliton present in both the modes before collision.
(c) and (d) exhibit that a slight asymmetry occur in the double hump soliton profiles (though the individual
energies in each modes remains constant) after collision with symmetric single hump solitons. Note that
the single hump soliton retains it shape. The parameter values are k1 = 0.55 + 0.54, I; = 0.333 4 0.51,
ky = —0.33 4 0.54, Iy = —0.55 — 0.54, oV = 0.5+ 0.51, o8 = —0.45 + 0.54, a!? = 0.45 + 0.5i and
al?) = —0.5 + 0.5i.

where ¢1 = Aoz —p1, @2 = fiz— . pj = log af ) mjr = kr(t—2k;12), mjr = kirt+ (k2 —Fk3)z,
ir = Lir(t —2l512), &1 = Lt + (I35 — I31)2, j = 1,2, and other constants appearing in the above

asymptotic expressions are given in two soliton solution.

S.4. ALTERATION IN THE SHAPE OF THE SYMMETRIC DOUBLE HUMP SOLITON WHILE
INTERACTING WITH A SYMMETRIC SINGLE HUMP SOLITON (WITHOUT CHANGE IN
ENERGIES)

In the above, we have analysed the shape preserving collision that occurs between the two
double-hump solitons [2]. However, we also come across a slightly different collision scenario
while testing the stability property of a symmetric double hump soliton interacting with a sym-
metric single hump soliton through analytical and numerical analysis. To analyse this, we allow

the double- hump soliton to interact with a symmetric single-hump soliton. As we have demon-

7
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FIG. 2. Symmetric single-hump-single-hump soliton: Parameter values are k; = —0.340.5¢, {; = 0.333+
0.5, ol = 0.5+ 0.5i and o{?) = 0.45 + 0.5i.
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FIG. 3. Symmetric double-hump-single-hump soliton:
0.55 + 0.5, al”) = 0.5 + 0.45i and o\?

1

Parameter values are k1 = 0.333 + 0.5¢, 3
= 0.5+ 0.51.

strated in Fig. 1 in this supplement, by choosing appropriate initial conditions from our explicit
analytical two-soliton solution, we locate these two solitons initially at well defined separation
distance. Both the symmetric double-hump and single-hump solitons propagate steadily until
they get disturbed by each other. During this interaction process, the double-hump soliton in
both the modes alone experiences a strong perturbation due to the collision with the symmetric
single-hump soliton. The result of their collision is reflected only in changing the shape of the
symmetric double-hump soliton slightly into an asymmetric form. However, the energies of both
the double-hump and single-hump solitons do not change after collision. We also confirm this
collision scenario by carrying out a detailed asymptotic analysis as has been done for the double-
hump soliton earlier and calculating the transition amplitudes and conservation of energy. We will
present a detailed analysis of the above dynamics in the extended version. We also note that if
one sets a slight asymmetry in the intensity profile of the double-hump soliton in both the modes

for suitable choice of initial conditions, the asymmetric double-hump becomes symmetric when it

collides with the symmetric single-hump soliton, again without change in energy.
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FIG. 4. Symmetric double-hump-flattop soliton: Parameter values are k1 = 0.35 + 0.5¢, {1 = 0.499 + 0.5¢,
( ) = 0.5 4 0.5,
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FIG. 5. Symmetric double-hump-double-hump soliton: Parameter values are k

0.316 + 0.5i, I; =
0.333 + 0.5, o’ = 0.49 + 0.45i and o\? = 0.45 + 0.45i.

S.5. SYMMETRIC SOLITON PROFILES OF NONDEGENERATE ONE SOLITON

We display all the four symmetric wave profiles of nondegenerate one soliton of Manakov

system in Figs. (2)-(5) for appropriate choice of parameters as given in the corresponding figure
captions.
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Coupled nonlinear Schrodinger systems

1. Introduction

Solitons are localized nonlinear pulses which arise in various nonlinear dispersive media due to the precise balance between nonlinear-
ity and dispersion [1]. Such nonlinear entities remarkably exhibit energy retaining property during collision process for example in scalar
nonlinear Schrodinger (NLS) equation where the fundamental soliton corresponding to intensity is always in a single-hump structure (sech
function) characterized by a single wave number [2]. Similar to scalar soliton, the fascinating energy sharing collision exhibiting funda-
mental multicomponent/vector soliton [3,4] in certain integrable coupled nonlinear Schrédinger systems is also described by identical
wave numbers in all the modes apart from distinct complex polarization vector constants [3,4]. As a consequence of this, a single-hump
structure only occurs in most of the fundamental vector bright soliton solutions of various CNLS systems.

For instance Manakov type N-CNLS equations [4], mixed N-CNLS equations [5], long-wave-short-wave resonance interaction (LSRI)
system [6], etc. are such cases. In contrast to such cases, the coherent coupling among the copropagating optical fields induces a special
type of double-hump vector bright soliton in multicomponent CCNLS systems [7,8]. In this four wave mixing physical situation also the
coherently coupled soliton governed by the same wave number arises in all the modes [7,8]. Therefore it is clear that the above mentioned
degeneracy in wave numbers always persists in the previously reported vector bright solitons too [3-8].

Based on the nature of the presence of wave numbers in the multicomponent soliton solution we classify them as degenerate and
nondegenerate in the present paper. We call the solitons which propagate in all the modes with identical wave numbers as degenerate
vector solitons whereas the solitons with nonidentical wave numbers as nondegenerate vector solitons [9]. In this context we also note
that the terminology nondegenerate solitons has been used in a different context for multi-solitons where the individual constituent
solitons travel with distinct velocities in the case of scalar equations such as the Korteweg-deVries, sine-Gordon and NLS equations [10].
Then in these cases multi-solitons moving with a single velocity have been referred as degenerate solitons. This is different from our case
where we designate solitons with distinct wave numbers in different modes as nondegenerate solitons [9]. In Refs. [7] and [8] one of
the present authors and his collaborators have also already discussed these terminologies to classify the coherently coupled solitons as
degenerate and nondegenerate based on their intensities: When the coherently coupled solitons possess the same intensity profile in both
the components q; and g, they are named as degenerate while the solitons with distinct intensity profiles in the gq; and g» components
are referred as nondegenerate solitons [7,8]. In contrast, in the present context, the vector solitons already reported in the literature are
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designated as degenerate class of solitons. In this letter, we intend to show that the above mentioned coupled systems can admit more
general class of nondegenerate soliton solutions as in the case of Manakov model reported recently by us [9] which also finds applications
in multicomponent Bose-Einstein condensates [11]. Very specifically we derive such new class of soliton solutions for the two component
version of CNLS equations, CCNLS equations and LSRI system one by one as we describe below. Their collision property will be reported
separately. The procedure we adopt in this work is essentially based on the Hirota’s bilinearization method [9,12], while such solutions
can also be derived using Darboux transformation method [11] or other methods like symmetry based approach [13], etc.

2. Nondegenerate bright soliton solutions of CNLS system

To start with, we consider the following coupled nonlinear Schrédinger equations,
2
iqjz+ Qe +2) ollql’q;=0, j=1,2, (1)
I=1
where qj, j =1,2 represent the complex wave amplitudes, with suffices denoting usual partial derivatives. The well known Manakov
system [14] arises from Eq. (1) when o1 = 03 =1, whereas for 01 =03 = —1 and 07 = —03 =1 turn out to be the defocusing and mixed
type CNLS systems, respectively. These systems admit bright-bright soliton solutions [3,4], dark-dark/bright-dark soliton solutions [15,16]
and bright-bright/bright-dark/dark-dark soliton solutions [5,17-19], respectively, as well as breather and rogue wave type solutions and
nonlinear interference patterns [20]. All the above three types of CNLS equations are physically important integrable systems and appear
in many physical situations [5,16].
To derive the nondegenerate bright one-soliton solutions for both the focusing and mixed type CNLS equations as well as to demon-

. . . . . .. . 0 .
strate the procedure for similar systems, we consider Eq. (1) with the following bilinearizing transformations q;(z,t) = gfj(z(zt’)t), j=12.

Here g and f are in general complex and real functions, respectively. Substituting the above transformations in Eq. (1), we obtain the
bilinear forms of it as

2
Di1gP. f=0,j=1,2 Dy f f=2) ogWgh®, (2)
=1
where D1 =iD, + Df and Dy = Df. The Hirota bilinear operators D, and D; are defined as [12]
0 0 d

m n
0
PzDiG-F= (& - a) (& - 5) 60 FE Doz mr ©

By solving the bilinear equations (3) systematically along with the series expansions,

gV =eg +g0 +.. f=1+EfH+e fat ., ®

for the unknown functions g and f, we obtain the more general form of nondegenerate soliton solutions for Eq. (1) with appropriate
nontrivial seed solutions. While constructing the new class of one soliton solution for Eq. (1), we find that the above series expansions get
truncated as g\’ = Eggj) + 63g§]) and f =1+ €2 f, + € f4, by considering the following set of distinct initial seed solutions, g%l) =oqe,

ggz) = e, n; =kt + ik%z, & =ht+ il%z, for the lowest order linear partial differential equations (PDEs), zggg + gﬁ{gt =0, j=1,2.In
addition to the latter PDEs we obtain a system of PDEs for the unknown functions géj) , f> and f4, as follows:

0(€):D1g’ - 1=0, 0(€%): D21+ fo+ f- 1) =2(cn8{" g} + 02817 &)

0 :Di(gy" 1+g f)=0, 0(e*):D1(g§ - fa+g{" - fa) =0,

0! :D2(1- fa+ fa- 14 fo- f) =201 (g 8" + 858" + 02 (885" + 857811

0(€®): Da(f2- fa+ fa- f2) =2(0185" 85" + 0285 85,

0("): D185 - fa=0, 0(€®): Dafy- fa=0, j=1,2. (5)
The above system of PDEs admits the following solutions:

1 LA 2 LA 45 *48
gg):eﬂ1+51+51+ 1 g§)=e§1+"‘+”1+ 12 fzzeﬂ1+'71+1+e-§1+51+ 2

2 2
f4 = M I An _ ailpil“ki —l)ox A, Bileal*(h —ki)oy

kDG R Ik KD
b _ AR %2 BilPoa 5, _ lea 28112 k1 — hi P00, (6)
(k1 + k)2’ (i 152 k1 + 12 (1 + )% (kg + k)2

Note that the other unknown functions in the series expansions (4) are found to be zero. Hence the explicit expressions of ggj), f2 and fy
constitute the more general form of nondegenerate fundamental soliton solution of CNLS Eq. (1) as

alenl + en1 +$1+§1*+A11

a1 = 1+ eM+ni+81 + ef1 8+ + eM+ni+é1+&{+811°

Breft + ef1+m+ni+An

q2 , (7)

T 1 4 eMHIiT 4 pf1HE 0y o HEI+HE +on
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Fig. 1. Nondegenerate symmetric double-hump and single-hump soliton profiles in Manakov system.
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Fig. 3. Degenerate single-hump soliton profiles in Manakov system.

which is exactly of the same form as given for the Manakov equation in [9], except that in the various constants oy and o, appear
explicitly as given in (6).

From the above, one can immediately conclude that the obtained solution is nondegenerate because of the fact that distinct wave
numbers k; and [; are simultaneously present in both the expressions of q; and g». The solution (7) becomes nondegenerate one bright
soliton solution of the Manakov system [9] if we fix 01 =02 =1 and for the choice 04 = —03 =1, the solution (7) is the nondegenerate
fundamental soliton solution of the mixed CNLS system. In both the cases the shape of the nondegenerate soliton is described by four
nontrivial complex parameters o1, 81, k1 and ;. Note that oy and B; are related to the polarization vectors, kig and l1g represent the
amplitudes while l1; and kq; denote the velocities of the solitons of the two modes q; and g3, respectively.

The distinct wave numbers give rise to two physical situations by restricting the imaginary parts of them. By doing so, we find
that the fundamental soliton propagates in the two modes either with identical velocities (ki; =l;;) or with non-identical velocities
(k11 # 111) but with (kqg # l1r). In the former case the nondegenerate soliton corresponding to the Manakov system admits four distinct
nonsingular forms of asymmetric and symmetric profiles which include a single-hump, a double-hump and flattop profiles as we have
shown in Ref. [9]. For the Manakov system, we display typical double-hump and single-hump profiles in Fig. 1 for the parameter values
ki1 =0.333 + 0.5i, I; = 0.55 4+ 0.5i, 1 = 0.5 4+ 0.45i and B; = 0.5 4 0.5i. In contradiction to the Manakov system, the nondegenerate
fundamental soliton in the mixed CNLS always shows singular behaviour for arbitrary choice of parameter values, except when ki =1I;.
The singularity nature of double-hump soliton profile in this mixed CNLS case is illustrated in Fig. 2 for k; =1.2 4+ 0.5i, I{ = —0.5 4 0.5i,
o1 =0.3 and B1 =i. The singularity naturally arises because of the defocusing nonlinearity of the mixed CNLS system.

If we impose k(l =1, in Eq. (7), the forms of nondegenerate fundamental soliton reduces to the following degenerate bright soliton
aDem

TR = Ajk1Rei”11 sech(nigr + %), j=1,2 for the Manakov system as well as mixed CNLS system. Here the unit

solution, q; =

iati — aq _ B _ _ _ 2 12 R _ (il P+oa]p1l?)
polarization vectors, A1 = G BT Ay = G B m T MR = k1g (t —2k112), 1y = k1t + (k{g —k{,)z and e" = kil ? .

The amplitude, velocity and the central position of the degenerate fundamental soliton are Ajkig, 2kq; and %, respectively. It is an
obvious fact that the degenerate bright soliton solution contains a single complex wave number ki which allows single-hump profile
only. The degenerate fundamental soliton profile of the Manakov system is demonstrated in Fig. 3 for k; = 1.1 4+ 0.5i, &1 =1+ 0.5 and
B1 =0.5+ 0.5i. Similarly for the mixed CNLS system the non-singular degenerate soliton is shown in Fig. 4 for k1 =1+ 0.5i, ;1 =1 and
B1 =0.5. As shown in Ref. [5], the singularity occurs in the degenerate soliton solution of mixed CNLS case when |81] > |o1].




4 S. Stalin et al. / Physics Letters A 384 (2020) 126201

Fig. 4. Degenerate non-singular single-hump soliton profiles in mixed CNLS system.

3. Nondegenerate soliton solutions of CCNLS system

Now, we consider the following system of two coupled nonlinear Schrédinger equations with coherent coupling among the two co-
propagating fields g and q3,

iq12 + qree + v (@11 + 21021591 — yadat =0,
i2.2 + @2 + ¥ Cla1 12 + 1021902 — y@3q; = 0. (8)

The terms inside the brackets in Eq. (8) correspond to incoherent coupling (self-phase modulation and cross-phase modulation) between
the copropagating fields and the terms q%qj‘ and q%qﬁ correspond to the coherent coupling among the copropagating fields q; and q».
We note that due to the coherent coupling effect even the degenerate fundamental soliton that is present in the underlying system
admits double-hump and flattop profiles apart from the single-hump profile under appropriate parametric choices [7,8]. Very interestingly
such degenerate coherently coupled soliton undergoes energy switching collision when it interacts with degenerate incoherently coupled
soliton [7,8]. Equation (8) has also been shown to admit breather and rogue wave type solutions too [21,22]. Therefore it is interesting to
investigate what will happen when the coherently coupled fundamental soliton is characterized by two different wave numbers.

. . . . - . 0 .
In order to deduce the appropriate nondegenerate soliton solution to (8), we introduce the bilinear transformation q; = gfj(z(zt’)t) with
an auxiliary function s(z, t) [7,8,23]. It results in the following bilinear equations

2 2
Dig" - f=ygP* s, Dof - f=2y ) 185 f=3 (6" (9)
j=1 j=1

where D1 =iD; + Df and D) = th. We follow the procedure described in [7,8] for the degenerate case but now with the seed solutions

gil) =aqe, g§2) = B1€f1, g1 = kit + ik?z, & =it + il2z. While doing so, the series expansions get truncated as g\ = eg%j) + e3g§j) +

Esg_g) +e7g§j). f=14+€*fr+e*f1+€0fs+€Bfg and s = €255 +€*s4 + €%s6. By substituting the obtained forms of the unknown functions

in the truncated series expansions, we get the following general form of nondegenerate coherently coupled fundamental soliton solution
of 2-CCNLS system (8),

q1 = l (0616”1 + e2Mm+ni+An +eﬂT+2§1+A12 + eM+E1+Ef+A13 + eM+200j+61)+A14
+ eMm+261 +P)+A1s + e2M+ni+e1+6 +A16 + e2m+61 +€1*)+77§‘+A17>
qr = l (ﬂleél + p281 6 +An + e51H2m+42 + es1tm+ni+Aa3 + et +2(&{+n1)+A24

P2 Ay 26 HE i A ez<m+n7+sn+s;‘+m7>

f=1+ en+ni+d + ps1té +02 + e2(m+n7)+83 + e2(M+&{)+d4 + e2G1+n7)+3s
+62(E1+$1")+56 + eMANT+HE+ED+87 4 2m+nD+61+E{+w1

42 HEDFm AN V2 | 200+ 1+ Vs (10)
The various constants which appear in the above solution are given by

2 2 2 202050210, 12
oin _ Yolol™ a, YOIBT Ay _ YoulPilpr oha Y pyog Bylol

211 262 CUTE 4K1167*
s _ VoPtelBilt s vPpipienlen B s, _ vieieitenlen Plpil
az.62 2knlnotey 8k1112,070;2
otar _ YBUBE oy YOIBL Ly VIaPBipr ay, _ VPP10TIBIIA
21y 203 OFk11 44167
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Fig. 6. Flattop-double-hump profiles of degenerate solitons in the CCNLS system.

otas _ V2P By VEPEPIBUP B ny, _ VRPIRPAilon 1
4k 052 21116167 8t lnofot
o Vil s vIBIP s vl s, yPedB? s vPei?
K11 I’ 42, 40 4034 7
oo _ VB s V2o PleaPIBi? YR en e i
an, kihales? 42, 111|07 |4
v _ Yol tea 2181t _ ype1Bleal? 1t

, =0+
4ic1112,161 14 162121618 !

01 = (k1 +17), p1 = (k1 —11), k11 = (k1 + k2.

The auxiliary function is obtained as s = a?e?! + p2e?1 4 e2M+&1+51+01 | p21tMm+ni+ds | p2n+M+ED+¢3 4 Q20N+ +E T o1 —
DL 2 7. 13| R R .1 0| M VO s 11104

hy T = “aorz, 26, The already reported degenerate coherently coupled fundamental

*
aqe LM A1

1 T 81 201 +0]) 403

one-soliton solution [7,8] of Eq. (8) is obtained by restricting k; = I; in Eq. (10). This leads to q; = , Q2 =

pensPn Y A yei@des)
1+en1+nf+al JreZ(rzl-*—n;‘)Mz ’ - 2K11 ’
s=(aF + pHe*n.

From the solution (10), it is easy to identify that the shape of the nondegenerate coherently coupled fundamental soliton (10) is also
governed by two arbitrary complex parameters «; and B; and two distinct complex wave numbers ki and [;. The solution (10) admits
various novel profiles, such as a quadruple-hump, a triple-hump, a double-hump, a flattop and a single-hump profiles under appropriate
restrictions on the wave parameters. This is due to the presence of additional wave number and the four wave mixing effect. As an
example, we display a nontrivial breathing type triple-hump shaped soliton profiles in Fig. 5 for the parameters y =2, k; =0.21 + 0.5,
l{ =0.29+4 0.5, 1 =0.95+4 0.5i and 81 = 0.97 —i. By tuning the relative separation distance it is also possible to separate a single-hump
and a double-hump from this triple-hump profile. However, a distinct double-hump profile only occurs in the degenerate case. This is
due to the presence of a single wave number apart from two arbitrary constants «; and B1. A typical degenerate flattop soliton in g
component and a double-hump profile in q; component is illustrated in Fig. 6 for y =2, k; =1; =0.5 4+ 0.5i, &1 = 0.72 + 0.5i and
B1=0.5—0.42i.

e

Az — YBI@IHBD s _ y(aiPHBIP) ey _ YPled BT
= = = 1l

o , , . The auxiliary function is reduced as
11 K11

i

4. Nondegenerate soliton solution of LSRI system

Finally we intend to derive the nondegenerate fundamental soliton solution for the following long-wave short-wave resonance interac-
tion system, namely the 2-component Yajima-Oikawa system [24] with general form of nonlinearity,

2
iS) 455 + LSV =0, isP + 5% +L5P =0, Li=>_ 011V s (11)
I=1
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Fig. 7. Nondegenerate asymmetric double-hump soliton profiles in the two short-wave components and the long-wave component.

In the above, SO’s, I =1, 2, are short-wave components and L is the long-wave component and suffices denote partial derivatives, while
oy’s are arbitrary real parameters. Further o = +1, o; = —1, [ = 1,2, and 01 = —03 = 1 correspond to positive, negative and mixed
positive-negative nonlinearities. Both nondegenerate and degenerate solitons arise in the present short-wave components also due to
the balance between their dispersion and nonlinear interactions of the short-waves with a long-wave. In contrast to the previous case,
the formation of nondegenerate and degenerate solitons arises in the long-wave component due to the interaction of the short-wave
components. In the present 2-component LSRI system also the solitons in the short-wave components as well as long-wave component
are degenerate characterized by a single wave number. To overcome this degeneracy we take the modified form of seed solutions, involving
two distinct wave numbers, in the nondegenerate soliton solution construction process. We note that the above LSRI system admits rogue
wave solutions also [25].

To construct the nondegenerate one-soliton solution we again bilinearize Eq. (11) through the following transformations, SO (x,t) =

g}‘ii"i?, 1=1,2, L= 2% In f(x,t). We obtain the following bilinear forms:

2
D1g" - f=01=1.2Daf - f=) onlg™P (12)
n=1
where Dy =iD; + D2 and Dy = DyD;. With the modified forms of seed solutions g%l) =qqeM, g§2) = Bie%1, g1 =kix+ik3t, & = hx+il3t,
we find that the series expansions which are given in [6] get terminated as g® =g’ + e3g§’), f=1+¢€%f, +€*f4. The explicit forms
of the unknown functions lead to the following nondegenerate fundamental soliton solution,

S gg]) + gél) are™ + eM+&E1+E{+11
T 14 fo+ fa 14 eM iR b1t +R2 4 oM HEIHE RS
s@ g%z) + g;z) Bi 81 | eS1tm i+

1+ fo+ fa 14 eMHIi+R 4 o816 +Ra | pmi+Hnj+61+6{+R3

2 * * * *
L= F <(k1 + k’{)ze”1+'71+R1 + (1 + lT)zesﬁ'él +R2 4 emtn +&61+E+R4
+(h + IT)ZeZ(m+UT)+E1+E{‘+R1+R3 + (k1 + kT)Zem+UT+2(E1+€1*)+R2+R3),
f=01+ eM+IM+R1 | pE1+E7+Ry 4 omit+i+61 +E{‘+R3)’ (13)
where
un _ iailBiPoals — ki) o iB1lar|*o1 (ki — ) Ri _ AR
20k + 1)U =10 + IT)Z ’ 2(ky + 1) (k1 — k) (k1 + k’lk)2 ’ 2i(k1 + k’lk)z(lﬁ —k7) ’
Ry _ 811702 oR3 _ o1 |21 12 k1 — L *o107
2i(ly + )2 — l’l“)’ Afley + 1512 (ky — k) (11 — 1) (k1 + k)2 (4 +l’]k)2’

et = —2(k1 + kN U1 + 1) (@017R2 —eR3) 4 ((ky + K + (b + 1D MR 4 ef3),

The nondegenerate fundamental soliton in the 2-component LSRI system is also governed by four non-trivial arbitrary complex pa-
rameters o, 1, k1 and ;. The amplitudes of the nondegenerate fundamental solitons in the short-wave components are 4kig A1vk1j,

4l1r A2+/11]. Here Aj = :/% Ay = :/% are unit polarization vectors of the two short-wave components. In the present case the veloc-
ity of the nondegenerate fundamental soliton is characterized by the imaginary parts of the wave numbers ki and l;. Very interestingly
in the present LSRI system, the nondegenerate fundamental soliton exhibits amplitude dependent velocity property like the KdV-soliton.
The degenerate soliton also possesses this unusual property [6]. As a consequence of this property the taller nondegenerate soliton will
propagate faster than the shorter one. To get the regular solution the quantities e®1, eR2 and e®3 in (13) should be positive. To achive
this, we fix ki7,li; <O, kq;,li; > 0 and ki <0, I3 > O for the positive (o7 > 0), negative (07 < 0) and mixed type (01 =1, 03 = —1)
nonlinearities, respectively. In all the three cases, we observe that the nondegenerate fundamental soliton in the present system admits
double-hump profiles similar to nondegenerate soliton of Manakov system. We depict asymmetric double-hump profiles of nondegenerate
one-soliton in Fig. 7 for the parameters k; = 0.3 —0.5i, [; =0.35 - 0.5i, ;1 = 0.8, By =0.5and oy =0y = 1.
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Fig. 8. Degenerate single-hump soliton profiles in both the short-wave components and the long-wave component.

We recover degenerate soliton solution of Eq. (11) by substituting the limit k; =I; in Eq. (13). This results in the following degenerate

: .och imi+% R 9,2 2 R _ _
fundamental soliton forms: S®© = 2Akg kqpeimitz) sech(nir + ), L= 2kig sech” (g + ) [=1,2. Here A1 = WJ‘W

2 2
—@lal+0albilY) - ag discussed in [6], the degenerate soliton in

— B1 — — 2 12 R _
A2 = G o pm e MR = kiR 2kt), my = kux+ (kg —kipt, et = 167 o

both the short-wave components and the long-wave component admits only a single-hump profile. A typical graph of such single-hump
profile is shown in Fig. 8 for k; =0.5—0.5i, @y =0.5, 1 =0.35 and 01y =0y = 1.

5. Conclusion

In this work, we have thus derived more general forms of nondegenerate fundamental bright solitons corresponding to non-identical
wave-numbers for certain physically important integrable coupled systems. In particular we have considered the two component version
of the Manakov system, mixed CNLS system, coherently coupled NLS system and long-wave short-wave resonance interaction system. We
find that the obtained nondegenerate bright soliton solution admits various novel structures compared to the corresponding degenerate
counterparts. The interesting collision dynamics of such nondegenerate solitons will be presented elsewhere.
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Nondegenerate solitons and their collisions in Manakov systems
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Recently, we have shown that the Manakov equation can admit a more general class of nondegenerate vector
solitons, which can undergo collision without any intensity redistribution in general among the modes, associated
with distinct wave numbers, besides the already-known energy exchanging solitons corresponding to identical
wave numbers. In the present comprehensive paper, we discuss in detail the various special features of the
reported nondegenerate vector solitons. To bring out these details, we derive the exact forms of such vector
one-, two-, and three-soliton solutions through Hirota bilinear method and they are rewritten in more compact
forms using Gram determinants. The presence of distinct wave numbers allows the nondegenerate fundamental
soliton to admit various profiles such as double-hump, flat-top, and single-hump structures. We explain the
formation of double-hump structure in the fundamental soliton when the relative velocity of the two modes tends
to zero. More critical analysis shows that the nondegenerate fundamental solitons can undergo shape-preserving
as well as shape-altering collisions under appropriate conditions. The shape-changing collision occurs between
the modes of nondegenerate solitons when the parameters are fixed suitably. Then we observe the coexistence
of degenerate and nondegenerate solitons when the wave numbers are restricted appropriately in the obtained
two-soliton solution. In such a situation we find the degenerate soliton induces shape-changing behavior of
nondegenerate soliton during the collision process. By performing suitable asymptotic analysis we analyze the
consequences that occur in each of the collision scenario. Finally, we point out that the previously known class
of energy-exchanging vector bright solitons, with identical wave numbers, turns out to be a special case of

nondegenerate solitons.

DOI: 10.1103/PhysRevE.102.042212

I. INTRODUCTION

The propagation of light pulses in optical Kerr media is
still one of the active areas of research in nonlinear optics [1].
In particular, the fascinating dynamics of light in multimode
fibers and fiber arrays has stimulated the investigation of
temporal multicomponent or vector solitons over different as-
pects, especially from the applications point of view [2]. In the
nonlinear optics context, temporal vector solitons are formed
due to the balance between dispersion and Kerr nonlinear-
ity. Mathematically these vector solitons are nothing but the
solutions of certain integrable coupled nonlinear Schrédinger
family of equations. There exist many types of vector solitons
which have been reported so far in the literature and their
dynamics have also been investigated in various physical sit-
uations. For instance, bright-bright solitons [3-5], bright-dark
solitons [6-9], and dark-dark solitons [6,10] are some of the
solitons which have been investigated in these systems. These
vector solitons have also received considerable attention in
other areas of science including Bose-Einstein condensates
(BECs) [11,12], biophysics [13], plasma physics [14], and so
on. Apart from the above, partially coherent solitons or soli-
ton complexes have been reported in self-induced multimode
waveguide system [15,16], while polarization-locked solitons
and phase-locked solitons in fiber lasers [17] and dissipative
vector solitons in certain dissipative systems [18-20] have
also been analyzed in the literature.
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From the above studies on vector solitons we have noted
that the intensity profiles of multicomponent solitons reported,
especially in the integrable coupled nonlinear Schrédinger
systems, are defined by identical wave numbers in all the
components. We call these vector solitons as degenerate class
of solitons. As a consequence of degeneracy in the wave num-
bers, single-hump structured intensity profiles only emerge
in these systems in general [21]. In the coherently coupled
system even degenerate fundamental soliton can also admit
double-hump profile when the four wave mixing process is
taken into account [22,23]. However, in this case one cannot
expect more than a double-hump profile. Very interestingly,
our theoretical [3,4] and other experimental [24-26] stud-
ies confirm that the degenerate vector solitons undergo in
general energy redistribution among the modes during the
collision, except for the special case of polarization param-

eters satisfying specific restrictions, for example in the case
(1) (2)
o o
of two component Manakov systems as —; = —;, where
% %

oz;’ )’s, i, j = 1,2, are complex numbers related to the polar-
ization vectors. By exploiting the fascinating shape-changing
collision scenario of degenerate Manakov solitons, it has
been theoretically suggested that the construction of optical
logic gates is indeed possible, leading to all optical com-
puting [27,28]. We also note that logic gates have been
implemented using two stationary dissipative solitons of com-
plex Ginzburg-Landau equation [29].

Recently in Refs. [30-32] it has been reported that multi-
hump structured dispersion managed solitons or double-hump

©2020 American Physical Society
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intensity profile of soliton molecule may be useful for appli-
cation in optical communications because they may provide
alternative coding schemes for transmitting information with
enhanced data-carrying capacity. Multihump solitons have
also been identified in the literature in various physical sit-
uations [33-39]. They have been observed experimentally
in a dispersive nonlinear medium [36]. Theoretically frozen
double-hump states have been predicted in birefringent dis-
persive nonlinear media [33,34]. These solitons have been
found in various nonlinear coupled field models also [37].
In the case of saturable nonlinear medium, stability of
double- and triple-hump optical solitons has also been investi-
gated [38]. Multihumped partially coherent solitons have also
been investigated in photorefractive medium [15]. In addition
to the above, the dynamics of double-hump solitons have also
been studied in mode-locked fiber lasers [17-20]. A double-
hump soliton has been observed during the buildup process
of soliton molecules in deployed fiber systems and fiber laser
cavities [30,40].

From the above studies, we observe that the various prop-
erties associated with the degenerate vector bright solitons of
many integrable coupled field models have been well under-
stood. However, to our knowledge, studies on fundamental
solitons with nonidentical wave numbers in all the modes
have not been considered so far and multihump structure
solitons have also not been explored in the integrable cou-
pled nonlinear Schrodinger type systems except in our recent
work [41,42] and that of Qin er al. [43] on the following
Manakov system [44,45]:

2
iqj: + qju +2) _lgplPq; =0, j=12, (1)
p=1

where g;, j = 1, 2, describe orthogonally polarized complex
waves in a birefringent medium. Here the subscripts z and ¢
represent normalized distance and retarded time, respectively.
Based on the above studies we are motivated to look for
a class of fundamental solitons that possesses nonidentical
wave numbers as well as multihump profiles, which are useful
for optical soliton-based applications. We have successfully
identified such a class of solitons in Ref. [41]. We call the
fundamental solitons with nonidentical wave numbers as non-
degenerate vector solitons [21,41]. Surprisingly, this class of
vector bright solitons exhibit multihump structure (double-
hump soliton arises in the present Manakov system and one
can also observe N-hump soliton in the case of N-coupled
Manakov type system) which may be useful for transmit-
ting information in a highly packed manner. Therefore it
is very important to investigate the role of additional wave
number(s) on this class of fundamental soliton structures and
collision scenario as well, which were briefly discussed in
Ref. [41]. In the present comprehensive version we discuss
the various properties associated with the nondegenerate soli-
tons in a detailed manner by finding their exact analytical
forms through Hirota bilinearization method. Then we discuss
how the presence of additional distinct wave numbers and
the cross phase modulation (|¢1 > + |¢21*)g;, j = 1, 2, among
the modes bring out double-hump profile in the structure
of nondegenerate fundamental soliton. We find that the
nondegenerate solitons undergo shape-preserving collision

generally, as reported by us in Ref. [41], and shape-altering
and shape-changing collisions for specific parametric values.
Further, we figured out the coexistence of degenerate and non-
degenerate solitons in the Manakov system. Such coexisting
solitons undergo shape-changing collision scenarios leading
to useful soliton-based signal amplification application. Fi-
nally, we show that the degenerate class of vector solitons
reported in Refs. [3,4] can be deduced from the obtained
nondegenerate one- and two-soliton solutions.

The structure of the paper is organized as follows: In
Sec. II, we discuss the Hirota bilinear procedure in order to
derive nondegenerate soliton solutions for Eq. (1). Using this
procedure we obtained nondegenerate one- and two-soliton
solutions in Gram-determinant forms and also identified the
coexistence of degenerate and nondegenerate solitons in
Sec. III. In Sec. IV we discuss the various collision properties
of nondegenerate solitons. Section V deals with the collision
between degenerate and nondegenerate solitons. In Sec. VI
we recovered the degenerate one- and two-soliton solutions
from the nondegenerate one- and two-soliton solutions by
suitably restricting the wave numbers and in Sec. VII we point
out the possible experimental observations of nondegenerate
solitons. In Sec. VIII we summarize the results and discuss
possible extension of this work. Finally, in Appendix A we
present the three-soliton solution in Gram-determinant forms
for completion while in Appendix B we discuss about certain
asymptotic forms of solitons. In Appendix C, we introduce
explicit forms of certain parameters appearing in the text.
Finally, in Appendix D we discuss the numerical stability
analysis of nondegenerate solitons under different strength of
white noise as perturbation.

II. BILINEARIZATION

To derive the nondegenerate soliton solutions for the Man-
akov system we adopt the same Hirota bilinear procedure
that has been already used to get degenerate vector bright
soliton solutions but with appropriate form of initial seed
solutions. We point out later how such a simple form of seed
solutions will produce a physically important class of soliton
solutions. In general, the exact soliton solutions of Eq. (1) can
be obtained by introducing the bilinearizing transformation,
which can be identified from the singularity structure analysis
of Eq. (1) [46] as

g(j)(z,l‘)
fzt)’

to Eq. (1). This results in the following set of bilinear forms
of Eq. (1):

qi(z,t) = =1,2, 2)

(iD,+D})gVf =0, j=1,2, (3a)

2
thff =2 Z g g, (3b)

n=1

Here gY’s are complex functions, whereas f is a
real function and * denotes complex conjugation. The
Hirota’s bilinear operators D, and D; are defined [47]
by the expressions DIDj(ab) = (& — &)"(& — L&)
a(z, )b(Z', ') .=y, 1=r. Substituting the standard expansions
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for the unknown functions g/’ and f,
g(])=6g(lj)+63 (j)+.-., j=1,27
f=1+eEh+etfi+..., 4)

in the bilinear Eqgs. (3a) and (3b) one can get a system of linear
partial differential equations (PDEs). Here € is a formal series
expansion parameter. The set of linear PDEs arises after col-
lecting the coefficients of same powers of €. By solving these
linear PDEs recursively (at an appropriate order of €), the
resultant associated explicit forms of g/)’s and f constitute
the soliton solutions to the underlying system (1). We note that
the truncation of series expansions (4) for the nondegenerate
soliton solutions is different from degenerate soliton solutions.
This is essentially due to the general form of seed solutions
assigned to the lowest order linear PDEs.

III. A NEW CLASS OF NONDEGENERATE
SOLITON SOLUTIONS

To study the role of additional wave numbers on the
structural, propagational, and collisional properties of non-
degenerate soliton, it is very important to find the exact
analytical form of it systematically. In this section by ex-
ploiting the procedure described above we intend to construct
nondegenerate one- and two-soliton solutions which can be
generalized to an arbitrary N-soliton case (for N = 3, see
Appendix A). In principle this is possible because of the
existence of a nondegenerate N-soliton solution ensured by
the complete integrability property of the Manakov equation
[Eq. (1)]. Then we point out the possibility of coexistence of
degenerate and nondegenerate solitons by imposing certain
restriction on the wave numbers in the obtained nondegen-
erate two-soliton solution. Further, we also point out the
possibility of deriving this partially nondegenerate two-soliton
solution through Hirota bilinear method. We note that to avoid
too many mathematical details we provide the final form of
solutions only since the nondegenerate soliton solution con-
struction process is a lengthy one.

A. Nondegenerate fundamental soliton solution

In order to deduce the exact form of nondegenerate one-
soliton solution we consider two different seed solutions for
the two modes as

g/ =alen, g = aet, 5)

where n; = kit + tk,zz and & =it + lllz, to the following
linear PDEs:

gl +giy =0 j=1.2. (6)
In (5) the complex parameters ot(’ ), j =1,2, are arbitrary.
The above equations arise in the lowest order of €. The
presence of two distinct complex wave numbers k; and [;
(ky # 11, in general) in the seed solutions (5) makes the final
solution a nondegenerate one. This construction procedure is
different from the standard one that has been followed in ear-
lier works on degenerate vector bright soliton solutions [3,4]
where identical seed solutions of Eq. (1) [solutions (5) with
ki, = [; and distinct a(’ ) s, j = 1, 2] have been used as starting
seed solutions for Eq (6). We note that such degenerate seed

solutions only yield degenerate class of vector bright soliton
solutions [3,4,41].

With the starting solutions (5) we allow the series ex-
pansions (4) to terminate by themselves while solving the
system of linear PDEs. From this recursive process, we find
that the expansions (4) get terminated for the nondegener-
ate fundamental soliton solution as g/’ = eg'”’ + €3¢y’ and
f =1+ €Xfy + €* 1. The explicit expressions of g, gé’), .
and f4 constitute a general form of fundamental one-soliton
solution to Eq. (1) as

PN
= L — [ (l)em + en1+§1+¥1 A“)]/D
1+ o+ fa o
(2) + g @
g = S T8 [a(z)eé‘ + eMHmithitA, ]/Dl.
L+ 4+ fa !
Here Dy = 1 4 M tni+d o ofitei+8 4 pmtni+&i+6i+0n
B (77 PN N o 11 O PR
e HDUHY U+ (R +) ° ki 2
@2 ki—1 12,22
e = o™ and &% = k=11 2 ley ey 2 In the

ERURT N ik PR DG+ HTE
above one-soliton solution two distinct complex wave
numbers, k; and /;, occur in both the expressions of g; and
q» simultanously. This confirms that the obtained solution
is nondegenerate. We also note that the solution (7) can
be rewritten in a more compact form using Gram deter-
minants as

* *
et PR

£ £ m
CE R G, 1 0 e
G+t L1+ £
A G 0 1 ¢
1 — a2
8 -1 0 g5 0 0
_ |Ot§2>|2
1 0 @G+
)
0 —a, 0
eﬂﬁrUT ev1+§ik m
CE R GER) 1 0 e
e§]+UT eiﬁr%? £
e R 0 1 €
@) _ oV 2 8a
g -1 0 Ty 0 o (a
|a(2)|2
0 —1 0 L
i+
0 0 0 o
1
6171+UT ev1+§ik
&k Gatp 1 0
G+t L1
L —0 0 1
Gy A
f = ] : ‘agl)‘z . (8b)
-1 0 GEo) 0
|O((12>|2
0 =1 0 (h+1})

The above Gram-determinant forms satisfy the bilinear
Egs. (3a) and (3b) as well as Manakov Eq. (1).
To investigate the various properties associated with the
above fundamental soliton solution, we rewrite Eq. (7) as
Al p)
q = e‘””e 2 {COSh (f]R =+ ¢—1)

2 °(%>

+ isinh (E]R + %) i (%)}/Dz, (9a)
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A®,
g = e : [cosh (mR + %) cos (%)

+ isinh (mR + %) sin (%)}/Dz, (9b)

S

where D, = e cosh(nig + &g + ‘%) + e cosh(ng —
Eir + 8‘;52 )s Mg = kig(t — 2ki12), mip = kit + (kg — klzl)_Z,
Eir = Lig(t —211y2), &y =hLt + (U3 — 1)z, pj = logaf’),
j =1,2. Here ¢g, ¢11, $2r, and ¢y, are real and imaginary
parts of ¢ = Agl) —p1 and ¢, = A(f) — pa, respectively,
and kg, lLig, ki;, and [j; are the real and imaginary
parts of k; and [, respectively. From the above, we can

1 k=1 Pl 1 (k=1 +-1)
$ir = 3 l0g g U = 3108 o

1 11—kt 2" 1 (h—k) ki +)
P2k = 5108 gy and o1 = 5 log ey The

profile structures of solution (9a) and (9b) are described by
the four complex parameters kj, /;, and oeij ), j=1,2. For
the nondegenerate fundamental soliton in the first mode,
the amplitude, velocity, and central position are found from
Eq. (9a) as 2kg, 21;, and %, respectively. Similarly, for the
soliton in the second mode they are found from Eq. (9b) as
2Lir, 2ky;, and %, respectively. Note that aij), j=1,2, are
related to the unit polarization vectors of the nondegenerate
fundamental solitons in the two modes. They constitute
different phases for the nondegenerate soliton in the two
modes as A; = (" /a!"*)!/? and 4; = (¥ /a{P*)!/2.

To explain the various properties associated with so-
lution (9a) and (9b) further we consider two physically
important special cases where the imaginary parts of the wave
numbers k; and /; are either identical with each other (ki; =
l17) or nonidentical with each other (kj; # I;;). Physically,
this implies that the former case corresponds to solitons in
the two modes traveling with identical velocities v; = v, =
2ky; but with k; # [;, whereas the latter case corresponds to
solitons which propagate in the two modes with nonidentical
velocities vy # v,. In the identical velocity case, the quantity
@1, j = 1,2 becomes zero in (9a) and (9b) when ki; = [y;.
This results in the following expression for the fundamental
soliton propagating with single velocity, v; » = 2kyy, in the
two modes,

Dy

q1 = el p l2 “ cosh <E]R + %)/Dz,
Ay,

q = e’g”e% cosh <mR + %)/Dz,

S

where D, = e cosh(nig + &g + %) + e cosh(ng —
&g + 8‘;52) with 11z = kig(t — 2ki12), mir = kit + (kix —
kiDz, &g =hr(t —2kyz), and &y = kyt + (I — ki))z.
Note that the constants that appear in the above solution
becomes equivalent to the one that appears in the solution (9a)
and (9b) after imposing the condition kj; = /4; in it. The
solution (10) admits four types of symmetric profiles
(satisfying appropriate conditions on parameters, see below)
and also their corresponding asymmetric profiles. The
symmetric profiles are as follows: (i) double-humps in both
the modes (or a double-hump in g; mode and a M-type
double-hump in g, mode), (ii) a flat-top in one mode and a

write

(10)

double-hump in the other mode, (iii) a single-hump in the first
mode and a double-hump in the second mode (or vice versa),
and (iv) single-humps in both the modes. The corresponding
four types of asymmetric wave profiles can be obtained by
tuning the real parts of wave numbers k; and /; and the
arbitrary complex parameters ai’ ’s, j=1,2.

To illustrate the symmetric and asymmetric nature of the
nondegenerate soliton in the identical velocity case we fix
ki; = liy = 0.5 in Figs. 1 and 2. The symmetric profiles are
displayed in Fig. 1. The asymmetric profiles are depicted in
Fig. 2 for the values of parameters indicated in Fig. 2. From
Figs. 1 and 2 we observe that the transition which occurs
from double-hump to single-hump is through a special flat-top
profile. The flat-top profile has been considered as an inter-
mediate soliton state. It is noted that flat-top soliton is also
observed in a complex Ginzburg-Landau equation [48]. In
Ref. [41] we have discussed symmetric and asymmetric nature
of solution (10) by incorporating the condition k1z < 1z [42].
However, to exhibit the generality of these structures, in the
present paper, we discuss these properties for kig > [ig. It
should be pointed out here that in Ref. [43] the authors have
derived this solution in the context of multicomponent BEC
using Darboux transformation and they have classified density
profiles as we have reported in Ref. [41] for kjg < [jg in
the context of nonlinear optics. They have also studied the
stability of double-hump soliton using Bogoliubov-de Gennes
excitation spectrum.

The symmetric nature of all the four cases can be con-
firmed by finding the extremum points of the nondegenerate
one-soliton solution (10). For instance, to show that the
double-hump soliton profile displayed in Fig. 1(a) is symmet-
ric, we find the corresponding local maximum and minium
points by applying the first derivative test ({|g;|*}; = 0) and
the second derivative test ({|g jlz},, < 0 or >0) to the expres-
sion of |qu2, j =1,2, at z = 0. For the first mode, the three

extremal points are identified, namely #; = —0.9, 1, = 5.5,
and #3 = 11.9. We find another set of three extremal points for
the second mode, namely #4 = —1.2, ts = 5.5, and 15 = 12.2

by setting {|g2|?}; = 0. The points #; and 3 correspond to the
maxima (at which {|g; [%};; < 0) of the double-hump soliton,
whereas f, corresponds to the minimum of the double-hump
soliton. Similarly, the extremal points #4 and #; represent the
maxima and #5 corresponds to the minimum of the double-
hump soliton in the ¢, mode. In the first component the two
maxima f; and #3 are symmetrically located about the min-
imum point f,. This can be easily confirmed by finding the
difference between f, and #; and t; and ¢,, that is, t, — f; =
6.4 = t3 — 1. This is true for the second component also, that
is,ts —ty = 6.7 = tg — t5. This implies that the two maxima #4
and t¢ are located symmetrically from the minimum point #s.
Then the magnitude (|g;|?) of each hump (of the double-hump
soliton) corresponding to the maxima f; is equal to 0.051
and #3 is equal to 0.051. In the second mode, the magnitude
(Ig21?) corresponding to t4 is equal to 0.054 and #4 is equal
to 0.054. This confirms that the magnitude of each hump of
double-hump soliton in both the modes are equal. Therefore
it is evident that the double-hump soliton drawn in Fig. 1(a)
is symmetric. One can easily verify from Figs. 1(c) and 1(d)
that the single-hump soliton is symmetric about the local
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FIG. 1. Various symmetric intensity profiles of nondegenerate fundamental soliton: While (a) denotes double-hump solitons in both the
modes, (b) and (c) represent flat-top-double-hump solitons and single-hump-double-hump solitons, respectively. Single-hump solitons in both
the modes are illustrated in (d). The parameter values of each figures are as follows: (a) k; = 0.333 + 0.54, /; = 0.315+ 0.5, ozgl) =045+
0.45i, &> = 0.49 + 0.45i. (b) ky = 0.425 + 0.5, [, = 0.3 4+ 0.5i, &\” = 0.44 4+ 0.51i, &\’ = 0.43 + 0.5i. (c) k; = 0.55 4 0.5, [, = 0.333 +
0.5i, o' = 0.5+ 0.5i, a{” = 0.5 + 0.45i. (d) ky = 0.333 + 0.5i, [; = —0.316 + 0.5, &rf"” = 0.45 4+ 0.5i, &’ = 0.5 + 0.5i.

maximum point (and checking the half widths as well). As far ~ the corresponding maximum for certain number of ¢ values.
as the flat-top soliton case is concerned, we have confirmed This also confirms that the presence of almost flatness and
that the first derivative {|q; |2} very slowly tends to zero near symmetric nature of the one-soliton.
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FIG. 2. Various asymmetric intensity profiles of nondegenerate fundamental soliton: Panels (a), (b), (c), and (d) represent each of figures
asymmetric intensity profiles as against the symmetric profiles of Figs. 1(a)-1(d). The corresponding parameter values of each figures are
as follows: (a) ky = 0.333 + 0.5i, [, = 0.315 4 0.5, «{” = 0.65 4 0.45i, &'> = 0.49 + 0.45i; (b) ky, = 0.425 4+ 0.5, 1, = 0.3 + 0.5i, &\ =
0.5+ 0.51i, & = 0.43 +0.5i; (c) ky = 0.55+0.5i, [, = 0.333 +0.5i, @\ = 1.2+ 0.5/, @\ = 0.5 4 0.45; (d) k; = 0.333 + 0.5, 1, =
—0.22+0.5i, 0\ = 0.45 + 3i, &) = 0.5+ 0.5i.

042212-5



RAMAKRISHNAN, STALIN, AND LAKSHMANAN

PHYSICAL REVIEW E 102, 042212 (2020)

We also derive the conditions analytically to corroborate
the symmetric and asymmetric nature of soliton solution (10)
in another way. For this purpose, we intend to calculate the
relative separation distance At between the minima of the
two components (modes)

_%_@_ (11)

Atp=f—h=0t—1)— (1 —1h), =5 &
IR IR

If the above quantity At;, = 0, then the solution (10) exhibits
symmetric profiles otherwise it admits asymmetric profiles.

The explicit form of relative separation distance turns out
to be

1 ki —1 @)
Atlz = —IOg —( le IR)’al ’
2lir Aip(kig + lir)
1 U=k (12)
2k 4kt p(kig + Lig)

We have explicitly calculated the relative separation dis-
tance values and confirmed the displayed profiles in Figs. 1
and 2 are symmetric and asymmetric, respectively. For in-
stance, the Aty value corresponding to the symmetric double-
hump soliton in both the modes [Fig. 1(a)] is 0.002 (to get the
perfect zero value one has to fine tune the parameters suit-
ably) and for asymmetric double-hump solitons the value is
equal to 0.6493. The above calculated values reaffirm that the
obtained figures are symmetric in Fig. 1(a) and asymmetric in
Fig. 2(a). Similarly, one can easily confirm the symmetric and
asymmetric nature of other profiles in Figs. 1 and 2 also.

In addition to the above, for the general nonidentical ve-
locity case (ki # l1), v1 # v2, the distinct wave numbers k|
and /; influence drastically the propagation of nondegenerate
solitons in the two modes. If the relative velocity (Avi, =
v; — v7) of the solitons between the two modes is large, then
there is a node created in the structure of the fundamental
solitons of both the modes [43]. This is due to the cross
phase modulation between the modes. In this situation the
intensity of the fast-moving soliton (v; = 2/j; > 0) in the first
mode starts to decrease and it gets completely suppressed
after z = 0. At the same value of z the fast-moving soliton
reappears in the second mode after a finite time. Similarly,
this fact is true in the case of slow-moving soliton (v, =
2ky; < 0) as well. Consequently, the intensity of solitons is
unequally distributed among the two modes. This is clearly
demonstrated in Fig. 3 and Figs. 4(a)—4(b). On the other hand,
if the relative velocity tends to zero (Avy; — 0), then the
total intensity, low = |¢1|* + |g2]°, of nondegenerate solitons
starts to get distributed equally among the two components.
As a consequence of this, a double-hump profile starts to
emerge in each of the modes as displayed in Figs. 4(c)—4(d).
At perfect zero relative velocity (Avj, = 0), the double-hump
fundamental soliton emerges completely in both the modes.
As we have already pointed out in Ref. [41] the nondegenerate
soliton solution exhibits symmetric and asymmetric profiles in
the nonidentical velocity case also but the relative velocity of
the solitons should be minimum. We have not displayed their
plots here for brevity.

Recently, we found that the occurrence of multihumps
depends on the number of distinct wave numbers and

2
|Q1 |
3 o)
w [N 0
~3
~10 0 0 -10 0 10
t t

FIG. 3. Node formation in the nonidentical velocity case. The pa-
rameter values are k; = 1 + 1.51, 1, = 1.5+ 0.5i, a{l) =1.5+0.5i,
o' =0.4540.5i.

modes [49] apart from the nonlinearities. In the present two-
component case, the resultant nondegenerate fundamental
soliton solution (9a) and (9b) yields only a double-hump
soliton. However, a triple-hump soliton and a quadruple-
hump soliton are also observed in the cases of three- and
four-component Manakov system cases, respectively. For
the N-component case one may expect a more complicated
profile, as mentioned in the case of theory of incoherent
solitons [50,51], involving N-number of humps which are
characterized by 2N-complex parameters. These results will
be published elsewhere. Very recently we have also reported
the existence of nondegenerate fundamental solitons and their
various profile structures in other integrable coupled NLS
type systems [21] as well. It should be pointed out that
the multihump nature of nondegenerate fundamental soli-
ton is somewhat analogous to partially coherent solitons
or soliton complexes [15,16] where such partially coher-
ent solitons can be obtained when the number of modes
is equal to the number of degenerate vector soliton solu-
tion [3,52]. We also note here that the two-partially coherent

15

FIG. 4. Double-hump formation in the profile structure of nonde-
generate fundamental soliton: Panels (a) and (b) represent the node
formation in soliton profiles. Panels (c) and (d) denote the emergence
of double-hump in both the modes. The corresponding parameter
values for (a) and (b) are k; = 0.65 — 0.85i, 1, = 0.78 — 0.5, &\ =
1, and 0152) = 0.5. For panels (c) and (d) the values are chosen as
ki =0.65—0.8i,1; =0.78 — 0.8/, ! = 1, and &’ = 0.5.
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soliton can be deduced from the double-humped nondegen-
erate fundamental soliton (9a) and (9b) in the Manakov
system by imposing the restrictions ail) =0, aiz)
kl = k]R, ll = sz, k]] = l][ = 0, where nio and N0 are real
constants, in solution (7) [52]. The soliton complex reported
in Ref. [53] is a special case of nondegenerate fundamental
soliton solution (7) when the parameters k; and /; are chosen
as real constants and ocil) = aiz) =1.

= _erlzo’

B. Nondegenerate two-soliton solution

In order to investigate the collision dynamics of nonde-
generate soliton of the form (7), it is essential to derive the
expression for the corresponding two-soliton solution. To con-
struct it, we consider the seed solutions as g\ = a{" e +

J

N SNt NHES SN+
(k1 +k7) (k1 +k3) (ki +17) (k1 +15)
ety ot ot entE
(ko +k7) (k2 +k3) (ko +17) (k2 +13)
Gt G115 L1HE L1188
Gk G G G
ei"z +UT 652+77§ 652+51* 652+5§
(b+k7) (l+k3) (h+1Y) (b+13)
) —
g =] —1 0 0 0
0 —1 0 0
0 0 —1 0
0 0 0 —1
0 0 0 0
Pl +17T en1+'7§ eﬁ1+$f PUI +$f
(ki +k7) (k1+k3) (ki +15) (ki +13)
e'72+77T e7)2+’7; en2+51* eﬂ2+5§
(katkf)  (ktky) ()  (ktl3)
G+t G143 L1+ L1485
(h+k7) (h+k3) (h+17) (h+13)
e§2+UT e$2+17; e§2+$i< e§2+§2*
(L+k) (L+k3) (L+If) (L+13)
(2) _
§7 =] —1 0 0 0
0 ~1 0 0
0 0 -1 0
0 0 0 -1
0 0 0 0
eﬂﬁrﬂf e +v]§ e +Eik er]ﬁrff
(ki+ki) — (a+ks) G+ (k+3)
ety Mt ot ot
(k2 +k7) (k2 +k3) (k2 +I) (k2 +1y)
Lt L1113 L1HE L1188
(h+k7) (h+k3) (h+IH) (h+13)
e52+ﬂf 652+¥l%< eEz +5T e$2+52*
f= (L+k7) (b+k3) (L+17) (b+13)
—1 0 0 0
0 —1 0 0
0 0 —1 0
0 0 0 —1

e and g = Vet + aiPe, n; = k;t + ik}z and &; =
[t + il}z, j =1,2, for Egs. (6). By proceeding with the pro-
cedure given in the previous subsection along with these seed
solutions we find that the series expansions for g(j ), j=1,2,
and f get terminated as g = eg\”) + 3¢} + €3gY + 7Y’
and f =1+ €2 f, + €*fy + €°fo + €% fs. The other unknown
functions, g(gj ), g(ljl), fi0, fi2, and so on, are found to be identi-
cally zero. We further note here that the termination of these
perturbation series occurs at the order of €3 in g/)’s and at the
level of €* in f for deriving the degenerate two-soliton solu-
tion. The resulting explicit forms of the unknown functions in
the truncated series expansions constitute the following non-
degenerate two-soliton solution, in Gram-determinant form,
to Eq. (1):

1 0 0 0 e
0 1 0 0 e
0 0 1 0 i
0 0 0 1 e
|O(§])‘2 agl)*aél) 13a
Kk +k) 0 0 0 (132)
M, (* 2
o) o oy |
(5+ki)  (o+k) 0 0 0
‘0‘(2)|2 a(Z)*a(Z)
O O 1 1 2 0
Uy +0) (UF+h)
ai;)af)* |Olt‘(,2)|2
0 0 G+ U+h) 0
Y R
1 0 0 0 e
0 1 0 0 en
0 0 1 0 &5
0 0 0 1 e
Ia(ll)‘z a(ll)*aél) 13b
(kf+k) (G +k) 0 0 0 (13b)
(1, (D (12
a) e, \az |
Ttk Gtk 0 0 0
‘a(2)|2 O1(2)*6‘(21
0 O 1 1 2 0
A+ (F+h)
O(};)Oléz)* |Olt§2)|2
0 0 5+0) G+h) 0
0 0 - a0
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
a2 VgD 0 0 (13¢)
(kf+k)  (kf+ko)
1) (1 M2
o) % oy |
(k3+k1) (ka+k3) 0 0
|Ot(12)|2 a(IZ)*a‘_()Z)
0 0 5+ (5 +h)
2) (2)* 2))2
o) o oy
0 0 G+0) (5+h)
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In the above, the eight arbitrary complex parameters k;, [;, ai’ ) ,and o,”’, j = 1,2, define the profile shapes of the nonde-
generate solitons and their various interesting collision scenarios. By generalizing the above given procedure, the nondegenerate
N-soliton solution of the Manakov system can be obtained. To derive the N-nondegenerate soliton solution, the power series
expansion should be as in the following form: g’ = Y2V 1 e21=160) and f = 14 32N €2 f,,. The 4N complex parameters,
which are present in the N-soliton solution, determine the shape of the N-solitons. In Appendix A, we have given the three-soliton
solution form explicitly using the Gram determinants.

()
2

C. Partially nondegenerate two-soliton solution

To show the possibility of occurrence of degenerate and nondegenerate solitons simultanously in the Manakov system (1),
we restrict the wave numbers k; and [} (or kp and ;) as ky = [} (or ky = ) but k, # [, (or k; # [;) in the obtained completely
nondegenerate two-soliton solution (13a)—(13c). As a consequence of this restriction, the wave variables 1, and &; automatically
get restricted as £ = n,. By imposing such a restriction in the fully nondegenerate two-soliton solution (13a)—(13c) we deduce
the following form of partially nondegenerate two-soliton solution as

IR Nt PURH SN+ Ul
itk a+k3) Gtk (a+13) 1 0 0 0 ¢
o M+ et enHE 0 1 0 0 e
(ka+k7) (ko +k3) (ko +k7) (ka+13)
M I Mt SN+ 0 0 1 0 e
(ki +k7) (k1 +k3) (ki1 +k7) (k1 +13)
S AvE gni o A 0 0 0 ! ®
Otk o) Gk G ¢
a _ VP afel” 14
| _ a
8 1 0 0 0 W) Kk 0 0 0 (14)
1) (1) (12
_ a o, ey’
0 1 0 0 Gk Gtk 0 0 0
T
0 0 1 0 0 0 T 0T 0
(2) (2)x 2)2
_ o, o, Jety”’|
0 0 0 1 0 0 Ty 0
1) (1)
0 0 0 0 —a! —a 0 0 0
1 2
ST IR SN SNHE 1 0 0 0 m
Ttk k) Gtk Rtd) ¢
o 2+ et ot n
(ka+k7) (ka+k3) (ka+k7) (k2 +13) 0 1 0 0 ¢
ST o et oM m
Ttk k) Gtk G+l 0 0 ! 0 ¢
§2+UT $2+17§ §2+YIT 52+E§‘ £
e e e e 5
(l4k7) (L+k3) (L+k}) (b+13) 0 0 0 ! ¢
@ _ LT T R (14b)
g 1 0 0 0 T TR 0 0 0|
a(ll)aél)* ‘a;l)"l
0 -1 0 0 T T 0 0 0
|ai2)|2 aiZ)*af)
0 0 1 0 0 0 &y w9
2) (2)% 2)2
Jo,™ |
0 0 0 -1 0 U : 0
(5 +ky) (G+h)
0 0 0 0 0 0 - a0
erllﬂff eﬁ]+r}§F enﬁrnf erl1+§§
k) k) Gtk Gt 1 0 0 0
entnt ot ety enHE 0 1 0 0
(ko +k}) (ka+k3) (ko+k7) (ka+13)
PiRxt SN+ IR N+ 0 0 1 0
k+k)  Ga+k3) Rtk (k)
A2t Lol Gt 218 0 0 0 1
Ltk Gk k) (D)
f — ) 0 0 0 \agl)\z a{l)*a;]) 0 0 . (14C)
- (k{+k1) (kf+k2)
(1) (1)x ()2
. o % oy 1
0 1 0 0 T Tk 0 0
o2 e
0 0 ! 0 0 0 Wik )
2) (2% @2
_ ) ™|
0 0 0 1 0 0 ) G+h)

The above class of solution (14a)—(14c) can be derived through Hirota bilinear method with the following seed solutions,
g\ =afe" +afem and g7 = aVem + ai’e, n; = kjt + ik2zand & = Lt + il3z, j = 1,2, for Egs. (6). Such coexistence
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()

of degenerate and nondegenerate solitons and their dynamics are characterized by seven complex parameters k;, l», o,”’, and aéj ),
Jj =1, 2. The interesting collision behavior of the coexisting degenerate and nondegenerate solitons is discussed in Sec. V.

IV. VARIOUS SHAPE-PRESERVING AND
SHAPE-CHANGING COLLISIONS OF
NONDEGENERATE SOLITONS

The several interesting collision properties associated with
the nondegenerate solitons can be explored by analyzing the
asymptotic forms of the two-soliton solution (13a)—(13c) of
Eq. (1). By doing so, we observe that the nondegenerate
solitons undergo three types of collision scenarios. For either
of the two cases (i) equal velocities (ki; = Iy, ko = bry) and
(i1) unequal velocities (ky; # l17, ko; # o), the nondegen-
erate two solitons undergo shape-preserving, shape-altering,
and shape-changing collision behaviors. Here we present the
asymptotic analysis for the case of shape-preserving collision
only and it can be carried out for other cases also in a similar
manner.

A. Asymptotic analysis

In order to study the interaction dynamics of nondegenerate
solitons completely, we perform a careful asymptotic analysis

J

2A; kige™ cosh(&g + 1)

(

for the nondegenerate two-soliton solution (13a)—(13c) and
we deduce the explicit forms of individual solitons at the
limits z — #oo. To explore this, we consider kjg, ;g > 0,
j = 1, 2, k][ > k2[, l][ > 12], kll = l][, and kz] = 12], which
corresponds to the case of a head-on collision between the
two symmetric nondegenerate solitons. In this situation the
two symmetric fundamental solitons S; and S, are well sepa-
rated and subsequently the asymptotic forms of the individual
solitons can be deduced from the solution (13a)—(13c) by
incorporating the asymptotic nature of the wave variables
njr = ij(Z‘ — 2kj1Z) and E_/‘R = ljR(l‘ — 2lj]Z), ] =1, 2, in it.
The wave variables 7,z and &,z behave asymptotically as (i)
soliton 1 (S1): nig, E1r = 0, Nag, E2r — F00 as z F oo and (ii)
soliton 2 (S»): mag, E2r = 0, N1r, E1g — F00 as z & co. Cor-
respondingly, these results lead to the following asymptotic
forms of nondegenerate individual solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic forms of g; and
q» are deduced from the two-soliton solution (13a)—(13c) for
soliton 1 as follows:

q1 =

) (15a)

[0 coshOnia + 8+ 95 + 12 coshna — &ue +67)]

(k741 )

2A)"1ige® cosh(nig + ¢5)

(15b)

Q=
(ky+17)2

(k=) )? 1 (h=k)lo{"?

1 — 2 —_ 1
Here ¢ = 3log gomurys 92 = 2192 wommsey

[ail) /Olgl) 1
1 and 2 denote the two modes g; and g,, respectively.

[(k T COSh(an +&r+é3)+ T=I)? cosh(mig — §1r + ¢4 )]

(kf+1)12

1 2)2
=11 e P Lo

o _110 ot 211 +17)? - _
i+ P +kD G+ P4 —

& PP P -

/2 and A}~ = i[@'® /&P 1"/, In the latter, superscript (1—) represents soliton S; before collision and subscripts

Soliton 2: The asymptotic expressions for soliton 2 in the two modes before collision turn out to be

szRA%’ei(”z’wr) cosh(é2r + ;)

q =

) (16a)
[% cosh(nar + &2r + ¢3) + (kZH 31 cosh(mpr — &2r + @4 )]
: _
2hgA5 e utty )COSh(Uzk +9,) (16b)

=

[M cosh(mar + &2r + @3 ) +

(ka+13)2
In the above,

2
1 (k> — )]s 1

K5+l '
ks 2)) cosh(nar — &r + @, )]

lki — L2l — b)*

T =-=1o + =1lo
O bR 2

-k 1

lky + 51210+ 14
lky — L1 1*1ky — ko|*

1
1 Lo
Y = G 1k 2 ®
_ 1 ey = Lot et
=-1lo
O T B G T 5P + P+ 3)?

1 PPl +1? 1

ko + [P 1ky + K514

ki — ka|*|li — b|* ko — P11 — L
ki + k314 1ka + I [Py + L1200+ 5]*

ki = kol Il + G 1* ke = Pk + I3

¢y = zlog—=———— + log
2 o e k2 2

lky + k314 ka + I Pk — B2 — B|*
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Jor _ ki — k) = b)) — )2 (ki + kDK +1)2 s

- _ [aél)/aél)*]l/z,

(kf — k) + ) = D)(ky — lf)%(k’f + ky)(ky + l;‘)% ’
o _ U= bk — by + 1) +15)

(kr = I)2(lF — ) K+ L)1 (F + 1)

Here superscript (2—) refers to soliton S, before collision.
(b) After collision: z — 400

1

o = o)

Soliton 1: The asymptotic forms for soliton 1 after collision deduced as

ZkIRAiJrei(mﬁ@ﬁ) cosh(EIR + o)

Nt 5 ki+1p? 56| (7)
14 h 4 4 ds—em) 4 h _ 4 ¢22 16 ]
[—(kl*+ll)% cos (771R §ir + 752 ) —(1 03 cos (771R §1r )
211 A% Gt cosh(nig + ¢F)
qr " R ) o +l)R 2 - . (17b)
D h 0187622 ! h — 22— 16]
[(k1+ll*)? cosh (g + &1r + £5°2) + T oo (mr — &ir + )
Here
1 ky — LG — L)* 1 ki — ko |*lka — 1Pk — LI2)L — L)
oF = ¢+~ log k2 i|2|1 i|4’ 6F = b7 + ~log k1 *2|4| 2 i|2| 1 i|2|l 2*|47
2 lky + L1210+ 15 T2 ki + k3 [*lka + [F12 1k + 151210 + 15
1 ki — Lk — ko|* 1k —ka|*ka + [Pk — LG+ 13)*
¢;’=¢2_+—10g| | i|2| 1 i|4’ qﬁj':d);—i-—log' 1 i|4| 2 1|2| 1 i|2|1 2|47
2 ki + 15 1°[ky + k3| 2 ki + k3% k2 — L *lky + 120 — b
Jor _ o — k) —b) Gk +ha)kf +h)7 e (= b — )2 G + 1) + D)
(k= k3)(Kk; — 13)7 (ky + Kk3) (ki + 1) (s — Ip)2 ;= 1)k + L2+ 13)
AlF = [a" /P12 and ALF = [ /a'®"1'/2, in which superscript (14-) denotes soliton S after collision.
Sohton 2: The expression for soliton 2 after collision deduced from the two-soliton solution is
2A) T koge™ cosh +
7~ 2RE (&2r + o) ’ (18a)
[27 coshOnan +2n + ) + 2520 coshne — e + )]
(k3 +1a )7 h)?2
2AF Loge'® h
o~ Hre™ cos (772R + @) 7 (18b)

(L0 coshnae + &+ ) + &

(k2+l*)’

+_1 (k—h)les |2 +_1 (b=kn)les" 2
where ¢ = slog g, nainys ¢ =218 Ginm gy
o = Llog Jahllle Pl gf = Llog g iy

3 2 ka5 P (ko +K3)2 (b +15)7 4 72 loeS” 2 (ka+k5)2

AT =8V 12, and A2F = i[afP /a2 In the

latter, superscript (24) represents soliton S, after collision.

In the above, njr = ij(l — ijIZ), njr = kj[l +
(ka-R - kay)Z, Eir = Lir(t — 2ljz), & =1t + (lfR - l};)z,
j=1,2, and that the phase terms goj_, j=1,2,3,4

; - — 7t 1 \kl—lz\zlll—lz\4
can also be rewritten as ¢; = ¢, ~|——log|

C b g kimkl = PR 1
Py = ¢4 + 3108 RGBT = 17\4’ 9"2 <p2 + 7 log

2 4 2
BTASHL oq = ol + log Mok
The above asymptotic analysis clearly shows that the
shape-preserving collision always occurs among the
nondegenerate solitons whenever the phase terms obey
the conditions

d)j_=¢+, (pj_=(p;'_, j=1,2,34. (19)

k4l
e 2; cosh(nar — &2r + @4 )]

B. Shape-preserving and -altering collisions: Elastic collision

From the above analysis, we observe that the intensities of
nondegenerate solitons S; and S, in the two modes are the
same before and after collision whenever the phase condi-
tions (19) are satisfied. This implies that the initial amplitudes

do not get altered after collision j = 1, 2. It is also evident
I+

— :‘Tg =
1, 2, where the subscript j represents the modes and the super-
script /£ denotes the nondegenerate soliton numbers 1 and 2
in the asymptotic regimes z — +00. Again to confirm that the
intensities of the nondegenerate solitons are preserved during
the collision process, we calculate the transition intensities
as well, |le|2, I, j = 1,2, which can be obtained by taking
the absolute squares of the transition amplitudes le ’s. The
P =

from the transition amplitude calculations, le

transition intensities turn out to be unimodular, that is, ITJ-’
1,1, j = 1, 2. Physically this implies that the nondegenerate
solitons, for ky; = Iy, ko; = Iy, ki # 1, corresponding to two
distinct wave numbers undergo elastic collision without any
intensity redistribution between the modes ¢; and ¢, except
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for a finite phase shift. The latter confirms that the polariza-
tion vectors associated with the nondegenerate fundamental
solitons do not contribute to the energy redistribution among
the modes. Consequently the nondegenerate solitons in each
mode exhibit elastic collision. The total intensity of each soli-
ton is conserved which can be verfied from |A§.’|2 = |A§+|2,
Jj,1 =1,2. In addition to this, the total intensity in each
of the modes is also conserved |A}_|2 + |A§_|2 = |A}+|2 +
|AZ*|? = const.

‘During the collision process, the initial phase of each of
the soliton is also changed. The phase shift of soliton S} in the
two modes gets modified after collision as

_ lka — Ll — b

q)l = +_ :10 —_—,
1= 00 — ¢ =log o+ Il + 52 o0)

ki — LIk — ko

@ =t —gp; =1 )
2=92 — % Bk + Bk + k31

Similarly, the phase shift suffered by soliton S, in the two
modes are given by

lky + 3110+ 1312

P2 =gt —pr =log LT 21Tl
[ L T Ny NP

J

L Pk — 1) 1

(= k)2 ||

lk + I§1ky + k3|
lky — I1||k; — ka|?”

From the above expressions we conclude that the phases of
all the solitons are mainly influenced by the wave numbers
kjand [;, j = 1,2, and not by the complex parameters ai’ s

and aéj s, Jj =1, 2. This peculiar property of nondegenerate
solitons is different in the case of degenerate vector bright
solitons (see Sec. V below) where the complex parameters
a\”’s and a}/)"s, associated with polarization constants, play a
crucial role in shifting the position of solitons after collision.

Further, to confirm that the profile shapes of the nonde-
generate solitons S; and S, are invariant under the above
elastic collision, we explicitly deduce the relative separation
distance between the modes of the solitons. This is similar
to the analysis which we have already discussed for the one-
soliton solution to confirm the symmetric and asymmetric
profile natures of the fundamental soliton. As a consequence
of this analysis, one would expect that the relative separation
distance values corresponding to solitons S; and S, before
collision should be equal to the values after collision in order
to ensure the shape-preserving nature of the collision. For this
purpose, first we deduce the following expressions for relative
separation distance for the solitons S; and S, before and after
collisions from the asymptotic forms as

3 =) —¢; =log Q1)

At = —logtrt— " — — log — 22a
2T 0 2l A DV ki - 2Zkig(kf + 1)1 @2
e Ly, ok = bl = )2 — bR 1 s ik — kPl — b1 — k)2 o)
2 g 2hglky + 1k + V2L + 12 kar - 2kaglky 4+ k3 1Pko + 17| (K5 4 1)1/
i Ly e e =it =) 2 bR 1 ek = Rl = bi — k) o3
2T I O Dk + 1O+ DL A BE kix - 2kilki + K Pl o+ GBI + D1
2) 12 12, (D
oy |(ky — 1 1 I, —k o
A% = 5™ | (ko — o) (b — k)2 |e}”’| (23b)

R 0 e, . s
b % gt + 52 ko

2kop(ks + 1L)'/2

To identify the profile change of a given soliton S; (or S;) during the collision, we analytically find the total change in
relative separation distance by subtracting the quantity At} from Az}, n = 1, 2. This results in the following expressions for

soliton Sy:

— 1+ 1- _
At = At = Ang = -

and for soliton S,,

Aty = Atly — Aty =

To demonstrate the shape-preserving collision property of
nondegenerate solitons, for the case ki; = lj;, koy = lp;, we
start with various symmetric profiles as initial conditions.
In Figs. 5(a) and 5(b) we set two well-separated symmetric
double-hump soliton profiles as initial profiles in both the
modes. From these figures, we observe that the symmetric
nature of double-hump soliton S; is preserved in both the
modes after collision while interacting with another symmet-
ric double-hump soliton S, except for a finite phase shift,
which is already deduced in Egs. (20) and (21). This can be

1 g|k2_ll||ll_12|2—iog
ko + IFNL 4+ 1512 kig

ki — Ll — LI 1
—log o——————5 — —
b ki + 3110+ 5] kor

ki — LIk — ko
lky + 511k +k§‘|2’

(24)

lky — i ||k — ko?

o . (25)
8l + Il + K52

(

easily verified from the asymptotic analysis itself. Further,
in order to ensure the shape-preserving collision scenario of
symmetric double-hump solitons we explicitly compute the
numerical value of relative separation distance between the
modes of each double-hump solitons by substituting all the
parameter values in Egs. (24) and (25). This action yields
the final values as Af; = —0.0051 and Ar, = —0.0051 (here
we provide the values with two decimal accuracy, to get
perfect zero, one has to fine tune the parameters suitably).
The values reaffirm that symmetric profile struture of double-
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t % go~-10 t 0

FIG. 5. Shape-preserving collision of symmetric nondegenerate
solitons. The energy does not get exchanged among the nonde-
generate solitons during the shape-preserving collision process:
Panels (a) and (b) represent collision between two symmet-
ric double-hump solitons. Panels (c) and (d) denote interaction
among flat-top and symmetric double-hump soliton. The param-
eter values: [(a) and (b)] k; = 0.333 +0.5i, [; =0.315+ 0.5,
ky =0.315—22i, , =0.333 —2.2i, o\" =0.4540.45i, o’ =
0.49 4 0.45i, &> = 0.49 + 0.45i, and o{” = 0.45 + 0.45i. [(c) and
(] ky =043 +0.5i, 1, =03+ 0.5i, ky = 0.3 —2.2i, [, =043 —
2.2i, @V = 0.45 4 0.5, iV = 0.43 4 0.5, «!” = 0.43 4 0.5/, and
ol =0.4540.5i.

hump solitons are indeed preserved during the collision. This
ensures further that the relative separation distance values
are consistent with the shape-preserving collision condition
¢; = ¢j+ and ¢; = go;.r, j=1,2,3,4, given by Eq. (19).
We also show the shape-preserving collision between flat-top
soliton and double-hump soliton occurs in Figs. 5(c) and 5(d).
The same type of collision behavior is also observed while
the symmetric single-hump soliton collides with the symmet-
ric double-hump soliton, which is illustrated in Figs. 6(a)
and 6(b). In Figs. 6(c) and 6(d) we depict the elastic collision
between two symmetric single-hump solitons. From Fig. 6, we
find that each soliton retains its structure during the collision
scenario.

Next, we illustrate the shape-preserving collision among
the asymmetric solitons. As we pointed out earlier, the nonde-
generate fundamental soliton also admits asymmetric profiles
for ki; =1I;;. To bring out one more asymmetric soliton
we set ky; = lp; in the two-soliton solution (13a)—(13c). In
order to study the shape-preserving collision of such two
asymmetric solitons, first we locate asymmetric double-hump
soliton S; along the line ng = kig(t — 2k1;2) =0, &g =
lir(t — 2ky7z) =~ 0 and another similar kind of soliton S, along
the line nogr = kor(t — 2koz) >~ 0, &g = Lr(t — 2kyz) >~ 0.
These asymmetric structured double-hump solitons also pre-
serve their structure after collision. This is clearly depicted
in Figs. 7(a) and 7(b). To ensure the shape-preserving na-
ture of asymmetric solitons, we again explicitly calculate the
relative separation distance values for both the asymmetric
solitons S; and S, as Afy = At, = —0.0093. These values
again confirm the shape-preserving property of the asymmet-
ric double-hump solitons and they are indeed compatible with
the shape-preserving collision condition (19). As displayed

(b)
(G|

60 —10

FIG. 6. Shape-preserving collision of symmetric nondegenerate
solitons. Panels (a) and (b) denote collision between single-hump
and double-hump solitons: The values corresponding to this colli-
sion scenario are k; = 0.55 4+ 0.5i, [, = 0.333 + 0.5, k, = 0.333 —
2.2i,1, = 0.55 — 2.2i,a{" = 0.45 + 0.5i, 05" = 0.43 +0.5i, 0" =
0.43 4 0.5, and &'” = 0.45 + 0.5i. Panels (c) and (d) denote two
single-hump solitons interaction: The corresponding parameter val-
ues are chosen as k; = 0.333 4+ 0.5, [; = —0.316 4+ 0.5i, k, =
—0.316 — 2.2i,1, = 0.333 — 2.2i,a\"” = 0.45 4+ 0.51i,08"” = 0.5 +
0.5, @ = 0.5+ 0.5i, and &) = 0.45 + 0.51i.

in Figs. 7(c) and 7(d), the asymmetric flat-top soliton also
preserves its structure when it collides with an asymmetric
double-hump soliton. In other cases also asymmetric solitons
preserve their profiles. This can be confirmed from Fig. 8.
Very interestingly, the shape-preserving collision also occurs
even when the asymmetric double-hump soliton interacts with
the symmetric double-hump soliton. This is illustrated in
Fig. 9. During this collision also the standard position shift
only occurs as a final outcome.

FIG. 7. Shape-preserving collision of asymmetric nondegener-
ate solitons. Panels (a) and (b) represent two asymmetric soliton
collision: k; = 0.333 — 0.5i, [, = 0.315 — 0.5, k;, = 0.315 + 1.5,
L =0.333+ 1.5i, o\ = 0.65+0.45i, i =0.49+0.5i, & =
0.49 +0.5i and o = 0.65+ 0.45i. Panels (c) and (d) denote
asymmetric flat-top-double-hump soliton: The corresponding pa-
rameter values are chosen as (a): k; =0.425— 0.5, [; =03 —
0.5i, ky = 0.3+ 1.5i, [, = 0.425 + 1.5i, a{" = 0.5+ 0.51i, o&§" =
0.43 4 0.5i, @\” = 0.43 4 0.5, and o{” = 0.5 4 0.51i.
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FIG. 8. Shape-preserving collision of asymmetric nondegenerate
solitons. Panels (a) and (b) represent asymmetric single-hump and
double-hump soliton collision: k; = 0.55 — 0.57, [, = 0.333 — 0.5i,
ky = 0.333 4+ 1.5i, 1, = 0.55 + 1.51, &} = 1.2+ 0.5i, &} = 0.5 +
0.45i, a\” =0.5+0.45/, and !’ =1.2+0.5i. Panels (c) and
(d) denote collision of two asymmetric single-hump solitons: The
parameter values of each figure are chosen as k; = 0.333 — 0.54, [, =
—0.2—0.5i, ky=—02+1.5i, L, =0.333+ 1.5/, o” =045+
3.0i, 08" = 0.5+ 0.5i, &\’ = 0.5+ 0.5/, and &r5” = 0.45 + 3.0i.

Then, we also come across another type of elastic collision,
namely shape-altering collision for certain set of paramet-
ric choices again with ky; = [; and ky; = lp;. We illustrate
such collision scenario in Fig. 10. We explain the pro-
file alteration in the head-on collision between slow-moving
symmetric double-hump soliton and fast-moving asymmetric
double-hump soliton as displayed in Figs. 10(a) and 10(b). To
draw this figure we fix the parametric choice as k; = 0.41 4
0.5i, I, = 0.305 4+ 0.5i, k; = 0.305 — 2.2i, I, = 0.41 — 2.2,
alV = af? =044 +0.499i, and o’ =a® =0.44 4+ 0.5i
in solution (13a)—(13c). From this figure, we find that while
symmetric double-hump soliton S} in the first mode slightly
changes into an asymmetric structure, the asymmetric double-
hump soliton S, becomes symmetric. For this kind of
shape-altering collision the parameter values corresponding to
Figs. 10(a) and 10(b) are inconsistent with the condition (19),
even though the unimodular condition of transition amplitudes
is still preserved. A similar kind of profile alteration occurs
in the second mode also. This is due to the incoherent inter-
action between the modes ¢; and ¢,. Again, a similar type
of collision property has been observed when a symmetric

0.1
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St ::‘E ----- z=12 Si 3 -": 55
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FIG. 9. Shape-preserving collision between symmetric double-
hump soliton and asymmetric double-hump soliton: The parameter
values are k; = 0.333 4+ 0.54, [; = 0.315 4 0.5, k, = 0.315 — 2.2i,
L, =0.333—22i, a\” = 0.45 + 0.45i, )" = 2.49 +2.45i, &\ =
0.49 + 0.45i, and & = 0.45 + 0.45i.
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FIG. 10. Shape-altering collision: Panels (a) and (b) denote
shape-altering collision between symmetric double-hump soliton and
asymmetric double-hump soliton. Panels (c) and (d) refer to collision
between symmetric flat-top and asymmetric double-hump soliton.
Panels (e) and (f) represent interaction between single-hump and
asymmetric double-hump soliton.

(or asymmetric) flat-top soliton collides with an asymmetric
(or symmetric) double-hump soliton in the g; (or ¢) compo-
nent, which is demonstrated in Figs. 10(c) and 10(d) for k; =
0.425+0.5i, [, =034 0.5, ko =03 —2.2i, [, = 0.425 —
2.2i, 0l = &f’) = 0.5+ 0.5i and o} = &{” = 0.45 4 0.5i.
In Figs. 10(e) and 10(f), we illustrate shape alteration collision
between symmetric single-hump and double-hump solitons
in both the components by fixing the parameter values
as k; =0.55-0.5i, [; =0.333 - 0.5, k, =0.33341.5i,
L =055415i,a” =¥ =0.540.5i, and a" = «!? =
0.45 + 0.5i. In each of the modes, the collision transforms
the symmetric double-hump soliton into a slightly asymmet-
ric double-hump soliton leaving the symmetric single-hump
soliton unaltered. However, in all the above cases the energy
does not get redistributed among the modes even though the
shape of the solitons gets altered during the collision. One
can prove the unimodular nature of the transition amplitudes
in these cases by following the procedure mentioned earlier
in this section. As we pointed out earlier, the similar kind
of shape-preserving and shape-altering collisions are also ob-
served in the case of ki; # [1; and ky; # l;. Here we have
not displayed their plots and their corresponding asymptotic
analysis for brevity.

Additionally, in Fig. 11, we display another type of col-
lision scenario for the velocity condition ki; = Iy, koy # lp;.
In this collision scenario the asymmetric double-hump soli-
tons that are present in the two modes change dramatically.
However, the single-hump solitons undergo collision without
any change in their intensity profiles. Due to the incoherent
coupling between the modes, the change occurred only in
the profile of the double-hump soliton. One can carry out an
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FIG. 11. Shape-changing collision between asymmetric double-
hump soliton and single-hump soliton: k; = 0.333 +0.57, [, =
0.315+0.5i, ky = 0.315+2.2i, [, =0.433 —2.2i, o\" = o =
0.540.5i, and o} = a\” = 0.45 4 0.5i.

appropriate asymptotic analysis for this kind of collision pro-
cess also. We also note here that this kind of shape-changing
collision is not observed in the degenerate case. We remark
that elastic collision is also noticed in the case of dissipative
solitons where a new soliton pair (doublet) is formed when the
single soliton state (singlet) destroys the initial doublet state.
During this interaction, energy or momentum is not conserved
in the fiber laser cavity [54—56]. But the elastic collision ob-
served in the present conservative system is entirely different
from the above collision which has been observed in the
dissipative system. The vector solitons in dissipative systems
exhibit several interesting dynamical features, especially in
fiber lasers. Fiber lasers are very useful nonlinear systems to
study the formation and dynamics of temporal optical soli-
tons experimentally. In fact several types of solitons were
observed experimentally in fiber lasers. For instance, vector
multisoliton operation and vector soliton interaction in an
erbium-doped fiber laser [57] and a vector dark domain wall
soliton has been observed in a fiber ring laser [19]. Also vec-
tor dissipative soliton operation of erbium-doped fiber lasers
mode locked with atomic layer graphene was experimentally
investigated [58] and the coexistence of polarization-locked
and polarization rotating vector solitons in a fiber laser with a
semiconductor saturable absorber mirror have been observed
experimentally [59].

C. Shape-changing collision

Further, here we demonstrate the shape-changing collision
scenario of nondegenerate solitons for unequal velocities, that
is, ki; # 1y and ky; # Iy (we also note here that for appro-
priate choices of parameters for this unequal velocity case as
pointed out above both shape-preserving and shape-altering
cases do occur). During this interaction, we observe that an
intensity redistribution occurs among the modes of nonde-
generate fundamental solitons along with profile change. We
display such a collision dynamics in Figs. 12 and 13. A typ-
ical intensity redistribution phenomenon is demonstrated in
Fig. 12 when two asymmetric double-hump solitons collide
with each other. To bring out this nonlinear phenomenon we
choose the parameter values as k; = 1.2 —0.5i, [; = 0.8 +
0.5i, ky=1.0405i, L=15-05i, a\" =a’ =05+
0.51i, and o = ¥ = 0.45 + 0.5i. From Fig. 12, one can
easily observe that the profiles of asymmetric double-hump
solitons S| and S, change dramatically after collision, where
the initial asymmetric solitons S| and S, lose their identities
and reemerge with another set of asymmetric profiles. In

FIG. 12. Shape-changing collision between two asymmetric
double-hump solitons: k; = 1.2 —0.5{, ;, = 0.8 +0.5{ k, = 1.0+
0.5i, b =15-05i, a!” = =0.5+ 0.5, and " = =
0.45+0.5i.

addition to the profile changes, there is also a finite intensity
redistribution which takes place between the two modes of the
solitons. However, the total energy of the individual solitons
as well as modes is conserved in order to hold the energy
conservation of system (1). A similar kind of collision is also
depicted in Fig. 13, where a drastic change only occurs in
the profile of asymmetric double-hump soliton but without
any change in the asymmetric single-hump soliton. This can
be witnessed in Fig. 13 by setting the values of the param-
eters as k; =0.3640.5i, [} =03 —0.5i, k, = 0.5 —2.1i,
L =045-22i, !’ =af’ =0.54 0.5, and o = 1.7 +
0.45i, @ = 0.45 4+ 0.5i in the solution (13a)—(13c). From
this figure one can confirm that the intensity redistribution
only occurs among the modes of the asymmetric double-hump
soliton. A detailed asymptotic analysis has been carried out in
order to ensure this peculiar intensity redistribution, which we
have given in Appendix B. We remark that the nondegenerate
solitons also exhibit shape-changing collision for the equal ve-
locity case as well with kj; = [j; and kp; = I,; for appropriate
choice of parameters, which are inconsistent with Eq. (19).

|QI|2

0.2
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53 .St St
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FIG. 13. Shape-changing collision between asymmetric single-
hump and double-hump solitons: k; =0.36 + 0.5, [, =0.3 —
0.5i ky=0.5-2.1i, [, =045-22i, o\" =al =0.5-0.5i,
ol = 1.740.45i, and &* = 0.45 + 0.5i.
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V. COLLISION BETWEEN NONDEGENERATE AND
DEGENERATE SOLITONS

In this section, we discuss the collision among degener-
ate and nondegenerate solitons admitted by the two-soliton
solution (13a)-(13c) of Manakov system (1) in the par-
tial nondegenerate limit k; = /; and k; # I,. The following
asymptotic analysis assures that there is a definite energy
redistribution occurs among the modes ¢; and ¢,.

A. Asymptotic analysis

To elucidate this kind of collision behavior, we analyze
the partial nondegenerate two-soliton solution (14a)—(14c) in
the asymptotic limits z — £o00. The resultant action yields
the asymptotic forms corresponding to degenerate and nonde-
generate solitons. As we pointed out in the shape-preserving
collision case, to obtain the asymptotic forms for the present
case we incorporate the asymptotic nature of the wave vari-
ables njr = kjr(t — 2kj;z) and &g = br(t —212), j = 1,2,
in the solution (14a)—(14c). Here the wave variable 7,z corre-
sponds to the degenerate soliton and 7,g, &g correspond to the
nondegenerate soliton. In order to find the asymptotic behav-
ior of these wave variables we consider the parametric choice

J

as klR» sza IZR > 0, k11 > 0, k2], 12] < 0, k11 > k21, k11 > 121.
For this choice, the wave variables behave asymptotically
as follows: (i) degenerate soliton Si: nig =~ 0, Mg, E2r —
Foo as 7 — Foo (ii) nondegenerate soliton S»: nar, E2r =~ 0,
ng —> £00 as z — £oo. By incorporating these asymptotic
behaviors of wave variables in the solution (14a)—(14c), we
deduce the following asymptotic expressions for degenerate
and nondegenerate solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic form for the de-
generate soliton deduced from the partially nondegenerate
two-soliton solution (14a)—(14c¢) is

A~ 4 R
q; = kige™" sech(nm + —), J=12, Q6
Al- 2
2
where A" =" /(" + oPP)2, j=1,2, R=
UePHe ") pere in A" the superscript 1— denotes
T j perserip

soliton S before collision and subscript j refers to the mode
number.

Soliton 2: The asymptotic expressions for the nondegen-
erate soliton S, which is present in the two modes before
collision are obtained as

2UrrAX T . @y — A ‘ Ay — A

g = = [6’52’“" cosh <772R + == 21) + €™ cosh (Sm + =5 ])] (27a)
2LrAZT . Iy — . A7 — A

g =~ %[emzl+A7 cosh (EZR + ZITVZI) + ezEzl+A6 cosh (772R + 7 5 6):|’ (27b)

— A4
2

D = ¢ cosh (1’]21{ —&x +

+e™* cosh <7’12R + Mg +

Here A%’ =
collision.
(b) After collision: z — 400

[aél)/aél)*]lﬂ and A}~ =

19 —
) + e™ cosh |:i(7721 — &)+ DT%]}

As —R
) .

[af) /af)*]l/ 2 In the latter the superscript 2— denote nondegenerate soliton S, before

Soliton 1: The asymptotic forms for degenerate soliton S, after collision deduced from the solution (14a)—(14c) as

1+

A
1+

A;

where Ai+ _ ail)/(lail)|2 + X|05§2)|2)1/2’ A£+ —

€i(n”+0;-)klR SCCh(ThR +

(1) D2, -1 (2)12\1/2
a1V P+ P2, x = (K
1 1 1 1
l;‘|2), eiel+ _ (ki—ko) (k] 4k (ki =) 2 (ki +12) 2 eie; (K kz)Z(k*+kz)2(k1

R —
%)9 j: 1a 29 (28)

— Lk + K319/ (ki = kol Ly +

—L)ETD) Here 1+ in A I* refers to degenerate soliton S, after

(Ur =5 ki -+ Kf =) 2 (i +15)2 k7 —k) 3 (a+k) F (f—1) e +13)

collision.

Soliton 2: Similarly the expression for the nondegenerate soliton, S, after collision deduced from the two-soliton solu-

tion (14a)—(14c¢) is

2korA7te™ cosh (£ + )

, (29)
3 o (ati5)? 3
cosh + + + ——2+ cosh — ]
[(k*+lz)z (m2r + E2r + 2) ot} (m2r )
2rAXT e cosh + 22
2R (772R ) (30)

[

q2

(k2+l*)’

k-1 . K+ '
[( ) cosh (nor + Er + 2) + ik +Zzi cosh (n2r — & )]
2 2
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FIG. 14. Energy-sharing collision between degenerate and non-
degenerate soliton: k; =L =1+1i, kb =1—1i, L =15-0.5i,
o’ =0.840.8i, &l = 0.6 +0.6i, o} = 0.25 + 0.25i, and ¥ =
I+

where p; = logaéj), j=12, At = [aél)/aél)*]l/z, and
A%Jr =1 [ozgz) / af)*]l/ 2. The explicit expressions of all the con-
stants are given in Appendix C.

B. Degenerate soliton collision-induced shape-changing
scenario of nondegenerate soliton

The coexistence of nondegenerate and degenerate solitons
can be brought out from the partially nondegenerate soliton
solution (14a)—(14c). Such coexisting solitons undergo a col-
lision property that has been illustrated in Fig. 14. From this
figure, one can observe that the intensity of the degenerate
soliton S; is enhanced after collision in the first mode and
it gets suppressed in the second mode. As we expected the
degenerate soliton undergoes energy redistribution among the
modes ¢g; and ¢. In the degenerate soliton case, the polariza-
tion vectors, A}, = /(e P+ 1P P2 = 1,2, play
crucial role in changing the shape of the degenerate solitons
under collision, where the intensity or energy redistribution
happens between the modes g; and g,. As we point out in
the next section, the shape-preserving collision arises in the
pure degenerate case when the polarization parameters obey

1 2 .
(O] ) ()»

o, . o o . .
the condition ﬁ = ﬁ, where o;""’s, i, j = 1, 2, are complex
2 2

numbers related to the polarization vectors as given above.
The above collision is similar to the one which occurs in the
completely degenerate case [3,4]. However, this is not true in
the case of nondegenerate solitons. The nondegenerate asym-
metric double-hump soliton S, exhibits a collision property
depicted in Fig. 14. In both the modes, the nondegenerate
soliton S, experiences strong effect when it interacts with
a degenerate soliton. As a result the nondegenerate soliton
switches its asymmetric double-hump profile into single-
hump profile with an enhancement of intensity along with a
phase shift. In addition to the latter case, we also noticed that
the nondegenerate soliton loses its asymmetric double-hump
profile into another form of asymmetric double-hump profile
when it interacts with a degenerate soliton. In the nonde-
generate case, the relative separation distances (or phases)
are in general not preserved during the collision. These col-
lision properties can be understood from the corresponding
asymptotic analysis given in the previous subsection. The
asymptotic analysis reveals that energy redistribution occurs
between modes ¢g; and g;. In order to confirm the shape-
changing nature of this interesting collision process we obtain

the following expression for the transition amplitudes:

[let” + 1]
[ler "+ xfe[']"
A 7 i

T, = .
L et + o]

T =
(€29

In general, the transition amplitudes are not equal to unity.
If the quantity le is not unimodular (for this case the con-
stant x # 1), then the degenerate and nondegenerate solitons
always exhibit shape-changing collision. The standard elastic
collision can be recovered when x = 1. One can calculate the
shift in the positions of both degenerate and nondegenerate
solitons after collision from the asymptotic analysis. This kind
of collision property has not been observed in the degener-
ate vector bright solitons of the Manakov system [3,4]. The
property of enhancement of intensity in both the components
of nondegenerate soliton is similar to the one observed ear-
lier in the mixed coupled nonlinear Schrédinger system [60].
The amplification process of a single-humped nondegenerate
soliton in both the modes can be viewed as an application
for signal amplification where the degenerate soliton acts as
a pumping wave.

VI. DEGENERATE VECTOR BRIGHT SOLITON
SOLUTIONS AND THEIR COLLISION DYNAMICS

The already reported degenerate vector one-bright soliton
solution of Manakov system (1) can be deduced from the one-
soliton solution (7) by imposing k; = /; in it. The forms of g;
given in Eq. (7) degenerates into the standard bright soliton
form [3,44]

B 32
q; = T4 entnik’ J=L12 (32)
which can be rewritten as
s R
qj = kigAje'" SeCh(’?lR + E)’ (33)

where 11z = kig(t — 2ki2), niy = kit + (kig — kiz, A; =
i of = U PHaP ) i~ 1,2, Note that the
NP+ P’ R
above fundamental bright soliton always propagates in both
the modes g and g, with the same velocity 2k;;. The polariza-
tion vectors (A, A,)" have different amplitudes and phases,
unlike the case of nondegenerate solitons where they have
only different phases. The presence of single wave number
k; in the solution (33) restricts the degenerate soliton to have
a single-hump form only. A typical profile of the degener-
ate soliton is shown in Fig. 15. As already pointed out in
Refs. [3,4] the amplitude and central position of the degen-
erate vector bright soliton are obtained as 2k A »J=12,
and 57—, respectively.

Further, the degenerate two-soliton solution can be de-
duced from the nondegenerate two-soliton solution (13a)—
(13c) by applying the degenerate limits k; = /; and k; = .
This results in the following standard degenerate two-soliton
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solution [3], that is,

a{j)em + aéj)enz + eMmtmi+m+dy; + eNtmn+d;

q;(t,z) =

. _ . S _ _k R _
where j=1,2, n;=k;t+ik;z), eO_ﬁ, et =
) ()
kit R — k» O = (ki —ko) (0} ko1 —as” ki 1) e =
A ~ Rtk ki+kDK k) ?
(k—k)(@y kin—a k) R — lky —ks |2

Tt i H3) ' = TR meE Kk —
2 n) _(m)*

kika), and ky = “lamr@h 1 =1,2, = +1. The N
degenerate vector bright éoliton solution can be recovered
from the nondegenerate N-soliton solutions by fixing the
wave numbers as k; = [;,i =1,2,...,N. In passing we also
note that the nondegenerate fundamental soliton solution
(7) can arise when we fix the parameters aél) = aiz) =0
in Eq. (34) and rename the constants k, as /; and otf) as
agz) in the resultant solution. We also note that the above
degenerate two-soliton solution (34) can also be rewritten
using Gram determinants from the Gram-determinant forms
of nondegenerate two-soliton solution (13a)—(13c).

As reported in Refs. [3,4], the degenerate fundamental
solitons (k; =1;, i =1,2) in the Manakov system un-
dergo shape-changing collision due to intensity redistribution
among the modes. The energy redistribution occurs in the
degenerate case because of the polarization vectors of the two
modes combine with each other. This shape-changing colli-
sion illustrated in Fig. 16 where the intensity redistribution
occurs because of the enhancement of soliton Sy in the first
mode and the corresponding intensity of the same soliton is
suppressed in the second mode. To hold the conservation of
energy between the modes the intensity of the solitons S,
gets suppressed in the first mode and it is enhanced in the
second mode. The standard elastic collision has already been
brought out in the degenerate case for the very special case

055” 0652)
a0 =P [4,52].
VII. POSSIBLE EXPERIMENTAL OBSERVATIONS OF

NONDEGENERATE SOLITONS

To experimentally observe the nondegenerate vector soli-
tons (single-hump or double-hump solitons) one may adopt

0.08F ____ g2 A
1
1g2|2 P
1
~ P
—_ 1!
o P
S o
= Py
1 |}
1 \
1 “
/’ \\
0 - ~—
-30 0 30
t

FIG. 15. Degenerate one-soliton: The values are k; = 0.3 + 0.5i,
o =154 1.5, and ¥ = 0.5+ 0.5i.

1 + em+ni+Re  pm+ni+do 4 oni+m+8 4 g3 +Re 4 pmini+mtni+Rs

(34)

(

the mutual-incoherence method which has been used to
observe the multihump multimode solitons experimentally
(see Ref. [36]). The Manakov solitons (degenerate solitons)
can also be observed by the same experimental procedure
with appropriate modifications (see Ref. [24]). In the fol-
lowing, we briefly envisage how the procedure given in
Ref. [36] can be modified to generate the single-hump or
double-hump soliton (nondegenerate soliton) discussed in
our work.

To generate the nondegenerate vector solitons it is essential
to consider two laser sources of different characters, so that
the wavelength of the first laser beam is different from the sec-
ond one. Using polarizing beam splitters, each one of the laser
beams can be split into ordinary and extraordinary beams. The
extraordinary beam coming out from the first source can be
further split into two individual fields F}; and Fj, by allowing
it to fall on a beam splitter. These two fields are nothing but
the reflected and transmitted extraordinary beams coming out
from the beam splitter. The intensities of these two fields are
different. Similarly, the second beam which is coming out
from the second source can also be split into two fields F,; and
F,, by passing through another beam splitter. The intensities
of these two fields are also different. As a result one can
generate four fields that are incoherent to each other. To set
the incoherence in phase among these four fields one should
allow them to travel sufficient distance before coupling is
performed. The fields Fj; and Fj; now become nondegenerate
two individual solitons in the first mode whereas F>; and F>,
form another set of two nondegenerate solitons in the second
mode. The coupling between the fields Fj; and F>; can be
performed by combining them using another beam splitter.
Similarly, by suitably locating another beam splitter, one can
combine the fields F}, and F;,, respectively. After appropriate
coupling is performed the resultant optical field beams can
now be focused through two individual cylindrical lenses and
the output may be recorded in an imaging system, which
consists of a crystal and charge-coupled device camera. The
collision between the nondegenerate two solitons in both the
modes can now be seen from the recorded images.

To observe the elastic collision between nondegenerate
solitons (single-hump or double-hump solitons), one must
make arrangements to vanish the mutual coherence property

FIG. 16. Shape-changing collision of degenerate two-solitons:

ki=hL=1+i ky=05L=151-15li, o« =05+0.5 and
aV =a? =a? = 1.
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between the solitons Fj; and Fj; in the first mode ¢g; and F3;
and F,; in the second mode ¢, (see Ref. [24]). The four optical
beams are now completely independent and incoherent with
one another. The collision angle at which the nondegenerate
solitons interact should be sufficiently large enough. Under
this situation, no energy exchange is expected to occur be-
tween the nondegenerate solitons of the two modes.

VIII. CONCLUSION

From the present study, we point out a few applications
of our above reported soliton solutions. The shape-preserving
collision property of the nondegenerate solitons can be used
for optical communication applications. The nondegenerate
solitons of Manakov system can be seen as a soliton molecule
when ki & ky; and [i; = b;. Therefore, as explained in
the context of soliton molecule, the double-hump (or
multihump) structure of the nondegenerate solitons can
be useful for sending information of densely packed
data [30]. Degenerate soliton collision-induced enhancement
of intensity property of nondegenerate soliton is considered
as signal amplification application. Recently the various
properties associated with soliton molecule have been
explored in the literature [30,31,40,61,62]. Also a breather
wave molecule has been identified in Ref. [63]. The
interesting collision property of degenerate soliton has already
been shown that it is useful for optical computing [28,52]. Our
results provide the possibility to investigate nondegenerate
type solitons in both integrable and nonintegrable systems.
The present study can also be extended to fiber arrays and
multimode fibers where Manakov-type equations describe
the pulse propagation. Recently we have investigated the
dynamics of nondegenerate solitons in the N-coupled system
and the results will be published elsewhere.

We have derived a general form of nondegenerate one-,
two-, and three-soliton solutions for the Manakov model
through the Hirota bilinear method. This class of solitons
admits various interesting profile structures. The double-
hump formation is elucidated by analyzing the relative
velocities of the modes of the solitons. Then we have
pointed out the coexistence of degenerate and nonde-
generate solitons in the Manakov system by imposing a
wave-number restriction on the obtained two-soliton solu-
tion. We have found that nondegenerate solitons undergo
shape-preserving, shape-altering, and shape-changing col-
lision scenarios for both equal velocities and unequal
velocities cases. However, for the partially equal veloc-
ity case, we have demonstrated shape-changing collision.
By performing appropriate asymptotic analysis, the shape-
changing collision has been explained while the degenerate
soliton interacts with the nondegenerate soliton. Finally,
we recovered the well-known energy exchanging collision
exhibiting degenerate soliton solutions from these non-
degenerate one- and two-soliton solutions. We have also
verified the stability nature of double-hump solitons even
during collision using the Crank-Nicolson method as ex-
plained in Appendix D. It is also very interesting to
investigate many possibilities of collision dynamics us-
ing a three-soliton solution as deduced in Appendix A.

Now we are investigating what will happen when (i) two
degenerate solitons interact with a nondegenerate soliton
and (ii) two nondegenerate solitons collide with a degen-
erate soliton, and so on. The results will be published
elsewhere.
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APPENDIX A: THREE-SOLITON SOLUTION

The explicit form of nondegenerate three-soliton solution
of Eq. (1) can be deduced by proceeding with the Eqgs. (4)
using the series representation up to orders €!'! for g™ and
€'2 for f. Then the solution can be expressed using Gram
determinant in the following way:

A T 4
M =|—1 B 0 fz‘fl é) N=1,2.
0 Cy 0

(Ala)

Here the matrices A and B are of the order (6 x 6) defined as

Amm’ Amn
A= (Anm Ann/) ’

B _ (Kmm’ Kmn)’ m, m/’ n, n/ — l, 2, 3 (Alb)

Knm Knn'

The various elements of matrix A are obtained from the fol-
lowing,

oty emtEy
Amm’ = T s Amn = L (AlC)
(km + Kk5) (kp +1%)
e§n+5:, e tem )
w = —— Ayp = ——, m,m’,n,n =1,2,3.
b+ 1) (k + L)
(Ald)
The elements of matrix B is defined as
YoV viov,
Kmm' = < Kmn = 7 5 >
rt i /
Knm = wn awm » Knw = wn an, . (Ale)

In (Ale) the column matrices are ¢j=(a(%”), W} =

(o) j=mom non =1,2,3, n; = kit +ik’z, and & =
J

Lt + iljgz, j=1,2,3. The other matrices in Eq. (Ala) are
defined below:

= (e e e & B2 5)T C = _(ail) aél) agl)
000), C;=—-000a?af?al?), 0=(000000), and
o =1 1isa (6 x 6) identity matrix.

042212-18



NONDEGENERATE SOLITONS AND THEIR COLLISIONS ... PHYSICAL REVIEW E 102, 042212 (2020)

APPENDIX B: ASYMPTOTIC ANALYSIS OF SHAPE-CHANGING COLLISION OF NONDEGENERATE SOLITONS IN THE
UNEQUAL VELOCITY CASE: ky; # I;; AND ky # 1y

To carry out the asymptotic analysis for the shape-changing collision we fix the parameters as ki; < ko, li; > by, kjg, ljgr > 0,
Jj=1,2, and ky; # li1, ka; # ;. For this choice the nondegenerate two-soliton solution (13a)—(13c) reduces to the following
asymptotic forms:

(a) Before collision: z — —o0

Soliton 1: (7’]]R, élR ~ 0, MR — +00, §2R — —OO)

ZA}_klkei(ﬂll+91]_) COSh(élR +¥0)

"= (ki—1)2 (k +in} ’ (Bla)
[W cosh(nig + &1r + Y5 )+ : pr— cosh(mg — &1r + ¥, )]
1 1 - l
2411, pei+o: )cosh +
¢~ > UR (mr Wz ) ) (B1b)
i ki+l
[(k +/*; cosh(mg + &ir + ¥3) + Ek J_r,';uz cosh(mg — &1r + ¥y )]
1
- _1 =Dl =1 a2 -1 (h—kn) ki —ka|* ("2 0= _ (ki—ka)(kf+k2) - _
Here ¥ = 3108 G e ¥y = 2108 Eemerd i et (kl—kzxkhkz‘)’ vy =
k1 —ka |* ka5 Plorf” P 1) 1 Ik —ka |* ks =11 ko =1 Pl Pl |2 o) _ (ko 17 () — (12
2108 \aﬁz)\z\k1+k;|“]\k2—]ll\2(k1+kll*)2’ V3 = 3log \kl+k;‘|4|k|+l{‘\2\k2+l;‘|2<k1+]k;‘>2(lll+11*)2’ e ky—17 )Z(k;,*)z’ = loy /oy " 175,
and A}~ = i[a!® /]2,
Soliton 2: (12r, &2 = 0, Nig = —00, g = +00)
2kopA2 i H017) cosh(SZR +x7)
"= ks—13) l (k +i} l ’ (B22)
[L cosh(nar + &k + X3) + =2 cosh(nar — &2r + X4 )]
(k3+1)2 -h)2
2UrpAl el t0: )cosh(an +x3)
g~ s 2 o 2 ) (B2b)
2" h — 2T h _ - ]
[—(k2+12*)% cosh(nor +&r + x3) + Y cosh(nar — &r + x5 )
In the above,
2 2
1 Il = bl*(ky = b)]a” 1 ka — 112l — k) (Lo + 15)? o3|
Xy = 5log %14 * 2 X2 = 5108 * 12 (I* %12 %12
2 T L+ Gk + )L+ 1) 2 Tk + 512 4 b)) (ko + k) (ko + K5)
g om0 S 1) e =B+, (o) /0]
(ki — 1¥)2(ky + 12)2 =@ +b) ! 22 '
= Liog M= LI — 1Pk — B oo > o [ ]
T + G4k + L2k + 1212 (ko + K52 (L + 1) 2 212 ’
1 ke =GP+ B+ 15)?
X4:§10g )2 %12 4 )2
o™ |"Ika + L1211 — D|* (ke + k)
(b) After collision: z — +00
Soliton 1: (n1r, 1g = 0, Mg — —00, &8 — +00)
2UkigAl Tl cosh +
a1 = IRA| e CEwr+¥") ’ (B3a)
D coshinig + € + U y+®”>cmm — &R+ V)
kit MR IR 3 i} MR 1R 4
21 g AT e Ete: )COSh(TIIR—H/f )
2= ol 1 (ki+1)} 2 ' (B3)
[0 coshns + £1r -+ 97+ “E07 coshnie — £1e -+ 0]
(ky+17)2 (ki —11)2
Here
1 I — btk — ID)|e®) 1 ki — b2 — k)]eM?
b = L1og Il — LI*ky = 1)]er}”| i = L1og lky — LIP (L — k)|ey” |

2 SN+ PG+ 0+ DR 2 ST+ BRE A Ik KR
1 1 "
SO _ (= b)2(ki + )2 e (= Db)UT + D) Al = 51)/041)*]1/2

, e = ,
ket — )3 (ky + 1) I =1 +13)"
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4], (2,2
v = llo ki — L Plk — b |h — b |O‘ | | | Al+ — [a(2>/a(2>*]1/2
T2 % + PRIk 4 BRI A+ 1A R+ kD20 + 1?72 b

st Liog = LRI+ 1o+ 1)
4 — 5 P .
20 @ty 4 P = B4k + k>

Soliton 2: (2r, &2 = 0, Mg — +00, g — —00)

2A;+k2Rei("2’+9‘2+) cosh(Ezk + x9)

0= 5—1) (k 15?2 ’ (Bda)
*_ % +
[—2 = cosh(nr + &r + X3°) ot = cosh(mr — &or + xj)]
(k3+1)2 lz)
2142”2168"(“’&2’%92 )COSh(leR + x5
o= e = : (B4b)
L +
[ cosh(an +&r+x3) + —2 cosh(nr — &k + X5 )]
(kz-‘rl*) kz)
+_ 1 k=)l b Pt +_ a b —ko[* (k1 =1 ) (o =L))o lers 2 i3+ _ (a—ko)(ki+k3) 02 _
where " = s log g nrGire X2 = 3 log e e L N (s LA

ki —ka | ki =L P oo = Plard” e 12
+k§|4\k| -"-Z§‘|2|k2+l§‘|2(1<2+k§‘)2(12-'r12*)2 4

(i) i +15)? X
(kf=15)2 (k{+1)2 .
A%+ — i[aéz)/oéz) ]1/2'

From the above analysis, we find that the structures of individual solitons are invariant before and after collisions except for
the terms corresponding to the various phases wj’, Xf’ j*, X;r, j=1,2,3, 4. For instance, from Eqs. (Bla) and (B3a), the
phase terms wj’, Jj =1,2,3,4 corresponding to the first soliton in the g; mode change into @b;r, Jj=1,2,3, 4, respectively.
Similar phase changes take place in the second component of the first soliton and in the structure of the second soliton as well.
Consequently, the phase changes leads to the occurrence of shape-changing collision in the unequal velocity case. Therefore, in
general, the shape-preserving collision does not occur in the unequal velocity case. However, it can arise when the phase terms
obey the following conditions:

T #1212 2
A2+ [Ol(l)/a(l) 1/2, X4 _ 110g ki —ko|* ki 15 " ley "1 (2 +) nd

11
= =10 =
2 %8 Lo P 1k K5 |4 k1 — o 2 (k)2

w_ I/,J ’ Xj _Xj+’ J= 172’394' (BS)

Using the complicated shape-changing collision property of nondegenerate solitons we could not identify a linear fractional
transformation (as in the case of the degenerate case) in order to construct optical logic gates.

APPENDIX C: CONSTANTS WHICH APPEAR IN THE ASYMPTOTIC EXPRESSIONS IN SEC. V

The various constants which arise in the asymptotic analysis of collision between degenerate and nondegenerate solitons in
Sec. V are as follows:

ey —k)r Gy — b)? (k*+k2> (ki + KD+ )2k + P e e
D(k* _ l*) (k* _ l*)’
o (k= k2)? (k5 + B2 (ky + kA Ay s |10 + kD + k)b + 1)

(ki — k)2 (ks — ) (kF + k) lky — b ’
e = [l + o]l = kPl + 2 + 10 Plky = Bl + k5],

ky + 13
e = Dot P+ 57+ o P = ) (ot o = + o Pl +457]

ki — )2 (ky + 123 (ky + L)A3A,
po o W BPEHE) I E DA R Pk — ko) — @ P + )]
(ki = 1)z (ks — 1)z (kT + 1)

a7k — ko)t = )2 K+ 1) (ki + KDGKS + D)2tk 4 RSP s
01(2)(](* _ k*)%(k* _ l*)%

Q
|

9

Ay = [0 Ptk — k)l + 5P — [«@ Pl — LIPG] + k)],
Ay = [|a11)| ki — ko |? K +bL)— |a 2)|2(k1 S +k;‘|2]1/2,
As = [Jef® (ki — b) = 0" ki +1)]
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oSV (ki — k) (ks — k)7 (ky — )7

P21 =89
e 2 =

Cky + K + K + k) (K 4 B)2
5=R lky — ko|lk1 — Lo||ky — 2| As

o __|ed?lk = blte — b):As
e + 1) [k + 12l + A,

R3+Rg

e 2

2

(ky + 15)7 (k5 — k)2 (ky — D)

= e
ey + K5 21y + 3P + 331 (JerV P+ )2

v (k= k)2 (K = 13)2 (k5 + )2 s
e = e

’

R3—Rg
2

o _ = kol Aelki + I1e
ki + k3 121k — LA,

)

e (ke — b)Yk — b)KE—13)7 ke o (ki — ko) (ky — L) Ay w
e 2 = e? e 2 = 2

(ks + 13)2 (ki + L)(KF + )2

~ 2 " N
As = [|o" ks — kaPlky + P + 1P Plky — BIP Ik + &512]7,

kKK + )2 As
12

eR”% _ lki — kallky —12|j\5 2 _ |ka —lg|ew Rk |a§1)|(lz+l;)
lky + k22 lky + 1212 (kg + k) lky + [ ’ —|a§2)|(k2+k;)’
ATl M2 2 @Rk 4 P12 As = [l .2 @R, 2712
Ao = [l ki — ko2 + 6@ Py + k31P]2, Ag = [JolP) 1k + 512 + o)1k — BI17]"
2 *
A222_/’1 _ M RTG np _ M %3 R |Ol§1)| v _ (X%UO{S)
(ky + 1) (k5 + 1)? (ky + k})2 k +K5)?
(1)2 )2 EINe) )2
R-‘=L R4=& P W o™ _
(k2 + k3)* (ki +kp)>’ (ki + 132 (h+ 15

APPENDIX D: NUMERICAL STABILITY ANALYSIS
CORRESPONDING TO FIGS. 5(a) AND 5(b) UNDER
PERTURBATION

In this Appendix, we wish to point out the stability nature
of the obtained nondegenerate soliton solutions numerically
using Crank-Nicolson procedure [64] even under the addition
of suitable white noise or Gaussian noise to the initial condi-
tions. Specifically, we consider the shape-preserving collision
of symmetric double-hump solitons discussed in Fig. 5. For
this purpose, we have considered the Manakov system (1)
with the initial conditions,

qj(=10,7) = [1 + AL(®)lg)-10(), j=1,2.  (DI)

In the above, g; _19’s, j = 1, 2, are the initial profile obtained
from the nondegenerate two-soliton solution Egs. (13a)-
(13c) at z = —10. Here A is the amplitude of the white
noise and ¢ (¢) represents the noise or fluctuation function.
The white noise was created by generating random num-
bers in the interval [—1, 1]. To fix the initial profile in the
numerical algorithm, we consider the same complex param-
eter values which are given for the Figs. 5(a) and 5(b) in
Sec. IV. We also consider the space and time step sizes,
respectively, as dz = 0.1 and df = 0.001 in the numerical
algorithm. To study the collision scenario of double-hump
solitons [Figs. 17(a) and 17(b)] under perturbation we fix
the domain ranges for ¢ and z as [—45, 45] and [—10, 10],
respectively.

First, we consider 10% (A = 0.1) of random perturbation
on the intial solution of the Manakov system. For this strength
of perturbation, we observe no significant change in the profile
as well as in the dynamics of the nondegenerate solitons apart

(

from a slight change, which is insignificant, in the amplitudes
of double-hump solitons after the collision. This is illustrated
in Figs. 17(c) and 17(d). Then we study the stability with
20% white noise (A = (0.2), which is a stronger perturbation,
for the double-hump solitons. Such a study is demonstrated

FIG. 17. Numerical plots of shape-preserving collision of nonde-
generate symmetric double-hump solitons with 10% and 20% white
noise as perturbations. Panels (a) and (b) denote the elastic collision
of two symmetric double-hump solitons without perturbation. Pan-
els (¢) and (d) denote the collision with 10% white noise. Panels
(e) and (f) represent the collision with 20% strong white noise as
perturbation.
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in Figs. 17(e) and 17(f). The numerical analysis shows that
the double-hump soliton profiles still survive after the colli-
sion under as strong as 20% perturbation apart from a slight
distortion in the amplitudes. This ensures the stability of non-

degenerate solitons against perturbations of the above type of
noise.

Similarly, we have also verified the stability of nondegen-
erate solitons with Gaussian noise perturbation as well.
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Abstract
In this letter we report the existence of nondegenerate fundamental bright soli-
ton solution for coupled multi-component nonlinear Schrodinger equations of
Manakov type. To derive this class of nondegenerate vector soliton solutions,
we adopt the Hirota bilinear method with appropriate general class of seed
solutions. Very interestingly the obtained nondegenerate fundamental soliton
solution of the N-coupled nonlinear Schrodinger (CNLS) system admits multi-
hump natured intensity profiles. We explicitly demonstrate this specific property
by considering the nondegenerate soliton (NDS) solutions for 3 and 4-CNLS
systems. We also point out the existence of a special class of partially NDS solu-
tions by imposing appropriate restrictions on the wavenumbers in the already
obtained completely NDS solution. Such class of soliton solutions can also
exhibit multi-hump profile structures. Finally, we present the stability analysis
of nondegenerate fundamental soliton of the 3-CNLS system as an example.
The numerical results confirm the stability of triple-humped profile nature
against perturbations of 5% and 10% white noise. The multi-hump nature of
nondegenerate fundamental soliton solution will be useful in multi-level optical
communication applications with enhanced flow of data in multi-mode fibers.

Keywords: Hirota bilinear method, nondegenerate solitons, degenerate solitons,
vector bright solitons, coupled nonlinear Schrodinger equations

(Some figures may appear in colour only in the online journal)

optical communication with high bit-rate data transmission is a hotly debated

topic and is a challenging task in optical communication applications. Using wavelength divi-
sion multiplexing scheme, the conventional binary data transmission approaches its limit [1],

*Author to whom any correspondence should be addressed.

1751-8121/21/14LT01+11$33.00 © 2021 IOP Publishing Ltd  Printed in the UK 1


https://doi.org/10.1088/1751-8121/abe6bb
https://orcid.org/0000-0002-7651-4011
https://orcid.org/0000-0001-6687-4251
mailto:stalin.cnld@gmail.com
mailto:lakshman.cnld@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1751-8121/abe6bb&domain=pdf&date_stamp=2021-3-19

J. Phys. A: Math. Theor. 54 (2021) 14LT01 W Letters

where the maximum data-carrying rate of the fiber is restricted by Shannon’s theorem [2] due
to channel capacity crunch. In the conventional binary data coding, the presence of light pulse
is represented by logical ‘1’ and logical ‘0’ corresponds to its absence. However, the demand
for fiber’s information carrying capacity is increasing day by day. To improve the underly-
ing technology it has been proposed that soliton assisted fiber-optic telecommunication will
play a crucial role in determining the future communication systems. Several coding schemes
have been proposed in the past to develop this technology: for example, solitons [3], which are
stable localized nonlinear wave solutions of nonlinear Schrodinger equation, are being pro-
posed as constituting a model for optical pulse propagation in fibers as natural bits for coding
the information. Recently, the existence of soliton molecules in dispersion-managed fiber [4]
has been demonstrated and their possible usefulness in optical telecommunications technology
with enhanced data carrying capacity has been pointed out [5]. Soliton molecule is a bound
soliton state which can be formed when two antiphase solitons persist at a stable equilibrium
separation distance, where the interaction force is null among the individuals. Such stable equi-
librium manifests this bound state structure, reminiscent of a diatomic molecule in condensed
matter physics. The binding force arises between the constituents of the soliton compound
due to the Kerr nonlinearity [6, 7] and the detailed mechanism can be found in reference [8].
The existence of two-pulse and three-pulse molecules complete the next level of alphabet of
symbols. Such soliton molecules allow coding of two-bits of information simultaneously in a
single time slot. In this way, the soliton molecules increase the flow of data in fibers. It should be
noted here that the initial shape (symmetric peaks with equal intensities) of soliton molecules
changes due to various losses in the fiber and its intrinsic nonlinearities. However, their fun-
damental properties do not change during the evolution. Apart from the above, the concept of
soliton molecules has been discussed earlier in detail in the context of non-dispersion managed
fiber [9—11] and in fiber lasers [12—14]. In addition to the above, multi-soliton complexes in
multimode fibers have also been discussed for increasing the bit-rate in multi-level coding of
information [15-17].

Very recently we have identified a new class of nondegenerate vector bright solitons [18],
with double-hump nature characterized by two distinct wavenumbers, for the Manakov sys-
tem [19]. Basically the Manakov system is a model for propagation of orthogonally polarized
optical waves in birefringent fiber, where the solitons undergo collision without energy redistri-
bution in general among the modes depending upon the choice of soliton parameters [18, 20].
However, they encounter shape changing collision for suitable choice of parameters whenever
they interact with themselves or when they collide with degenerate vector brights solitons, that
is solitons with single-peak intensity profile described by identical wavenumbers in both the
modes [21]. Such nondegenerate solitons (NDSs) exhibit multi-hump profiles, as we describe
below in the present letter, in the case of N-coupled nonlinear Schrodinger (CNLS) system
which may be relevant for optical communication applications. By exploiting the multi-peaks,
with different peak powers, the nature of NDSs can be made useful to code the two bits of
information as described in [1] in the next level of binary coding. To the best of our knowledge
study on NDSs in multi-mode fibers or fiber arrays is missing in the literature and their exis-
tence in multi-component nonlinear Schrédinger system and their usefulness in the context of
higher bit-rate information transmission applications have not been reported. In addition, the
underlying interesting analytical forms of NDSs and their geometrical profiles have not been
revealed so far in the literature and they need to be analysed in detail.
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In this letter, we intend to investigate the multi-hump nature of nondegenerate fundamental
solitons in the following system of multi-component nonlinear Schrodinger equations

N

iq:+ qiu+ 2 lgpPg;=0. j=1.2.....N, (1)
p=1

by deriving their analytical forms through Hirota bilinear method. Equation (1) describes the
optical pulse propagation in N-mode optical fibers [22] and it describes the incoherent light
beam propagation in photorefractive medium [16] and so on. In the above, g,’s are complex
wave envelopes propagating in N-optical modes and z and 7 represent the normalized distance
and retarded time, respectively. We note that for N = 2 in equation (1), we have studied the
collision and stability properties of the NDSs [21] and also we have identified their existence
in other integrable nonlinear Schrodinger family of equations by revealing their analytical
forms [23]. To derive the exact form of the nondegenerate fundamental soliton solution for
the N-CNLS system, we bilinearize equation (1) through the dependent variable transforma-
tion, g,(z. 1) = g;{zft’)’), j=1,2,...,N where g’s are in general complex functions and f is
a real function. Substitution of this transformation in equation (1) brings out the following
bilinear forms: (iD, + D})g" - f = 0 and Df - f = 2(3._, g™ . g™*). Here D, and D, are
the usual Hirota bilinear operators [24]. Then we consider the standard Hirota series expan-
sions g = g’ + gV +-- -, j=1,2,...,Nand f = 1 + éf, + €' f, + - - - in the solution
construction process.

To obtain the nondegenerate fundamental soliton solution of equation (1) we consider
the general forms of N-seed solutions, g\ = a(l’) e, n; = kit + ik?z, where a(l’) and k;, j =
1,2, ..., N are complex parameters and are nonidentical in general to the N-independent linear
partial differential equations, 1g(1’z + g(f}, =0,j=1,2,...,N, which arise at the lowest order
of €. With such general choices of seed solutions, we proceed to solve the resulting inhomoge-
neous linear partial differential equations successively in order to deduce the full series solution
up to g% | in g¥ and £,y in f. By combining the obtained forms of the unknown functions as
per the series expansions we find a rather complicated form of the nondegenerate fundamental
soliton solution for the N-CNLS equation. However, we have managed to rewrite it in a more

compact form using the following Gram determinants [25, 26],

A I ¢

¢V =|-1 B 07, f%ﬂé’ @
0 Cv O

where the elements of the matrices A and B are

ni+n; T )

Ajj = 67;*’ Bij=Kji= w’

(ki + k) (ki + k)
Cy = (a®,a?,...,aM),

b= (o0, af)"
¢ = (e”l,enz,...,e”")T, jn=1,2...,N.

In the above, g™) and f are ((2°N) + 1) and (2°N)th order determinants, T represents the
transpose of the matrices ¢; and ¢, T denotes transpose complex conjugate, o = [ is an (n X n)
identity matrix, ¢ denotes (n X 1) column matrix, 0 is a (1 X n) null matrix, Cy is a (1

3
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X n) row matrix and v represents a (n x 1) column matrix. In the above expressions, for
the nondegenerate fundamental soliton solution the elements xj;’s do not exist (£ = 0) in
the square matrix B when j # i. Also for a given set of N and j values the corresponding
elements only exist and all the other elements are equal to zero in Cy and ¢; matrices (we
have demonstrated the latter clearly for the three-component case below). We have verified the
validity of the nondegenerate fundamental soliton solution (2) by substituting it in the bilin-
ear equations of equation (1) along with the following derivative formula of the determinants,
P =3 ijn ot B gfj Dicijn ot %ii A, j, where A, s are the cofactors of the matrix M,
the bordered determinant properties and the elementary properties of the determinants [24].
This action yields a pair of Jacobi identities and thus their occurrence confirms the validity
of the obtained soliton solution. Multi-hump profile nature is a special feature of the obtained
nondegenerate fundamental soliton solution (2). Such multi-hump structures and their prop-
agation are characterized by 2N arbitrary complex wave parameters. The fundamental NDS
admits a very interesting N-hump profile in the present N-CNLS system. In this system, in gen-
eral, the NDSs propagate with different velocities in different modes but one can make them
to propagate with identical velocity by restricting the imaginary parts of all the wave num-
bers kj, j=1,2,...,N, to be equal. Interestingly, in 1976, Nogami and Warke have obtained
soliton solution for the multicomponent CNLS system [29]. We note that their soliton solution
corresponds to the so called partially coherent soliton (PCS) which can be checked after replac-
ing the function e; = exp(k;x) by e; = /2k;a; exp(k;x;), where X; = x — x;, a; = Il ;4;c;;,

Cij ‘I,i +£ y and k;’s are real constants, in their solution [30]. Since, the stationary N-PCS solu-
tion arises from our solution (2) under the parametric restrictions a(lj =el, j=1,3,4,...,N

and a(lz) = —e'0, (77]0: real), kj = kjg, kjy =0, j=1,2,...,N, the solution of Nogami and
Warke [29] and its time dependent version are essentially special cases of our general
solution (2).

It is interesting to note that if we set all the wavenumbers k;, j = 1,2,..., N, as identical,
k;=ki, j=1,2,...,N, which corresponds to the seed solutions getting restricted as g/ =
o\’ en, ny = kit +ik3z, for all j=1,2,...,N, in the fundamental soliton solution (2), the
resultant form gets reduced to the following degenerate soliton (DS) solution for equation (1)
[27, 28] as

. R
(611, q2,493, - - - ,C]N)T = (AlaAZaA3a e 7AN)Tk1R em” SeCh (an + 2) 5 (3)

where 1,z = kig(t — 2ki12), A; = a’/A and A = ((Z " 1?02, Here o, Ky, j=
1,2,...,N, are arbitrary complex parameters. Further, klRA ; gives the amplitude of the jth
mode, &(= 11log ) denotes the central position of the soliton and 2kj; is the soliton

(ki +K;)?
velocity [28]. Ttis ev1dent that the DS solution (3) always admits single-hump structure. Using
this single peak intensity or power profile as signal in binary coding one cannot improve higher
bit-rate in information transmission as pointed out in [4] whereas this class of DSs interestingly
exhibitenergy exchanging collision leading to the construction of all optical logic gates [31]. To
enhance the bit-rate multi-hump pulses with symmetric and asymmetric profiles, as we describe
below for 3 and 4-CNLS systems as examples, can be useful for optical communication.

In order to show the multi-hump nature of the NDS, here we demonstrate such special fea-
ture in the case of 3-CNLS and 4-CNLS systems. To start with, we consider the three CNLS
equation (N = 3 in equation (1)). To get the nondegenerate fundamental soliton solution for
this system, we consider the solutions, g; M- 04(1 ) e , g(lz) (2) e and g(3) (3) e'B as seed
solutions to the lowest order linear PDEs. These general form of seed solutions termmates the

4
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series expansions as g = eg\” + gy + gV, j=1,2,3and f = 1 + Ef, + €' f, + € fe.
By rewriting the explicit forms of the obtained unknown functions in terms of Gram deter-
minants we get the resultant forms similar to the one (equation (2)) reported above for the
N-component case. We find that for the 3-CNLS system the matrices A and B are constituted
by the elements, A;; and B;j, 7, j = 1,2, 3 and also the other matrices Cy, 9 j and ¢ are deduced

asCi=(a" 0 0,C=0 o? 0,G=0 0 o), ¢ =(" 0 0), =
0 o? 0, ¢s=(0 0 o) and ¢=(¢" e )", From the resultant Gram-
determinant forms, we deduce the following triple-humped nondegenerate fundamental soliton
solution for the 3-CNLS system,

1 . Ag +p Al +A
q1 = J—Ce‘”” (e M cosh (772R+773R+¢1>+e "2 cosh (772R_773R+¢2>>,

2 2
g = %e”’z’ (eéw cosh (77113 + mr + %) + eéu;r_AZZ cosh (an — 1R+ %)) ,
g = leeim, (e By cosh (771R + 7R + %) + CABJ{AB cosh (771R — R + %)) ,
f= 6677 cosh (771R + Mor + M3k + 62—7> + eh}sa cosh (771R — TR — 3R + d g 66)
+ e% cosh (772R_ MR — MR+ 62; % ) + 663?4 cosh (773R— MR— MR+ % g 64) )

“)

where g = kjir(t — 2kjz), j=1,2,3, ¢1 = Asi — p1y, & = A1t — Doy, ) = Asp — pyo,
Yy = A1 — Ags, Xy = Asz — pr3s X2 = A1z — Aoz, p1j = logal’, j=1,2,3, and the other

1 2 3
o ‘(1(1 )‘2 (1)‘2 (1)‘2

0
. @ @ ;o
constants given above are ! = TR e = ‘AT’ e = ‘AT’ A= %e(h, efa =
1) (@) (@) 3) A3
af %305 @A — _ & )@13651 by — @ 023 o edi — _af 2301 ol — _ O )923652
A3 ’ A ’ A3 ’ A ’ A* ’
12 13 23
2 2 2 2 2 2
o lonnl 6,45 o5 loisl L6144 5 _ loasl 6r+0 5 lonlPleslPlonsl? L6y +d+6
et = flpet et = el el ettt el = el e,
A aPopoislon? 545 A aPonloisoxn 5 46 A aDlolPo3003 5 46
efs1 = 1 C12ELISIL a0y 03 efs2 = 1 C12I8131 O3 601403 efss = J1 18121 CI3EB 00140y
M2z Ao Xy 3203 IA122X53 05,

A= (ki + k)2 An =k + k)", Ay = (ks +k3)% 0, = (ki —ka), 013 = (ki — k),
023 = (kry — k3), A2 = (k1 + k;), iz = (ki + k;) and M3 = (ko + k;) The above nontrivial
soliton solution is described by six arbitrary complex parameters, a(lﬁ, ki, j=1,2,3. As a
specific example, we can easily check that such multi-parameter solution admits a novel
asymmetric triple-hump profile when we fix the velocity as kj; = ko; = k3; = 0.5. The other
parameter values are chosen as kg = 0.53, kog = 0.5, ksg = 0.45, a(ll) = 0.65 + 0.65i,
al? =0.45 - 0.45i and o’ =0.35+0.35i. In figure 1(a), we display the asymmetric
triple-hump profiles in all the components for the above choice of parameter values. It is
important to note that for the specific choice of parameter values, the solution (4) also exhibits
symmetric triple-hump soliton profile. The symmetric and asymmetric nature of solution (4)
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(b)

la; 12
la;1?

10

Figure 1. (a) Denotes triple-hump profiles of nondegenerate fundamental soliton in the
3-CNLS system and (b) is its corresponding single-humped DS profile. (c) Represents a
quadruple-humped NDS profiles in 4-CNLS system. The specific values of the soliton
parameters are given in the text.

can be identified by calculating the following relative separation distances between the
solitons of the modes,

1 D12(ksp — kir)(kar + k3r)k2
Aty =11 — 1 = L log |y’ |7 (ksr — kig)(kar + kag)ksg

g (5a)
277 o Plkar — ksr)(kig + kar)k
1 M2 kir — k k JIRYE
Atz =1 — 13 = - log |a(13)\2( 1R — kar)(kar + k3R) ®, 5b)
27 o) Pkor — kar)(kig + kor)kig
@020 )
A[23 = [2 —_ t3 — 110 |al ‘ (k2R klR)(klR + k3R)k3R (SC)

g .
27 |ofPlkir — ksp)(kir + kar)k3

It is evident from equations (5a)—(5c) the solution (4), with k|; = kp; = k3;, always admits
asymmetric triple-hump profiles when Az, = Atz = Atz # 0. In contrast to this, almost
symmetric (not perfect symmetric) triple-hump profile arises in all the modes when the soliton
parameters obey the condition, Afj; = Atz = Atz — 0. The double node (or multi-node)
formation occurs when the relative velocities among the solitons of the modes, ¢ j’s j=1,2,3,
do not tend to zero. Such node formation is demonstrated in figure 2 for the unequal velocity
case (of the modes) in the present 3-CNLS system. We wish to point out here that the triple peak
power profiles obeying the above relative separation distance condition, both symmetric and
asymmetric, could be useful in the launching of the initial signal in binary coding scheme. In
the practical situation the initial profiles can vary their shape due to fiber’s loss and nonlinear
higher order effects. This situation cannot be avoided in a fiber. However, the solution (4)
retains the fundamental property, namely the triple-hump soliton profile, of the NDS during
the evolution along the fiber. It is interesting to note that when we impose the condition k; =
k> = k3 in the solution (4), it turns out to be a single-humped degenerate fundamental soliton
for the 3-CNLS system. This can be seen from figure 1(b) for the values ky =k, = k3 = 1 + 1,
ol =0.65 + 0.65i, a?) = 0.45 — 0.45i and o' = 0.35 4 0.35i. We note that the three-PCS
or multi-soliton complexes arise from the nondegenerate fundamental soliton solution (4) of the
3-CNLS system when the soliton parameters are fixed as a(ll) = ¢'o, a(lz) = —¢'0, a(13) = eho,
ki = kig, ko = kog, k3 = kag and k;; = 0, j = 1,2, 3, where 705 j=1,2,3, are considered as
real constants [15, 28].

Next we illustrate the multi-hump nature of NDS in the 4-CNLS system. To obtain such
solution one has to proceed with the analysis for the N = 4 case, as we have described in
the above three-component case. For brevity, we do not give the details of the final solution
due to its complex nature. However, one can easily deduce the form of the solution from the
soliton solution of the N-component case, equation (2), as given above. The final solution
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Figure 2. Double-node formation in the unequal velocities case in the profile of nonde-
generate fundamental soliton in 3-CNLS system. The parameter values are k; = 0.55 +
0.35i, ky = 0.5 + 0.5i, k3 = 0.45 + 0.8ia{" = 0.65 4 0.65i, o\” = 0.45 — 0.45i and
o’ =0.35 +0.35i.

contains eight arbitrary complex parameters, namely a(l’) and k;, j = 1,2, 3,4. These param-
eters play a significant role in determining the profile nature of the underlying soliton in the
four-component case. In general, the nondegenerate one-soliton solution in the 4-CNLS system
exhibits asymmetric quadruple-hump profile in all the modes. Such novel quadruple-hump pro-
file is displayed in figure 1(c) for the parameter values k; = 0.48 + 0.51, k; = 0.5 4+ 0.51, k3 =
0.53 4 0.5i, kg = 0.55 4 0.5i, a” = 0.65 + 0.65i, o\ = 0.55 — 0.55i, o}’ = 0.45 + 0.45i
and a(14) = 0.35 — 0.351. We have verified the asymmetric quadruple-hump profile nature by
calculating the relative separation distance, At;, = Atj3 = Aty # 0. However we do not
present their explicit forms due to size limitation of the letter article. It is evident from
figures 1(a) and (c) that the NDS (in 3, 4 and also in the arbitrary N (>4) CNLS sys-
tems) exhibits multi-hump nature. This multi-peak nature can increase the bit-rate in cod-
ing the information. Consequently it can help to uplift the flow of data in fiber. In the
present 4-CNLS system case also multi-node forms when the relative velocities of the soli-
tons among the modes do not tend to zero. One can also recover the already known DS
solution by fixing the condition k; = k; = k3 = k4 in the final form of NDS solution of the
4-CNLS system.

In the following, we further report the fact that the N-CNLS system can also admit very
interesting partially NDS solution when the wavenumbers are restricted suitably. Such par-
tial NDS solutions also exhibit multi-hump profiles (but less than N in number). For instance,
here we demonstrate their existence for the 3 and 4-CNLS systems and this procedure can
be generalized to the N-component case in principle. For the three-component case, the
partially NDS solution can be obtained by imposing the condition, k; = k, (or k; = k3 or
ky = k3), on the wave numbers in the solution (4). This restriction reduces the asymmet-
ric triple-hump profile, as depicted in figure 1(a), into the asymmetric double-hump inten-
sity profile as displayed in figure 3(a) for the choice of parameters k; = k, = 0.5 + 0.5i,
ks = 0.45 +0.51, " = 0.65 + 0.65i, o' = 0.45 — 0.45i and o’ = 0.35 + 0.35i. The par-
tially NDS double-hump profile is described by the following explicit form of solution, deduced
from solution (4),
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Figure 3. (a) Denotes double-humped profile of the partially nondegenerate one soliton
solution of 3-CNLS system. (b) and (c) represent triple and double-humped profiles of
partially NDS solution of 4-CNLS system when the conditions k| = k, and k| = k, = k3
on wavenumbers are imposed, respectively.

1 . 1 .
¢ = ]_Ce”ill <§[cosh(2mR — 1R + A12) + sinh(2n1r — m3r + Ar2)]
At Ay —
+e T cosh ("73R 2 5 plz)) :

5 5 5y +s 5y =6
f:eTl Cosh<an+773R+?l>+6223 COSh<771R_773R+ 22 3>. (6)

In the above et = e%5 +e%, e%2 = el + e, e® =213 £ &3,y =y = kit +ikiz, 73 =
kst + ik%z and the other constants are deduced from the constants of the solution (4) by impos-
ing the condition k; = k, in them. We point out that one can get the DS solution by impos-
ing the restriction further on the wavenumbers, that is as we mentioned above k; = k, = k3
leads to completely DS solution. It is important to note that partially NDS solution of the
3-CNLSE can exhibit only up to double hump profile in all the three modes due to the degen-
eracy among the modes and the nature of this solution is controlled by five arbitrary complex
parameters.

Similarly, for the 4-CNLS equation, partially NDS solution can be deduced from the solu-
tion (2) of N-component case. However, due to the complex nature of the resultant solution
we do not present the expression here. Very interestingly such solution provides the following
three possibilities: (i) ky = ka, (i) k; = ko = k3 and (iii) k; = k» = k3 = ks4. The quadruple-
hump soliton profile of the 4-CNLS system becomes a triple-hump profile when we con-
sider the first possibility, k; = k,. This triple-humped partially NDS solution is diplayed in
figure 3(b) for k; = k, = 0.55 + 0.51, k3 = 0.5 4 0.51, ky = 0.45 + 0.54, a(ll) = 0.65 + 0.651,
al? =0.55 - 0.55i, o!” = 0.45 +0.45i and o{¥ = 0.35 — 0.35i. In contrast to the latter,
we observe that the double-hump soliton profile emerges while considering the second pos-
sibility, k; = k, = k3, in the full nondegenerate form of solution of the 4-CNLS system.
Such double-humped partially NDS solution profile is depicted in figure 3(c) for the val-
ues k; = ky = k3 = 0.55 4+ 0.5i, ks = 0.45 + 0.5, o!” = 0.35 + 0.35i, o{? = 0.45 + 0.45i,
o’ = 0.55 4 0.55i and o{¥ = 0.65 — 0.65i. The final possibility, k; = k» = k3 = k4, corre-
sponds to complete degeneracy. This choice brings out the completely DS solution for the
4-CNLS system. In general, for the N-component case, one would expect N — 1 possibilities
of choices of wave numbers. Out of these choices a single-humped complete DS solution (3)
arises if all the wavenumbers are equal, k; = k, = - - - = k,,, whereas the partial nondegener-
acy appears from out of the remaining N — 2 possibilities. Such partial nondegeneracy would
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Figure 4. Numerical plots for the asymmetric nondegenerate triple hump soliton pro-
file with 5% of white noise as perturbation. Top panel denotes the triple-hump profile
of three-dimensional surface plot and the bottom panel represents the corresponding
density plots. The soliton parameters correspond to figure 1(a).

bring out multi-hump profiles as we have illustrated above for the three and four component
cases.

We also wish to point out the stability nature of the triple-humped nondegenerate fundamen-
tal soliton solution (4) of the 3-CNLS system as an example. In order to do this, we consider
the Crank—Nicolson numerical algorithm [32] with different percentages of white noise as
perturbations to the initial profiles. The initial profiles are considered in the numerical analysis
as q(—100,7) = [1 + AC(D]q; _100(1)s J = 1,2,3, where q;_140(1), j=1,2,3, are the initial
profiles obtained from the solution (4) at z = —100. Here, A is the amplitude of the white
noise which is generated from the random numbers in the interval [—1, 1] and ((?) is the noise
function. The space and time step sizes are fixed in the numerical calculation, respectively, as
dz = 0.1 and dr = 0.2. We also fix the domain range values for both ¢ and z as [—100, 100]. The
triple-hump profile nature survives during the evolution even for 5% and 10% of white noise
perturbations except for minor changes in the amplitude part. This is clearly demonstrated in
figures 4 and 5. These figures ensure the stability of triple-humped NDS against perturbations
of white noise. One can extend this analysis for even longer ranges of time and space without
much difficulty. Similarly, we have also confirmed the stability of asymmetric quadruple-hump
NDS of the 4-CNLS system as well.

In this paper, we reported the existence of nondegenerate fundamental soliton solution for
the N-CNLS equation (1). This new class of solitons exhibit multi-hump nature among all
the modes. The existence of such special multi-humped profiles is demonstrated explicitly by
considering the NDS solution for the three and four component cases. Very interestingly we
have also shown the existence of partially NDS solutions by restricting the wave numbers
suitably. The already known energy exchanging degenerate class of vector bright solitons is

9
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Figure 5. Numerical plots for the asymmetric nondegenerate triple hump soliton profile
with 10% of white noise as perturbation.

shown as a sub-case by imposing specific restriction on the wave numbers. Finally, the stability
of multi-humped nondegenerate fundamental soliton has also been verified numerically. In a
subsequent work we have planned to report the interesting collision properties of these NDSs.
We believe that the existence of multi-peak power nature in the nondegenerate fundamental
soliton in multi-mode optical fibers may be relevant to increase the data stream in multi-level
optical communication applications.
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Abstract: Nonlinear dynamics of an optical pulse or a beam continue to be one of the active areas of
research in the field of optical solitons. Especially, in multi-mode fibers or fiber arrays and photore-
fractive materials, the vector solitons display rich nonlinear phenomena. Due to their fascinating and
intriguing novel properties, the theory of optical vector solitons has been developed considerably
both from theoretical and experimental points of view leading to soliton-based promising potential
applications. Mathematically, the dynamics of vector solitons can be understood from the framework
of the coupled nonlinear Schrodinger (CNLS) family of equations. In the recent past, many types of
vector solitons have been identified both in the integrable and non-integrable CNLS framework. In
this article, we review some of the recent progress in understanding the dynamics of the so called non-
degenerate vector bright solitons in nonlinear optics, where the fundamental soliton can have more
than one propagation constant. We address this theme by considering the integrable two coupled
nonlinear Schréodinger family of equations, namely the Manakov system, mixed 2-CNLS system (or
focusing-defocusing CNLS system), coherently coupled nonlinear Schrodinger (CCNLS) system, gen-
eralized coupled nonlinear Schrodinger (GCNLS) system and two-component long-wave short-wave
resonance interaction (LSRI) system. In these models, we discuss the existence of nondegenerate
vector solitons and their associated novel multi-hump geometrical profile nature by deriving their
analytical forms through the Hirota bilinear method. Then we reveal the novel collision properties of
the nondegenerate solitons in the Manakov system as an example. The asymptotic analysis shows
that the nondegenerate solitons, in general, undergo three types of elastic collisions without any
energy redistribution among the modes. Furthermore, we show that the energy sharing collision
exhibiting vector solitons arises as a special case of the newly reported nondegenerate vector solitons.
Finally, we point out the possible further developments in this subject and potential applications.

Keywords: integrable coupled nonlinear Schrodinger models; nondegenerate vector bright solitons;
degenerate vector bright solitons

1. Introduction

Solitons are stable localized nonlinear wave packets which can propagate without
distortion over long distances. After the discovery of solitons in the numerical experiments
on the Fermi-Pasta-Ulam-Tsingou anharmonic lattice problem [1,2], the field of solitons
and related nonlinear phenomena flourished and advanced by the invaluable discoveries
in nonlinear optics. The concept of solitons is not only reserved for nonlinear optics, but
it ubiquitously appears in many branches of physics, including hydrodynamics, Bose—-
Einstein condensates, plasma physics, particle physics, and even astrophysics apart from
the mathematical interest in the theory of integrable nonlinear partial differential equations.
In optics, in general, an optical pulse or a beam has a natural property to spread while
it propagates in a linear medium because the Fourier components of the pulse or the
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beam start to travel with distinct velocities. The spreading occurs in the temporal domain
because of the material dispersion while in the spatial domain it is due to diffraction.
In some cases, the spreading takes place due to the combined effects of dispersion and
diffraction. However, a stable localized wave packet forms when this linear effect is
balanced by the nonlinear response of the medium. Such a stable light wave envelope is
known as the optical soliton. Optical soliton can be further classified as (i) spatial soliton,
(ii) temporal soliton and (iii) spatio-temporal soliton depending on the nature of formation
mechanism [3]. The evolution of optical soliton, whether it is a spatial or temporal one, in
(1 + 1)-dimensional setting is described by the ubiquitous nonlinear Schrédinger (NLS)
equation. For instance, the dimensionless NLS equation, derived from the Maxwell’s
equations under slowly varying envelope approximation, for the optical field propagation
in a single mode optical fiber turns out to be [4].

. 1 2 1" azK 1
igz — sgn(K")qu +2[q1%q = 0, K" = (55 o, = 7 ey

In the temporal soliton case, where the soliton evolution is confined along the op-
tical fiber, g(z, t) is the complex wave amplitude and the independent variables z and ¢
denote normalized distance along the fiber and retarded time, respectively. In addition,
gz = % and gy = ZZTZ. Here, the sign of the group velocity dispersion (GVD) or simply the
coefficient of the second derivative in time, in Equation (1), characterizes the nature of the
fiber dispersion. If K” < 0, then the dispersion is anomalous whereas the dispersion is
normal for K” > 0. The nonlinearity in Equation (1) arises due to the self phase modulation
(SPM), where the intensity of light induces a change in the refractive index of the medium
An(I) = ng(w) + na|E[> = ng + nyl, where ng refers to the linear refractive index and
1y is the nonlinear refractive index of the medium due to Kerr effect, which gives rise
to an intensity-dependent phase modulation. On the other hand, the spatial soliton is a
self-trapped optical beam that guides itself by inducing a waveguide during the stable prop-
agation in a photorefractive medium without diffraction. Here, the diffraction is exactly
balanced by the nonlinearly induced self-focusing effect. In this context, the independent
variables, z and ¢ in Equation (1), correspond to transverse spatial coordinates. Since this
review will focus on the theoretical aspects of vector bright solitons of certain coupled
integrable field models that emerge in optical fiber systems, the readers can find a detailed
discussion on the development and advancement of both spatial and spatio-temporal
solitons in the interesting review articles by Chen et al. [5] and by Malomed et al. [6],
respectively.

In 1973, Hasegawa and Tappert theoretically demonstrated that the lossless fibers can
admit bright soliton structure, which exhibits an intensity maximum in the time domain
when the GVD regime is anomalous [7]. They have also shown that the dark soliton,
with the intensity minimum or dip on a constant wave background field, arises in the
normal GVD regime [8]. After this theoretical work, in 1980, Mollenauer and his coworkers
succeeded experimentally in observing the optical soliton in a fiber [9]. These discoveries
clearly demonstrated how an abstract mathematical concept can turn into a practical
use. Both these theoretical and experimental works have opened up a new possibility
of using the ultra-short optical pulses in long distance communication applications [10].
On the other hand, the mathematical interest in understanding the analytical structure
of the underlying integrable models intensified after the NLS equation was solved by
Zakharov and Shabat through a more sophisticated inverse scattering transform (IST)
method [11], developed earlier by Gardner et al. for the celebrated Korteweg-deVries
equation [12]. Now, it is well known that the NLS Equation (1) is a completely integrable
infinite dimensional Hamiltonian system having special mathematical properties like an
infinite number of conserved quantities and Lax pair [13]. We note that in [11] the authors
had derived a double-pole solution, which has recently received attention in the theory
of rogue-waves for describing the Peregrine breather on the zero background field of the
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NLS equation [14], by considering the merging of two simple poles in the complex plane.
The interesting fact of the temporal bright solitons of the scalar NLS equation is that they
exhibit particle-like elastic collision.

Apart from the above fundamental aspects, in 1983, Gordon had predicted that when
two or more light pulses propagate in a nonlinear optical fiber, they exert forces, either
attractive or repulsive, on their neighbors [15]. This has been experimentally verified
by Mitschke and Mollenauer in [16]. Such a study brought out a special kind of soliton
state, namely the bound soliton state or soliton molecule [17]. A soliton molecule is a
bound soliton state that can be formed when two solitons persist at a stable equilibrium
separation distance, where the interaction force is zero among the individuals. Such a stable
equilibrium manifests as this bound state structure, reminiscent of a diatomic molecule in
chemical physics. The binding force arises between the constituents of the soliton composite
due to the Kerr nonlinearity [15,16] and the detailed mechanism can be found in Ref. [18].
This special kind of soliton state has been extensively studied in non-dispersion managed
fibers [19-25]. Recently, the existence of soliton molecules in dispersion-managed fiber [17]
and their usefulness in optical telecommunications with enhanced data carrying capacity
have been pointed out [26,27]. However, in order to elevate the transmission capacity of
the optical telecommunication systems, it is necessary to consider multichannel bit-parallel
wavelength fiber networks and wavelength division multiplexing schemes, where the light
pulses propagate in multi channels simultaneously. In fact, practically even in a single mode
fiber the bending and strains or birefringence induce two orthogonal polarization modes.
To pursue this kind of practical application, one has to essentially understand the problem
of the intermodal interaction of solitons. Therefore the contribution of the interaction
of copropagating modes must be taken into account. In fact, there is no surprise other
than the standard elastic collision of the bright solitons in single mode optical fibers. In
contrast to this, the bright soliton structure in two mode fibers or in a single mode fiber with
birefringence property or even in multimode fibers display rich propagation and collisional
properties. Due to these fascinating features and intriguing collision dynamics, vector
solitons receive intense attention among researchers. Apart from the several interesting
properties, vector solitons have also been found in a variety of applications, including
soliton-based optical computing [28,29], multi-level optical communication with enhanced
bit-rate transmission [30], soliton based signal processing systems [31] and so on.

Vector solitons are fascinating nonlinear objects in which a given soliton is split among
two or more components. In other words, a vector soliton with two or more polarization
components coupled together maintains its shape during propagation. Such vector soli-
tons are also named as multicolour solitons. The dynamics of vector solitons is usually
understandable within the framework of coupled nonlinear Schrodinger (CNLS) equations.
In general, the CNLS equations are non-integrable and they become integrable for specific
choices of parameters [32]. Therefore, mathematically vector solitons arise as solutions of
the CNLS equations. Like in the scalar NLS equation, the optical vector solitons are formed
due to an exact balance between the dispersion/diffraction and the self-phase modulation
and cross-phase modulation. This interesting class of optical solitons was first predicted
by Manakov in 1974, where he derived the one-soliton solution and made an asymptotic
analysis for the two-soliton solution through the IST method, by introducing a set of two
CNLS equations for the nonlinear interaction of the two orthogonally polarized optical
waves in birefringent fibers [33]. The Manakov system is essentially an integrable system,
where the strength of the nonlinear interactions within and between the components are
equal. Vector optical solitary wave propagation in birefringent fiber was first theoretically
studied by Menyuk by considering a pair of non-integrable CNLS equations [34]. Very
interestingly one of the present authors (ML) along with Radhakrishnan and Hietarinta
theoretically predicted that the bright solitons of the Manakov model exhibit novel energy
sharing collision through intensity redistribution [35]. They explicitly demonstrated this
fascinating collision scenario by analyzing the two bright soliton solution derived through
the Hirota bilinear method. Then this study was extended to N-CNLS equations by Kanna
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and Lakshmanan in [36], where there is a lot of exciting possibilities for the occurrence
of energy redistribution among the N-modes that have been reported. This theoretical
development was experimentally verified in [37-39] and, subsequently, it gave rise to
the possibility of constructing all optical logic gates [28,29,40-42]. The discovery of pho-
torefractive solitons [43—46] and the subsequent experimental developments [47-50] have
substantially enriched our knowledge on vector solitons. It is known that a set of N-CNLS
equations describes the beam propagation in a Kerr-like photorefractive medium [51-54].
Furthermore, the experimental studies on vector solitons in photorefractive media as well
as in dispersive media during the past three decades demand investigation of physical and
mathematical aspects of CNLS equations even more rigorously.

It is very important to point out that there exist many types of vector solitons that
have been reported so far for both integrable and non-integrable CNLS type equations.
For instance, in the non-integrable cases, a temporal light pulse composed of orthogonally
polarized components propagate with common group velocity and it is called group
velocity-locked soliton [55]. On the other hand, if the two polarization components of
the soliton are locked in phase, then such a vector soliton has been called a phase-locked
soliton [56], whereas for the polarization-locked vector soliton [57], the relative phase
between the components is locked at £ 7 but across the pulse, the polarization state profile
is not uniform. However, that profile is invariant with propagation. Apart from the above,
other types of vector solitary waves have been reported in birefringent fibers [58-61] and
in saturable nonlinear medium [62,63], where the stability of multi-hump solitons has
been reported. In the integrable cases, bright-bright solitons [33,35,36,64], bright-dark or
dark-bright solitons [65-69] and dark-dark solitons [70,71] were documented in the context
of nonlinear optics and their novel properties in multicomponent BECs have also been
investigated considerably [72]. In a photorefractive medium, partially coherent solitons
or soliton complexes were identified in the N-CNLS system, and their special properties
were revealed by Akhmediev and his collaborators in [30,51-54]. Apart from the above,
during the last decade, a large volume of work has been dedicated to the temporal optical
solitons (both theoretically and experimentally) by considering the fiber lasers, which has
been reported as a very useful nonlinear system to study the dynamics and formation of
temporal optical solitons [73]. There exist different types of optical solitons in dissipative
systems too and their various properties have been explored in [74].

From the above studies on vector solitons, especially in integrable coupled nonlinear
Schrodinger models, we have identified that there exists a degeneracy in the structure of
the bright solitons as we have explained below in Section 3. That is, the solitons in two-
mode fibers or in multi-mode fibers propagate with identical wave numbers. In order to
avoid this degeneracy, we introduce two non-identical propagation constants appropriately
in the structure of the fundamental bright solitons of the 2-CNLS equation to start with.
Consequently, the degeneracy is removed and it leads to a new class of fundamental bright
solitons, namely nondegenerate fundamental vector bright solitons [75]. For the first time,
we have shown that such an inclusion of additional distinct propagation constants brings
out a general form of vector bright soliton solution to the several integrable CNLS sys-
tems [76,77], namely the Manakov system or 2-CNLS system, mixed 2-CNLS system (with
one mode in the anomalous dispersion regime and the other mode in the normal dispersion
regime), two-component coherently coupled NLS system, generalized CNLS system, and
two-component long-wave short-wave resonance interaction system [77]. We note that very
recently the nondegenerate solitons have also been studied in other contexts as well. For
instance, in multi-component BECs [78] using the Darboux transformation method, in the
coupled Fokas-Lenells system [79] and in the AB-system [80] such nondegenerate solitons
have been identified. We also note that a multi-valley dark nondegenerate soliton has been
studied in the context of multicomponent repulsive BECs [81]. In this paper, we critically
review the existence and their salient novel features of the general form of nondegenerate
vector bright solitons in the above class of two-component nonlinear Schrodinger systems.
Then we also critically analyze their novel collision properties with the Manakov system
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as an example. Furthermore, we also discuss in detail the corresponding already known
degenerate vector bright solitons and their intriguing collisional properties. Additionally,
we also illustrate the multi-hump nature of the nondegenerate fundamental bright solitons
in the N-CNLS system [82].

The outline of this review paper is as follows. In Section 2, we quickly point out
the derivation of 2-CNLS equations in the context of multi-mode fibers and introduce
the various coupled integrable models and their physical importance. In Section 3, we
clearly distinguish how the vector bright soliton reported so far in the literature for the
integrable coupled NLS family type equations may be considered as a special case of the
fundamental nondegenerate bright soliton solution derived recently by us. In Section 4,
we discuss the nondegenerate soliton solutions of the Manakov system and analyze their
underlying novel collision dynamics. In this section, we also describe the degenerate soliton
solutions and their interesting energy sharing collision apart from mentioning the possible
experimental realization and the multi-hump nature of the nondegenerate fundamental
bright solitons in the N-CNLS system. Then in Section 5, we describe the properties and
the existence of the nondegenerate fundamental bright soliton of the mixed CNLS system.
We also discuss the collision dynamics of the degenerate solitons by pointing out their
explicit analytical forms. In Section 6, we discuss the existence of both nondegenerate and
degenerate fundamental bright solitons in the coherently coupled NLS system and point
out the energy switching collision scenario of degenerate bright solitons. Furthermore,
we illustrate the existence of the nondegenerate bright soliton in the generalized coupled
nonlinear Schrodinger system and point out its degenerate limit in Section 7. Then, in
Section 8, we also elucidate the existence of the nondegenerate soliton in the two-component
(1+1)-dimensional LSRI system. Finally, in Section 9, we summarize the results and provide
a possible future outlook.

2. Derivation of CNLS Equations and Other Integrable CNLS Type Models

In general, the interaction between two or more co-propagating optical modes is
governed by the coupled nonlinear Schrodinger family of equations. The derivation
of one such CNLS equations starts from Maxwell’s equations for electromagnetic wave
propagation in a dielectric medium,

-~ 10%E 02P

2

E-222 — 22
v 2 o2 Moo

@)
where E (7, 1) is the electric field, P(7,t) is the induced polarization, jg is the permeability
of free space and c is the velocity of light. The induced polarization P(7, t) contains both
a linear part and a nonlinear part. That is P(7,t) = P(7,t) + Pyp(7,t). The linear and
nonlinear induced polarizations are defined as

_ +o0

BL(7t) = e xD(t—EF ¢)at, (3a)
- —+o00 “+o0 +o00 - - R
Put=eo [ [ KOt = t1,t = ta, = 1) E(F, 1) E(7, 1) E(F )by dtadts. (3b)

Here, € is the permitivity of the free space and x/) is the jth order suceptibility tensor
of rank (j + 1) [4,83]. For elliptically birefringent fibers, the electric field E(7,t) can be
written as

1 ,
E(?, f) = 5 <é1E1 (Z, f) + é&E; (Z, t)) e~iwol 4 ¢ c. 4)

In the above, the variables z and t denote the direction of propagation and retarded
time, respectively, and c.c stands for complex conjugation. The orthonormal vectors é

and é, are expressed as, é; = \71% and é, = \r/’%, where 7 is a measure of the extent of
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ellipticity and £ and § are unit polarization vectors along x and y directions, respectively.
In Equation (4), E; and E; are complex amplitudes of the polarization components at
frequency wy. The nonlinear polarization can be obtained by substituting the expression
of the electric field E (7, ) from Equation (4) in Equations (3a) and (3b). The electric-field
components are written under slowly varying approximation as

Ei(zt) = Fj(x,y)Qj(z,t)eiKsz, i=12, )

where F;(x,y) are the fiber distribution function in the transverse directions x and y and
Koj, j = 1,2 are the propagation constants for the two modes. By doing so, the following
coupled equations are obtained for Q;(z, t):

. i K’
iQuz + -~ Qui = 5 Quat + u(|Qi + BIQ2)Q1 =0, (6a)
g
; i K 2 2
le,ﬁ*TzQz,t—EQz,tt+M(|Q1| + B|Q2[%)Q2 = 0. (6b)
8
Here, k" = (%)WZWO accounts for the group velocity dispersion, y is the nonlinear-
ity coefficient and v, and vg; are the group velocities of the two co-propagating modes,
respectively. The constant B = 2;1%2299 is the cross-phase modulation coupling parameter,

where 6 is the angle of ellipticity which varies between 0 and 7. Here, we have assumed
that the fiber has a strong birefringent nature. Under three sets of consecutive transfor-
mations (detailed derivation can be found in [83]), we obtain the following dimensionless
2-CNLS equation with the integrability restriction B = 1 [32], which is obtained from the
Painlevé analysis,

iq12 + g+ 2u(|01* + 1921*)91 = 0, (7a)
iq2,2 + Qo + 2u(|71]* + |92*) g2 = 0. (7b)

The above set of CNLS equations constitutes the completely integrable system in-
troduced by Manakov to describe the propagation of an intense electromagnetic pulse in
a birefringent fiber [33]. The system (7a) and (7b) is well discussed in nonlinear optics
and in other areas of physics. In this review, we also wish to consider another 2-CNLS
equation which is a variant of the Manakov system, namely the mixed coupled nonlinear
Schrodinger system or Zakharov and Schulman system [64,84]. One can write both the
mixed CNLS equation and Manakov equation in a unified form as given below:

l'quz+l]/’,tt+2((T1|l]1‘2+(72|q2‘2>qj =0, j=12. (8)

In Equation (8), o7 and o0 are the strength of the SPM and cross-phase modulation
(XPM) nonlinearities. If o7 = 0 = +1, the above equation becomes the Manakov equation
(focusing type 2-CNLS equations), where the two optical fields q; and g, propagate in
the anomalous dispersion regimes [33], whereas, for o; = 0, = —1, they propagate in
the normal dispersion regimes or in other words, the resultant model (8) turns out to
be the defocusing Manakov system [70]. For the other choice, 07 = +1 and 0, = —1, the
system (8) becomes the mixed-CNLS system [64], in which the SPM is positive and the XPM
is negative in both the modes, where the first mode ¢; is propagating in the anomalous dis-
persion regime while the second mode ¢, is propagating in the normal dispersion regime.
Both the focusing and defocusing Manakov models also find applications in attractive
and repulsive multicomponent BECs [72]. We note that the soliton trapping and daughter
wave (shadow) formation have been reported [85] using the bright soliton solutions of the
Manakov system. Radhakrishnan and Lakshmanan have derived the dark—dark soliton
solution [70] and Sheppard and Kivshar have obtained bright—dark soliton solution [65]
to the above system. In the latter case, the authors have pointed out the existence of
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breathing bound states. Furthermore, it has been shown that the mixed CNLS system
models the electromagnetic pulse propagation in isotropic and homogeneous nonlinear
left handed materials [86]. By taking into account the electron—phonon interaction and in
the long-wavelength approximation, the mixed-CNLS system can also be obtained as the
modified Hubbard model (Lindner-Fedyanin system) [87-89]. The mixed CNLS system is
also realized in two species BECs for a suitable choice of interspecies and intraspecies inter-
actions [90]. We point out that the IST method and Darboux transformation method have
been rigorously developed to obtain the bright-bright, dark—dark and bright-dark soliton
solutions of the multicomponent focusing, defocusing and mixed CNLS systems [91-103].

Next, we consider the two-component coherently coupled nonlinear Schrodinger
equation, which arises due to the coherent effects of the coupling among the copropa-
gating optical fields. In general, an ultrashort pulse propagation in non-ideal weakly
birefringent multimode fibers and optical beam propagation in low anisotropic Kerr type
nonlinear media are described by the following two-component non-integrable CCNLS
system [3,104,105];

iq1,z + 0916 — pr + (I + olg2?)q1 + Agag; =0, (9a)
iq2,z + 02, + 12 + (olq|* + 192/*)92 + Agiqs = 0. (9b)

The above equation also appears in isotropic Kerr-type nonlinear gyrotropic medium [106].
In the above g1 and g, are two coherently coupled orthogonally polarized modes, z and
t are the propagation direction and transverse direction, respectively, y is the degree of
birefringence, o and A are the incoherent and coherent coupling parameters, respectively,
and ¢ is the group velocity dispersion. The nonlinearities arise in Equation (9) due to SPM
(|q]-|2q]-,j = 1,2), XPM (a|qk|2q]-, j.k =1,2,j # k) and four-wave mixing effect ( /\q%q;‘,
j,k =1,2,j # k). Equation (9) is shown to be integrable for a specific choice of system
parameters (6, #, o and A) [105] and soliton solutions were derived by linearly superposing
the soliton solutions of the two nonlinear Schrédinger equations through a transformation.
The corresponding integrable two-component CCNLS system (2-CCNLS system) is

iq1z + g + 77> + 29211 — 9395 =0, (10a)
iq2 + qor + 72|71 > + 9292 — vq395 = 0. (10b)

Interestingly, Kanna et al. [107] have derived the fundamental and two bright soliton
solutions of (10) and its multicomponent version [108] by developing a non-standard
Hirota bilinearization procedure. They have classified the fundamental bright soliton
as incoherently coupled soliton (ICS) and coherently coupled soliton (CCS) based on a
condition on the parameters in the auxiliary function. A novel double-hump soliton profile
arises in these CCNLS systems due to the coherent coupling among the two copropagating
optical fields. Furthermore, they have also demonstrated a fascinating energy switching
collision during the interaction of ICS and CCS [107,108]. We remark that the CCNLS type
equations are useful in studying the dynamics of solitons in spinor BECs and coherently
coupled BECs [109-111] also. A similar type of CCNLS equation has been identified in the
context of spinor BEC and is shown to be integrable [112-114].

Next, we wish to examine the bright soliton solutions of the general coupled nonlinear
Schrodinger (GCNLS) system [115], namely

iq1,2 + g1 + 2(alq1)* + clg2|* + bgigs + b qiq2)q1 =0, (11a)
iq2,z + g2t + 2(alq1]? + clqz|* + ba1g3 + b*q7q2)g2 = 0. (11b)

In the above GCNLS equations, a and c account for the strength of the SPM and XPM
nonlinearities whereas the complex parameter b in the phase dependent terms, bq;g; +
b*q7 g2, describes the four-wave mixing effect that arises in multichannel communication
systems [4]. When a = c and b = 0 the system (11a) and (11b) reduces to the Manakov
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system (or Equation (8) with 09 = 0» = +1). Then, if a = —c and b = 0 the GCNLS
system becomes the mixed-CNLS model. This GCNLS system has received considerable
attention recently in both mathematical and physical aspects [115-118]. The integrability
properties of the system (11a) and (11b) have been studied in [115] in which the N-soliton
solution was obtained through the Riemann-Hilbert method. The GCNLS system is shown
to be integrable through Weiss—Tabor-Carnevale (WTC) test [116]. In [117], bright and
dark-soliton solutions were obtained through the Hirota bilinear method. By relating the
GCNLS system with the Manakov and Makhankov vector models, using a transformation
(91 = P1 — b*pp and g2 = ayy), the authors in [118] have constructed bright-bright, dark-
dark and a quasibreather-dark soliton solutions.

Finally, for our investigation, we also wish to take into account the following coupled
nonlinear Schrodinger type equations, namely the two-component long-wave short-wave
resonance interaction system,

ISPz (12)

aglS

is{) + 85 + 180 =0, is{?) + 83 +15@ =0, L, =

=1

In the above, s ’s, | = 1,2, are short-wave (SW) components, L is the long-wave (LW)
component and suffixes x and t denote partial derivatives with respect to spatial and tempo-
ral coordinates, respectively. The above LSRI system arises whenever the phase velocity of
the low-frequency long-wave matches with the group velocity of the high-frequency short-
waves [119,120]. In Equation (12), the formation of soliton in the SW components is due to
the exact balance between its dispersion by the nonlinear interaction of the LW with the
SW. At the same time, the formation and evolution of the soliton in the LW components is
determined by the self-interaction of the SWs. The above LSRI system (12) has considerable
physical relevance in nonlinear optics [121-124], plasma physics [125,126], hydrodynam-
ics [120,127-131] and BECs [132-134]. The LSRI system originally arose from the pioneering
study of nonlinear resonant interaction of the plasma waves by Zakharov [119], where
generalized Zakharov equations were deduced to describe Langmuir waves. Such general-
ized Zakharov equations were reduced to a (1 4 1)-dimensional Yajima-Oikawa equation
for describing the one-dimensional two-layer fluid flow [126] for which soliton solutions
were obtained through the IST method. Benney has also derived a single-component LSRI
system for modelling the dynamics of short capillary gravity waves and gravity waves in
deep water [120]. After these works, there has been a large amount of work in the direction
of LSRI involving (1 + 1) and (2 + 1)-dimensional single component and multi-component
cases [135-152]. In nonlinear optics, the single component LSRI system was deduced from
the coupled nonlinear Schrodinger equations describing the interaction of two optical
modes under small amplitude asymptotic expansion [121]. In the negative refractive index
media, the LSRI process has been investigated [122]. We wish to point out that the bright
soliton solutions for the general multi-component LSRI system have been derived through
the Hirota bilinear method [136]. In this paper, the authors have demonstrated two types of
energy sharing collisions for two different choices of nonlinearity coefficients. Considering
the collisions of solitons in these cases one finds that the solitons appearing in the LW
component always exhibit elastic collision whereas the solitons in the SW components
always undergo energy sharing collisions.

In this review, we investigate the existence of nondegenerate vector bright solitons
and their novel properties in the above described five interesting integrable coupled
field models.

3. Statement of the Problem

As we pointed out in Section 1, the fundamental (and even higher order) bright
soliton solutions which have been already reported for the integrable coupled nonlinear
Schrodinger family of equations are degenerate. Here, by degenerate, we mean that the
fundamental bright soliton nature is characterized by a single wave number in all the
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modes or components. The presence of identical wave numbers in all the modes restricts
the motion as well as the structure of the fundamental bright soliton in most of the CNLS-
type equations. Thus, the bright solitons propagate in all the modes with identical velocity
apart from the distinct polarization vector constants. Such a constrained motion always
persists in most of the fundamental bright soliton solutions of various CNLS systems. As a
consequence of this degeneracy, a single-hump structure only emerges in the fundamental
bright soliton profile. In order to demonstrate this clearly, in the following, we consider the
fundamental bright soliton solution of the Manakov system:

way’e . R, .
1 R = Ajkige" sech(imr + 5), j = 1,2. (13)

9 5

S 14entm
B o0) .
= Tuprigm 7/
variable 171 (= mr + in11), mr = kir(t — 2k11z), ;11 = kit + (K2z — k3;)z and eR =
(lea[2+1B1[*)
CECE
fundamental soliton is described by only one complex wave number k;. Consequently,
the single-hump soliton propagates in the two modes, g; and g, with identical velocity
v = 2kq;. A similar situation always persists in the other coupled field models mentioned
above and their generalizations. For instance, the N-component Manakov type system [36],
the mixed N-CNLS system [64], the GCNLS system [115,117], and the multi-component
LSRI system [126,136] are such cases. However, in contrast to such cases, the coherent
coupling among the copropagating optical fields induces a special type of double-hump
vector bright soliton in the CCNLS system [107,108]. In this four wave mixing physical
situation also the coherently coupled soliton is governed by an identical propagation
constant in all the modes. Therefore, it is clear that the above mentioned degeneracy in
propagation constants always persist in all the previously reported vector bright solitons.
In order to differentiate the above class of vector bright solitons from more general
fundamental solitons, we classify them as degenerate and nondegenerate solitons based on
the absence or presence of more than one wave number in the multi-component soliton
solution. We call the solitons which propagate in all the modes with identical wave number
as degenerate vector solitons whereas the solitons with nonidentical wave numbers as
nondegenerate vector solitons. From the above literature, it is clear that the vector bright
solitons with identical wave numbers have been well understood. However, the studies
on solitons with non-identical propagation constants in all the modes have not been
considered until recently. Therefore one would like to investigate the role of additional
wave number(s) on the vector bright soliton structures and collision scenario as well. With
this motivation, we plan to look for a class of fundamental soliton solutions, in a more
general form, which possesses more than one distinct propagation constants. Recently,
we have successfully identified such a general class of fundamental vector bright soliton
solutions for a wide class of physically important CNLS type equations using the Hirota
bilinear method. In this review, we briefly describe the novel properties, including the
various collision properties, associated with the nondegenerate vector bright solitons of
the Manakov system by deriving their analytical forms through the bilinearization method.
Then we point out the existence of such nondegenerate solitons in other coupled systems,
namely the N-CNLS system, mixed 2-CNLS system, 2-CCNLS system, GCNLS system and
two-component LSRI system. In these systems, we also specify how the degenerate bright
soliton solution arises as a special case of the nondegenerate soliton solution and point out
their fascinating energy sharing collisions.

Here A]-’s are the unit polarization vectors, Aj = 1,2, the wave

From the above expression for the one-soliton solution, it is evident that the

4. Nondegenerate Solitons and Their Collisions in Manakov System

To begin, we derive the nondegenerate bright soliton solutions of the Manakov system
(Equation (8) with 07 = 02 = 1) using the Hirota bilinear method. In order to obtain
this new class of soliton solutions, we first bilinearize the Manakov system with the
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bilinearizing transformation, g; = %, j = 1,2, where ¢g\)’s are complex functions
and f is a real function. It leads to the following bilinear forms of Equation (8), namely
(iD, + D¥)g) - f = 0,j = 1,2, D*f - f = 2¥2_, ¢¢(M* where * denotes complex

conjugation. Here, the Hirota’s bilinear operators D, and D; are defined [153] as D} D}’ (a-
m n

b) = <aaz - aaz') (gt - a"’t,) a(z,t)b(z',t') ;= y—p. Substituting the standard Hirota
series expansions for the unknown functions gi/) = eggj U géj ) + ., j = 1,2, and
f =1+¢€*fo +e*fy + ... in the above bilinear equations, one can obtain a system of linear
partial differential equations (PDEs). Here € is the series expansion parameter. These
linear PDEs arise after collecting the coefficients of the same powers of €, and they can
be solved recursively for every order of € with the general forms of seed solutions. The
resultant associated explicit expressions for ¢U)’s and f constitute the soliton solutions to
the underlying Manakov system (8).

4.1. Nondegenerate Fundamental Soliton Solution of the Manakov System

The exact form of the nondegenerate fundamental soliton solution can be obtained by
considering the two different seed solutions for the two modes as

gV =aiVen, ¢ = alPelt, py = ket +ik3z, &1 = it + iz, (14)

to the following lowest order linear PDEs, i gg) + g%)t =0,j = 1,2. In the above ky, I3,
1

ay’, j = 1,2, are distinct complex parameters. The presence of two distinct complex
wave numbers ki and /1 (k; # [, in general) in Equation (14) makes the final solution
as nondegenerate one. However, the identical seed solutions, that is the solutions (14)

with k1 = [ but different ucgj )’s j = 1,2, have been used so far to derive the vector bright
soliton solutions [35]. With the general forms of starting solutions (14), we allow the
series expansions of the unknown functions g(/) and f to terminate themselves while
solving the system of linear PDEs. We find that the series expansions become truncated as

gl) = egg ) &3 géj ) and f =1+ €>f, + €*f4. With the explicit forms of unknown functions
gg] ), f2 and fy, finally we obtain the following a new fundamental one-soliton solution for
the Manakov system,

M,
& +g 1 (@D gnrirdi+ay’y, (15a)

q1_1+fz+f4_D

(2) (2)
1 * (2)
1= § B = S el (15b)

(b=t PP AR
CERICERLE

1 2 1 2 1 2

R0 S 1 N A [l P O e A Gl 8
(ki+k)2(ky+11) 7 (ke tky)?” (h+17)? (kiHkD)2 (k] +1) () (W +7)? T
above one-soliton solution possesses two distinct complex wave numbers, k1 and /4, which

appear in both the expressions of g1 and g, simultaneously. This confirms that the obtained

Here D = 1 + et +01 4 61461402 4 ot +Ci+67+0n eAﬁ” =
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soliton solution is nondegenerate. The fundamental soliton solution (15a) and (15b) can
also be rewritten using Gram determinant forms as well [154,155],

SN Mnte
e e o o
eé]+’7] gél+§] C
k) (G (?) T e
1) — oy 2 1
8 -1 0 wwy 0 0f (16a)
0 R R
- (h+1)
0 o ¥ 0o o
St T
(kg+k*) (]?4»?) 1 0 8'71
¢ 1+7]1 ¢ 1+ 1 é
k) () (?) booe
@ _ a2 16b
8 -1 0 g O 0f (16b)
0 1 o P
B (h+17)
0 0 o - o
St gt
(k1+k*) (k]‘l’li) 1 0
L1 ££116] 0 1
(CE RO
f — 1 11 10 1 ‘“51)‘2 0 (16C)
a (ky+k3)
o 1 o [
(h+15)

The above Gram determinant forms indeed satisfy the bilinear equations as well as

the Manakov Equation (8).

To explain the properties associated with the solution (15a) and (15b), we rewrite it in

hyperbolic form as

2kirA1e'M1[cosh(&1r + ¢1r) cos ¢ + isinh(&1g + Pir) sin ¢y /]

= , (17a)
[a11 cosh(i1r + &1 + P1 + P2 + 1) + i cosh(iig — 1R + ¢2 — P1 + ¢2) ]
0= 211r Azei®ii[cosh(171r + ¢ar) cos or + isinh(n1g + $ar) sin ¢or] (17b)
[1112 cosh(nir +Cir + 1 + P2+ 1) + % cosh(mpr —Cir + ¢ — 1 + cz)] ’
1 1
_ (k-2 _ (k=12 11, (Ki=17) _ 1q.o (ki=h)(kj+1)
where an =l M2 T T 208Gy @ = OB R

(k=) 2

_ 1 1
91 = 2108 gy 92

- 2

—

(

—kp)|al) 2
108 i) (e 1)

7, MR = kir(t = 2kq1z), m1 = kit +

(K2r — K3z, Sir = hr(t —2h2), &1 = Lt + (g — 1))z, Ay = [“gl)/ﬂé?)*]l/z/ Ay =
i [tx%z) / Dé%z) *]1/ 2. Here, ¢1R, P2r, $11 and ¢y are real and imaginary parts of ¢; and ¢»,
respectively, and kg, l1r, k11 and I;; denote the real and imaginary parts of k; and /3,
respectively. The geometrical structure of the solution (17a) and (17b) is described by
the four complex parameters k1, [1, ucgj ), j = 1,2. The nondegenerate fundamental bright
soliton solution (17a) and (17b) either propagates with identical velocity k1; = I;; or with
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non-identical velocities k1; # I11 in the two modes g1 and g,. In the identical velocity case,
the quantity ¢;; = 0,j = 1,2 in (17a) and (17b) when kq; = ;. This results in the forms

2kig A1€"MI cosh +
- 1RA1 (C1R + ¢1R) . (18a)

[a11 cosh(i1r + &1r + P1 + P2 + 1) + ﬁ cosh(iig — iR + ¢2 — 1 + 2) ]

211r AreiS11 cosh +
g2 = 1R A2 (MR + ¢2r) . (18b)

[a12 cosh(iig + E1r + P14+ P2 +¢1) + % cosh(iig — 1R + 2 — P1 + ¢2) ]

where mir = kir(t — 2k1jz), ;1 = kit + (g — k3))z, &1k = hr(t — 2kyjz), &1 =
kit + (I3 — k3;)z. The amplitude, velocity and central position of the nondegenerate
fundamental soliton in the first mode are found from Equation (18a) as 2kqg, 2/1; and ‘fﬂ, re-
spectively. Similarly they are found for the soliton in the second mode from Equation (18b)
as 2I1g, 2kq; and ‘,ff—g, respectively. The solution (18a) and (18b) admits both the symmetric
and asymmetric profiles, including a double-hump, a flat top and a single-hump profiles.
We have displayed a combination of these three types of symmetric profiles (and their
corresponding asymmetric profiles also) in our recent paper [76]. However, here, we
display a typical novel double-hump, a flat top and a single-hump profile in Figure 1.

0.
o |- lai|? fi ©

0.1

g2 |
g2 |2
|21 2

30 -30 0 30

Figure 1. Symmetric intensity profiles of nondegenerate fundamental bright soliton solution (18a)
and (18b): while (a) denotes double-hump soliton in both the modes, (b) represents a flat-top in q;
mode and a double-hump in g, mode and (c) denotes a single-hump in g; mode and double-hump
in gp mode. The parameter values of each figures are: (a): ky = 0.333 +0.5{, [y = 0.315+ 0.5},
Y = 045+ 0451, al?) = 0.49 +0.45i. (b): ky = 0425+ 054, ; = 03 +0.5i, o)) = 0.44 + 0,51},
) = 0.43+05i. (¢): ky = 0.5+ 054, 1 = 0333+ 051, ") = 05+ 0.5, /> = 0.5+ 0.45i.

The symmetric and asymmetric nature of the solution (18a) and (18b) can be confirmed
by calculating either the relative separation distance between the minima of the two modes
or by finding the corresponding extremum points from it. We remark that the double-hump
formation occurs in the structure of nondegenerate one-bright soliton solution (17a) and
(17b) when the relative velocity of the solitons in the two modes tends to zero. That is
Av = v1 — vy = 2(l11 — k1) — 0. One can find the various special features associated
with the obtained nondegenerate fundamental soliton solution (17a) and (17b) further in
Ref. [76].

4.2. Nondegenerate Two-Soliton Solution

To obtain the nondegenerate two-soliton solution of Manakov Equation (8) we proceed
with the procedure given in the previous subsection along with the following seed solutions,
ggl) = txgl)e'“ + aél)e’h and ggz) = agz)eél + zxéz)e@, ;= kit + ika.z and ¢; = it + z'ljzz,
j = 1,2. We find that the series expansions for g{/), j = 1,2, and f are terminated as
g(f) = egg]) + e3g§]) + eSgé]) + e7g;]) and f = 1+€%f, +e*fy + €8 fs + €® f3. Here we assume
that all the kj’s and [ i’s,j=1,2, are distinct. The explicit forms of the obtained unknown

functions in the truncated series expansions constitute the following nondegenerate two-
soliton solution and it can be expressed using Gram determinants in the following way:
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A 1

Sl N=12 (19)

r ¢
¢N =|-1 B oT,fz‘
0 Cy O

Here the matrices A and B are of the order (4 x 4) defined as A = (A’”ml Am") ,

Anm  Apw
K K . .
B = (Kmm, K’””), m,m',n,n’ = 1,2. The various elements of the matrix A can be
nm nn’
. . i, m+Gn GntC
obtained from the fOllOWlng, Amml = W, Amn = m, Annl = éTl'*l/)’ Anm =
% +
(‘}:]',;'EZ), m,m’',n,n’ = 1,2. The elements of the matrix B are «,,,; = (fg’illf:/,)’ Kmn =
o '+ "ty
U‘f;”f]f”), Knm = %, Ky = % In the latter, the column matrices are defined as
D((l) / 0 . / / ) .12
P = ]O ;= L2 | ] =mm it = 1,21 = k]-t+1ka and ¢; = l]-t+zljz,
]

j = 1,2. The other matrices in Equation (3) are defined as ¢ = (et e ¢& 652)T,
C = _(“51) ocgl) 0 0), G = —(0 0 ocgz) aéz)), 0= (0 0 0 O) and o = Iis
a (4 x 4) identity matrix. The presence of eight arbitrary complex parameters k;, I;, zxy )
and vcg ), j = 1,2, define the profile shapes of the nondegenerate two solitons and their
interesting collision scenarios. In addition to the above, we also find that the Manakov
system also admits degenerate and nondegenerate solitons simultaneously under the wave
number restriction k1 = Iy (or ky = ;) but ky # I, (or k1 # I1). Such a special kind of
partially nondegenerate two-soliton solution can be deduced by fixing the latter wave
number restriction in the completely nondegenerate two-soliton solution (19). This partially
nondegenerate soliton solution can also be derived through the Hirota bilinear method. To

derive this solution one has to assume the following seed solutions, ggl) = vcgl)e'ﬁ + ocgl)e’72
and ggz) = 0652)6}71 + zxéz)egz, 1 = kit + ikJZ-z and & = bt +il3z, j = 1,2, in the solution
construction process. The resultant coexistence soliton solution and its dynamics are

characterized by only seven complex parameters k;, I, zx%j ) and aéj ), j=12

4.3. Various Types of Collision Dynamics of Nondegenerate Solitons

In order to understand the interesting collision properties associated with the nonde-
generate solitons, one has to analyze the asymptotic forms of the complete nondegenerate
two-soliton solution (19) of the Manakov equation. By doing so, we observe that the
nondegenerate solitons in general exhibit three types of collision scenarios, namely shape
preserving, shape altering and shape changing collision behaviors, for either of the two
cases (i) Equal velocities: k1j = I11, ko; = Ip; and (ii) Unequal velocities: k1; # l1, ko1 # Io;.
To facilitate the understanding of these collision properties, here we present the asymptotic
analysis for the case of equal velocities only and it can be performed for unequal velocities
case also in a similar manner.

4.3.1. Asymptotic Analysis

We perform a careful asymptotic analysis for the nondegenerate two soliton solu-
tion (19) in order to understand the interaction dynamics of the nondegenerate solitons
completely. We deduce the explicit expressions for the individual solitons at the asymptotic
limits z — +oo. To explore this, we consider as a typical example kjg,lir > 0,j = 1,2,
kir > kop, lir > by, ki1 = iy and ky; = Ipg, that corresponds to head-on collision between
the two nondegenerate solitons. In this situation, the two fundamental solitons S; and S
are well separated and subsequently the asymptotic forms of the individual nondegenerate
solitons can be deduced from the solution (19) by incorporating the following asymptotic
nature of the wave variables §;r = lir(t — 2I;;z) and 17;r = kjr(t — 2k;1z), j = 1,2, init. The
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wave variables 77;r and ¢;r behave asymptotically as (i) Soliton 1 (51): 71r, §1r = 0, 12r,
Cor — Foo as z F oo and (ii) Soliton 2 (S3): #2r, Cor = 0, 771r, §1r — F oo as z £ co. Corre-
spondingly, these results lead to the following asymptotic expressions of nondegenerate
individual solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic forms of q; and g, are deduced from the two soliton
solutions (19) for soliton 1 as below:

ZA%_klRei”H cosh(¢ir +¢;)
[a11 cosh(mr + Gir + 7 +¢5 +c1) + % cosh(iig — &R + ¢ — ¢1 +¢2)]

q1 = . (20a)

2A%711Rei¢11 CoSh(UlR + (PE)

12 = - 7 — . (20b)

[a12 cosh(i1r + E1r + ¢; + 5 +c1)+@cosh(qu—§1R+¢2 —¢] +c2)]
Here, oy = GoDb g, o GEHL o e (iRl
S T A et 9 2198 G 1) (17

_ (12 * B
¢, = %lo %, A%* = [agl)/agl) ]1/2 and A%’ = i[oéz)/zxgz) }1/2. In the lat-
1 1

ter, superscript (1—) represents soliton S; before collision and subscript (1,2) denotes the
two modes q; and ¢, respectively.

Soliton 2: The asymptotic expressions for soliton 2 in the two modes before collision turn
out to be

2k2RA%*ei(’721+91_) cosh(éor + @7 )
[azl cosh(mr + Gor + ¢+, + c3) + % cosh(mor — Cor + ¢, — ¢ + 64)]

q =~ , (21a)

leRAéfei@ﬂ*ezf) cosh(i2r + @5 )
(a2 cosh(ior + Eor + @1 + @5 +¢3) + % cosh(ior — Cor + @5 — @ +¢4)]

g2 =~ . (21b)

1 1
ks—13)2 (k5—13)2 1 (k3—13) 1 (ka—h) (k3+12)
In the above, a :(27201 =2 27" 3= 5log 22,04 = 5 log 22
, 21 (k;+lz)%' 2 (k2+z;)%' 3= 2708 (1,=k,)’ 4 = 298 (k) (ky+13)’
_ (2)2 2 4 _ (1)2
- _ 1 (ka—lo)]ay”’| _ 1 k1= |* |l 1| - _ 1 (h—k) o5 |
¢y = zlog Uat5) (h+13)2 + ¥, ¥1 = jlog latl 2 P2 = 2log (G+1) (kp +K3 )2
1 1
1 ko=l |*lki—ko|*  ig- (k1 —ko) (=) (15 +1) (ko —11) 2 (k1 +k3) (k3 +11) 2 2—
Yo, Y2 = jlog i, ¢ = R RS R AR <
1 2 (kl_kz)(ll+lz)(ll _12)(k2_11)2(k1+k2)(k2+11)2

1 1
M), W 172 42— _ 1.2 .2 1172 ie; . (i—hb)(ki—h)2 (ki +15)2 (h+13) :
ay ' / AT = as” /e ,e2 = . Here, superscript
(02" /oy ] 2 =l /e7 ] (ki —15) 2 (5 —15) (K +12) 2 (I3 +12) P P

(2—) refers to soliton S, before collision.
(b) After collision: z — +o0

Soliton 1: The asymptotic form for soliton 1 after collision is deduced as,
2k1RA%+el(’711+91+) COSh(ClR + (Pi"‘)
[a11 cosh(ipir + 1R + ¢ + ¢ +c1) + i cosh(ir = Gir + 3 — @1 +¢2)]
; +
211 g A2 elGut0) cosh(i1k + @)

q1 = . (22a)

1~ . (22b)
[a12 cosh(mig + &R + ¢F + 5 +c1) + % cosh(ig — C1r + @5 — ¢7 +2)]
+ - = llge le=hPlh-b* o= T
Here, 4)1 = (Pl + 1IJ1, 1/Jl - 2 10g \k2+ll*|2\11+l§‘\4’ 4)2 1 - 4’2 + 1/12’
_ 1o k=l 2 [ky —ka|* ol _ (k1—ka) (k1 —12) 2 (k] +ko) (K] +12) 2
¥2 2 108 [k, 173 Pk +h5 2 (k{—k;)(k{—l;)%(k1+k§)(k1+lz*)%
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1 * 1 * * *
it — (11:12)(52*11)2 (k2+11)2l(11 +h) ) A%+ _ [agl) /agl) ]1/2 and A%+ — [a&Z) /0452) 1172, in
(5 =17)2 (I =15) (k3 +1) 2 (h +13)

which superscript (1+) denotes soliton S; after collision.
Soliton 2: The expression for soliton 2 after collision deduced from the two soliton solu-
tions is

o~ 2A%+k2R€i”2[ COSh(CzR + q)f) (23a)
[azl cosh(mr + Gor + QDT_ + QDS_ +c3)+ % cosh(mar — Gor + (P;_ — QD;_ + 64)]

2A3 " Ipge® cosh(rar + @5 )

[a22 cosh(mar + Cor + QDT + (P;_ +c3) + % cosh(mr — Gor + QDI — QDT + 64)]

, (23b)

where ¢|" = %log

()P 4+ 1 R A k2~ 2Jas") |2]al 2
Gt ) (2 92 = 2108 it g 95 = 2198 [Pt 7R R (B 5
(1)2 *\2 * *
¢f = %log 7“0‘(22)“2((;21?*))2, AT = [aél)/lxgl) ]'/2 and A3" = i[zxgz)/(xéz) ]2, In the latter,
& 27Ky
superscript (2+) represents soliton S, after collision.

In the above, 17;; = kj;t + (kJZ-R — kJZ-I)z, Gt =Lt + <l]2R — ljzl)z,j = 1,2, and the phase
terms ¢, j = 1,2, can also be rewritten as ¢; = ¢ +¥1, ¢, = @3 + ¥2. The above
asymptotic analysis clearly shows that there is a definite drastic alteration in the phase
terms only. It can be identified from the following relations among the phase terms before
and after collisions. That is,

O =7+, 3 =+, 0f =07 — Y1, 93 = ¢; — T2 (24)

The above relations imply that the initial structures of the nondegenerate two solitons
are preserved except for the phase terms. From this, we infer that they undergo either
shape preserving collision with zero phase shift or shape changing collision with a finite
phase shift. In addition to this, a special shape altering collision can also occur with a small
phase shift. The zero phase shift condition, deduced from Equation (24), turns out to be

9 =97 9 =9, j=12 @)

In order to follow the above condition, the additional phase constants lpj’.s and Y¥;’s
should be maintained as zero. That is,

1 ky — I 2|1y — L |* 1 kg — L *|ky — ko |*
f— 71 :O’ = —1 :0. 26
Y1 =751l08 ko + L 2|1y + I3 2= lo8 Ik + 15 2y + K3 % (26a)
1 |k = b*lh —bf* 1 |k = L[k —kof*
L — =0,%Y == =0. 26b
YT 20 + BRI + B 2T 28y 2k + K (26b)

From the above, we deduce the following criterion, corresponding to the condi-
tions (25), for the occurrence of shape preserving collision with zero phase shift,

k2 + 132

- ki + 131>
ko — L[> |k —D)?

=0. (27)

As a result, whenever the conditions (25) or equivalently the criterion (27), are satisfied
the nondegenerate bright solitons exhibit shape preserving collision with a zero phase shift.
Otherwise, they undergo shape altering and shape changing collisions, as discussed in the
following. Furthermore, the shape changing (and altering) collision scenario also belongs
to the elastic collision as we describe below.
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The above analysis clearly demonstrates that during the collision process the initial
phase of each of the soliton is changed. The total phase shift of soliton S; in the two modes
after collision becomes

AL = (pf +¢3) — (¢1 + 7)) = 1+ 12
N e N L S

=1 .
2 8 \ky + B2 + 15 3y + 15 2y + kg3

(28a)

Similarly the total phase shift suffered by soliton S, in the two modes is

AP, = (¢f +95)— (97 +95) = —(¥1+¥2)

k1 — L1211y = L|*ko — 11| |k; — ko |*
k1 — b|* |l = B*[ky — 11 ]*[k 2'=%%+%%*¢%-%M

1
=—=-1Io
2 %8 Yy + 2L + 1 ks + 1 Plks + k2
From the above expressions, we conclude that the phases of all the solitons are mainly
influenced by the wave numbers k; and [;, j = 1,2, and not by the complex parameters
agj )’s and ocy ) ’s, j = 1,2. This peculiar property of nondegenerate solitons is different in
the case of degenerate vector bright solitons [35,36], see also Section 4.6 below, where the
complex parameters agj )’ and ocg] ) ’s, associated with polarization constants, play a crucial
role in shifting the position of solitons after the collision.

4.3.2. Elastic Collision: Shape Preserving, Shape Altering and Shape Changing Collisions

From the above asymptotic analysis, we observe that the intensities of nondegenerate
solitons S and S; in the two modes are the same before and after collision in the equal
velocities case, k1 = I17 and ko = Ip;. To confirm this, we calculate the transition intensities

. Alt Al+|2
. . . . R T 12 _ A7)
(using the expressions for the transition amplitudes T] =g hj= 1,2), |Ty|> = nEE
j
A1+ 2 A2+ 2 2 A2+ 2 . .
Ty = :A%*:Z’ |T?|? = }Aé,:2 and |22 = 2:A%*}2' The various expressions deduced for
2 1 2

the different Aj"s previously confirm that the transition intensities are unimodular. That

is, |T]l |2 =1,j,1 =1,2. Thus, the collision scenario that occurs among the nondegenerate
solitons, in general, is always elastic. So, the nondegenerate solitons, for ki; = 11, ko; = Ioj,
(but k1 # 11, ko # Ip) corresponding to two distinct wave numbers in general undergo
elastic collision without any intensity redistribution between the modes g1 and g,. However,
it is clear from Equation (24), that the changes that occur in the phase terms do alter the
structure of the nondegenerate solitons during the collision scenario. Consequently, there
is a possibility of shape altering and shape changing collisions occurring, without violating
the unimodular conditions of transition intensities, in the equal velocities case, apart from
the earlier mentioned shape preserving collision. A typical shape-preserving collision is
displayed in Figure 2, in which we set two well separated symmetric double-hump soliton
profiles as initial profiles in both the modes at z = —10. The initial structures of the two
double-hump solitons are preserved after the collision. It is evident from the dashed red
curves drawn at z = +10 in Figure 2. In addition to this, we have also verified that the
wave parameters k; and [;, j = 1,2, that are given in the caption of Figure 2, satisfy the
zero phase shift criterion (27). The obtained numerical value from Equation (27) is equal
to —0.0064 (nearly equal to) 0. This value physically implies that during the collision the
two double-humped nondegenerate bright solitons pass through one another without a
phase shift and emerge from the collision unaltered in shape, amplitude and velocity. This
remarkable property has not been observed earlier in the cases of scalar NLS bright solitons
as well as in the degenerate vector bright solitons [35,36]. Very interestingly, a similar zero
phase shift shape preserving collision also occurs even when the symmetric double-hump
soliton interacts with an asymmetric double-hump soliton. Such collision is illustrated
in Figure 3.
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Figure 2. Shape preserving collision of two symmetric double-hump solitons—the energy is not
exchanged among the nondegenerate solitons during the collision process. The parameter values
are ki = 0333 4 05, I} = 0315+ 0.5, ky = 0315 — 2.2, I, = 0.333 — 2.2i, al") = 0.45 4 0.45/,
) = 049 + 0450, o) = 0.49 + 0.45 and a?) = 045 + 0.45i.

In this case, the total intensity of each soliton is conserved which can be verified from
the relations |A;-_ > = |A§-Jr 2, j,1 = 1,2. In addition to this, the total intensity in each of the

modes is also conserved, that is \Ajlf 1+ \A]zf |> = \A}ﬂz + \Ajz.ﬂ2 = constant.
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Figure 3. Shape preserving collision between a symmetric double-hump soliton and an asymmetric
double-hump soliton: the parameter values are ky = 0.333 + 0.5i, [; = 0.315+ 0.5i, k, = 0.315 — 2.2i,
I = 0333 — 2.2i, al") = 045 1 0.45i, ") = 2.49 + 2.45i, ! = 0.49 + 0.45i and &?) = 0.45 + 0.45i.

Then, we also come across another type of elastic collision, namely shape altering
collision for certain sets of parametric choices again with k;; = Ij; and ky; = Ip;. To
demonstrate this collision scenario in Figure 4, we fix the parameter values as k1 =
0.425 + 0.5, I} = 03+ 05, ky = 0.3 —2.2i, [, = 0425 — 2.2i, a\") = &) = 054 0.5

(1) (2)

and a, * = a;”’ = 0.45+ 0.5i. From this figure, one can observe that a symmetric (or
asymmetric) flattop soliton collides with an asymmetric (or symmetric) double-hump
soliton in the g1 (or g») component. As a result, the symmetric flattop profile in the
g1 mode is modified slightly as the asymmetric flattop profile and slightly asymmetric
double-hump soliton S, becomes a symmetric double-hump soliton. Similarly, while the
symmetric double-hump soliton S| in the g mode changes slightly into an asymmetric
structure, the asymmetric flattop soliton S, becomes symmetric. As we pointed out earlier,
this kind of shape alteration essentially arises in the structures of nondegenerate bright
solitons is due to the phase conditions (24). However, the shape preserving nature of the
nondegenerate solitons can be brought out by taking appropriate position shifts based on
the expressions (22a) and (22b) and (23a) and (23b). For example, the expressions (22a)
and (22b) of soliton 1 after collision exactly coincide with the expressions (20a) and (20b)
after substituting z’ = z — 5 lllﬁlku andz' =z — %, respectively, in it. Similarly, for the
soliton 2, the expressions (23a) and (23b) exactly match with the expressions (21a) and
(21b) after taking the position shifts 2’ = z + 212‘171,(21 andz' =z + %, respectively, into
account. Correspondingly, the shapes of the nondegenerate solitons are preserved. A
typical example of this transition is illustrated in Figure 4c,d, where the initial profiles are
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retained after taking the shifts in the positions of solitons. This is also true in the case of
shape changing collision. Here, we have not displayed the shape changing collisions and
their corresponding position shift plots for brevity.
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Figure 4. (a-d) A typical shape altering collision is displayed in the top panels. Their corresponding
shape preserving nature is brought out in the bottom panels after taking a pair of position shifts,
(@ =z— 5l =123053,2' =z — pl2 =1227)and (z/ = 2+ yob = 12.0614,2 = 2+ yi2 =
12.0694) in the expressions (22a) and (22b) of soliton 1 and the expressions (23a) and (23b) of soliton 2,

respectively.

4.4. Collision between Nondegenerate and Degenerate Solitons

In this sub-section, we discuss the collision among the degenerate and nondegenerate
solitons admitted by the two-soliton solution (19) of the Manakov system (8) in the partial
nondegenerate limit ky = I; and ky # ;. The following asymptotic analysis assures that
there is a definite energy redistribution occurs among the modes q; and g».

4.4.1. Asymptotic Analysis

To elucidate this new kind of collision behavior, we analyze the partially nondegener-
ate two-soliton solution (19) in the asymptotic limits z — F-oo. The resultant action yields
the asymptotic forms corresponding to degenerate and nondegenerate solitons. To obtain
the asymptotic forms for the present case we incorporate the asymptotic nature of the
wave variables 7;r = kjr (t — 2k;z) and {or = br(t — 2I21z), j = 1,2, in the solution (19).
Here the wave variable #1r corresponds to the degenerate soliton and #r, §or correspond
to the nondegenerate soliton. In order to find the asymptotic behavior of these wave
variables we consider the parametric choice as kg, kor,lor > 0, ki; > 0, kop, Iy <0,
kir > ko1, k11 > Ip;. For this choice, the wave variables behave asymptotically as follows:
(i) degenerate soliton Sq: #1r ~ 0, 72r,G2r — Fo0 as z — Foo (ii) nondegenerate soliton
S2: 2R, Gor ~ 0, 1 — £ as z — too. By incorporating these asymptotic behaviors of
wave variables in the solution (19), we deduce the following asymptotic expressions for
degenerate and nondegenerate solitons.

(a) Before collision: z — —o0

Soliton 1: In this limit, the asymptotic form for the degenerate soliton deduced from the
partially nondegenerate two soliton solution (19) is

1—

o [ ) e sec Ry iz1,2 29

qj =~ e 1re"M sec (771R+§),]— .2, (29)
2

. 121,22
_ 1 2 . + . _
where A]l _ ag])/(lag )|2 + |0c§ )|2)l/2,] =1,2,R=1n %}J;‘)&H, Here, in Ajl» the

superscript 1— denotes soliton 51 before collision and subscript j refers to the mode number.
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Soliton 2: The asymptotic expressions for the nondegenerate soliton S, which is present in
the two modes before collision are obtained as

g1 =~ Zk'zll;q% (ei@’“\l cosh(mar + M) + itz cosh (&R + A2 ; M )), (30a)
qo =~ 2121{[;‘13_ <ei”21+A7 cosh (&R + w) + e+ 8 cosh(pr + M g As )) , (30b)
D = e cosh(ag — G + 225 4) + ¢ coshli(ar - Gar) + P25 P2)
+e™ cosh(1ar + 73R + As ; R).
Here, A%_ = [ocgl)/zxél)*]l/z, AL = [ucg)/«xéz)*]l/z. In the latter the superscript 2—

denote nondegenerate soliton S, before collision. The various other constants appearing in
Equation (30) are defined in the Appendix A.

(b) After collision: z — +o0

Soliton 1: The asymptotic forms for degenerate soliton S; after collision deduced from the
solution (19) (with ky = 1 and ky # 1) as,

1+
1 R —
q; = ( ) imito; )klR sech(n1r + %), i=12, (31)
Al+
2
1 2 2 1) 2
where A1+ _ txl (|[x )|2 +X\f¥§ )‘2)1/2, A%Jr _ “5 )/(‘“5 )‘2 1 |tx )|2)1/2 1: (ke -
Pl + P/ (k= kPl + 5P, o6 = kllitelbh) (i)
(k5 =k5) (k1 +k5) (K =13) 2 (k1 +15) 2

1

(ki +k2) 2 (k1 —b) (k] +1)
1 )

(ky+k3) 2 (ki —15) (ky +15)

eit — (k1—k2)
(K —k3)
ter collision.

NI=| M=

. Here 1+ in A%J“ refers to degenerate soliton S; af-
Soliton 2: Similarly the expression for the nondegenerate soliton, Sy, after collision deduced
from the two soliton solution (19) (with k; = I; and ky # I5) is

Dkern A2 pit21 h +A22—P1
g~ 2RAT € cosh(gar ) . (32)

T
[inlz)f cosh(#ar + Cor + %) + LZH )f cosh(#or — Cor + Rs— Ré)]
(k3+12)2 ky—lp)2
2] A2Jr 121 cosh + ;lzz Lo
2= (ki—15)2 - (k(zzzR) : - )
(2221 cosh(n2r + Cor + *22) + =222 cosh(mar — 8ok + Ra_Rs )]
(kp+15)2 (kp—12)2

where p; = logzxg),] =12 A" = [zxgl)/zxgl)*]l/z, AZT = i[zxgz)/ucéz)*]l/z. The explicit
expressions of all the undefmed constants are given in Appendix A.

4.5. Degenerate Soliton Collision Induced Shape Changing Scenario of Nondegenerate Soliton

The coexistence of nondegenerate and degenerate solitons can be realized from the
partially nondegenerate limit of the soliton solution (19) (with k; = I; and ky, # I).
Such coexisting solitons undergo a novel collision property, which has been illustrated
in Figure 5. From this figure, one can observe that the intensity of the degenerate soliton
51 is enhanced after collision in the g; mode and it is suppressed in the g, mode. As
we expected, like in the complete degenerate case [35,41], the degenerate soliton under-
goes energy redistribution among both the modes. In this case, the polarization vectors,

Al = txl (\al \2 + |1Jc1 12)1/2,1,j = 1,2, play a crucial role in changing the shape of the
degenerate solitons under collision, where the intensity redistribution occurs between the
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modes g1 and g,. As we have pointed out below in the next subsection, the shape preserv-
ing collision arises in the pure degenerate case when the polarization parameters obey
1 2 .

the condition, % = %, where oc(] )
polarization vectors as éiven above. However, this collision property is not true in the case
of nondegenerate solitons as we have depicted in Figure 5. As a result, the nondegenerate
soliton S, switches its asymmetric double-hump profile into a single-hump profile along
with a phase shift. In addition, we also noticed from the asymptotic expressions (30a)
and (30b) and (32a) and (32b), that the asymmetric double-hump profile of nondegenerate
soliton is transformed into another form of an asymmetric double-hump profile when it
interacts with a degenerate soliton for a specific choice of parameter values. In the non-
degenerate case, the relative separation distances (or phases) are in general not preserved
during the collision. Therefore the mechanism behind the occurrence of shape preserving
and shape changing collisions in the nondegenerate solitons is quite new. These novel
collision properties can be understood from the corresponding asymptotic analysis given
in the previous subsection. The analysis reveals that energy redistribution occurs between
the modes q; and g;. In order to confirm the shape changing nature of this interesting
collision scenario, we obtain the following expression for the transition amplitudes,

7'’s, i,j = 1,2, are complex parameters related to the

SO (L el g O (. el Ol -
(a2 4 x[aP2)172 (el 2p1 + [P 2172

In general, the transition amplitudes are not equal to unity. If the quantity T]l is not
unimodular (for this case the constant y # 1), then the degenerate and nondegenerate
solitons always exhibit shape changing collision. The standard elastic collision can be
recovered when x = 1. One can calculate the shift in the positions of both degenerate
and nondegenerate solitons after collision from the asymptotic analysis. This new kind
of collision property has not been observed in the degenerate vector bright solitons of the
Manakov system [35,41].

Figure 5. Shape changing collision between a degenerate and nondegenerate soliton: k; =1; =141,
ks =1—1il = 15— 050l =08+08i,al? = 0.6+ 0.6i, al!) = 0.25+0.25,al? = 1+1i.

4.6. Degenerate Bright Solitons and Their Shape Changing/Energy Redistribution Collision in the
Manakov System

The already reported degenerate vector one-bright soliton solution of the Manakov
system (8) can be deduced from the one-soliton solution (15a) and (15b) by imposing the
condition k; = [ in it. The forms of q; given in Equations (15a) and (15b) degenerate into
the standard bright soliton form [35,41]

I 34
q]_W/]_rr ( )

which can be rewritten as

P R
q; = k1RA]‘€”7“ sech(111R +

E)f (35)
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where 771R‘ = klR(t — ZkUZ), M1 = kllt + (k%R — k%I)Z,
A oy R _ (o P+la? )

S T
bright soliton always propagates in both the modes g; and g, with the same velocity 2ky;.
The polarization vectors (A;, A;)* have different amplitudes and phases, unlike the case
of nondegenerate solitons where they have only different unit phases. The presence of
a single wave number k; in the solution (35) restricts the degenerate soliton to have a
single-hump form only. A typical profile of the degenerate soliton is shown in Figure 6. As
already pointed out in [35,41], the amplitude and central position of the degenerate vector
bright soliton are obtained as 2k; RAj, j=12and %, respectively.

, j = 1,2. Note that the above fundamental
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Figure 6. Degenerate one-soliton of the Manakov equation: the values of the parameters are k; =
0.3+ 0.5, a{") = 1.5+ 1.5, al? = 05+ 0.5i.

Furthermore, the degenerate two-soliton solution can be deduced from the nondegen-
erate two-soliton solution (19) by applying the degenerate limits k; = [ and ky = I5. This
degenerate two-soliton solution of the Manakov system is obtained in [35]. The two-soliton
solution can be compactly written in terms of Gram determinants as

g(j) )
q; = 7, ji=12, (36a)
where
A11 A12 1 0 el
Ay Apn 0O 1 e ﬁn ilz 1
gh=| -1 0 By By 0| f=|%1 A2 BO s | @)
0 -1 By By 0 _0 1 Bll B 2
(1) ) - 21 b2
0 0 —uy —ay 0
e ("‘](-1)"‘51)* +oc](.2)zxf2)*)
in which A;; = ——, and B;j = x;; = i,j = 1,2. The above

kl-—i—k]’f' (kj +k5) ’

degenerate bright two-soliton solution is characterized by six arbitrary complex parameters
ki, ky o) and o), j = 1,2.

By fixing the wave numbers as k; = I;,i = 1,2, ..., N, the N degenerate vector bright

soliton solution can be recovered from the nondegenerate N-soliton solutions. In passing

we, also note that the nondegenerate one-soliton solution (15a) and (15b) can arise when we

fix the parameters rxgl) = agz) = 0 in Equations (36a) and (36b) and rename the constants

(2) (2)

ko as Iy and a; * as a;” in the resultant solution. We also note that the above degenerate
two-soliton solution (36a) and (36b) can also be rewritten from the Gram determinant forms
of the nondegenerate two-soliton solution (19).

As reported in [35,36,41], the degenerate fundamental solitons (k; = [;, i = 1,2) in
the Manakov system undergo shape changing collision due to the intensity redistribution
among the modes. The energy redistribution occurs in the degenerate case because the
polarization vectors of the two modes combine with each other in a specific way. This shape
changing collision is illustrated in Figure 7 where the intensity redistribution occurs because
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of the enhancement of soliton S; in the first mode and the corresponding suppression of
the intensity of the same soliton in the second mode. To hold the conservation of energy
between the modes, the intensity of the soliton S is suppressed in the first mode and it is

enhanced in the second mode. The standard elastic collision occurs (as already noted) for
) @)
the very special choice of parameters, namely % = 2—2> [35,36].

Figure 7. Shape changing collision of the degenerate two-solitons: k; = I = 1+1i,ky = I =
151 — 1517, a{") = 05+ 05i,a") = al? = af? = 1.

4.7. Possible Experimental Realization of Nondegenerate Solitons

To experimentally observe the nondegenerate vector solitons (single hump/double
hump solitons) in the Manakov system, one may adopt the mutual-incoherence method that
has been used to observe the multi-hump multi-mode solitons experimentally (Ref. [50]).
The Manakov solitons (degenerate solitons) can also be observed by the same experimental
procedure with appropriate modifications (Ref. [37]). In the following, we briefly envisage
how the procedure given in Ref. [50] can be redesigned to generate the double-humped
nondegenerate soliton as it has been discussed in our work [76].

To observe the nondegenerate vector solitons experimentally, it is essential to consider
two laser sources with different properties so that the wavelength of the second laser beam
is different from the first one. Using polarizing beam splitters, each one of the laser beams
can be split into ordinary and extraordinary beams. The extraordinary beam coming out
from the first source can be further split into two individual fields F;; and Fj, by allowing
it to fall on a beam splitter. These two fields are nothing but the reflected and transmitted
extraordinary beams coming out from the beam splitter. The intensities of these two fields
are different. Similarly, the second beam which is coming out from the second source can
also be split into two fields F»1 and Fy; by passing through another beam splitter. The
intensities of these two fields are also different. As a result, one can generate four fields
that are incoherent to each other. To set the incoherence in phase among these four fields,
one should allow them to travel a sufficient distance before the coupling is performed.
The fields Fj; and Fj» now become nondegenerate two individual solitons in the first
mode, whereas Fp; and Fy form another set of two nondegenerate solitons in the second
mode. The coupling between the fields Fj; and F,; can be performed by combining them
using another beam splitter. Similarly, by suitably locating another beam splitter, one can
combine the fields F; and F»y, respectively. After appropriate coupling is performed, the
resultant optical field beams can now be focused through two individual cylindrical lenses
and the output may be recorded in an imaging system, which consists of a crystal and CCD
camera. The collision between the nondegenerate two-solitons in both the modes can now
be seen from the recorded images.

To observe the elastic collision between double-humped nondegenerate solitons, one
must make arrangements to vanish the mutual coherence property between the solitons
Fi1 and Fj; in the first mode q; and Fp; and F,; in the second mode g, (Ref. [37]). The
four optical beams are now completely independent and incoherent with one another.
The collision angle at which the nondegenerate solitons interact should be sufficiently
large enough. Under this situation, no energy exchange is expected to occur between the
nondegenerate solitons of the two modes. This experimental procedure can also be used
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to realize multi-humped nondegenerate vector solitons in the N-CNLS system but with
appropriate modification in the initial conditions.

4.8. Multi-Humped Nondegenerate Fundamental Bright Soliton Solution in N-CNLS System

In this sub-section, we explore the existence of the nondegenerate fundamental bright
soliton solution for coupled multi-component nonlinear Schrédinger equations of Man-
akov type [36,82]. Here, we intend to point out the multi-hump nature of the nonde-
generate fundamental solitons in the following system of multi-component nonlinear
Schrodinger equations,

N
igj+qi +2 ) lapl’q; =0, j=12..,N. 37)
p=1

Here, straight away we provide the nondegenerate fundamental soliton solution of
the above N-CNLS system, which is derived through the Hirota bilinear method. We note
that for detailed derivation one can refer to our recent paper [82]. The nondegenerate

/)
fundamental bright soliton solution q; = %, j=1,2,..,N, of the N-CNLS system written
in a more compact form using the following Gram determinants

A I ¢
A I
¢gN =| -1 B OT'f:‘—I 5 | (38)

0 Cy O

where the elements of the matrices A and B are

e’7i+’7j* l/J+Ul[J
A= Be—m = 11T - _ (1) (2) (N)
ij (kl’+k;-“)/ ij K]z (k?%k])/ CN (Dél , 0(1 PR (Xl )1

. T
1P] = ( 0(§1>, 0(52), ey IXEJ) ) /(P: ( e”/l/ 6172/ ceey 617” )le/nzllzl“/N'

In the above, g(N) and f are ((22N) + 1) and (22N)th order determinants, respectively.
When j # i, the elements «j; in the square matrix B do not exist (xj; = 0). Then, in the
above fundamental soliton solution T denotes the transpose of the matrices ¢; and ¢, *
represents transpose complex conjugate, o = I is an (n X n) identity matrix, ¢ isa (n x 1)
column matrix, 0 is a (1 x n) null matrix, Cy is a (1 X n) row matrix and ¢ represents a
(n x 1) column matrix. Furthermore, for a given set of N and j values, the corresponding
elements only exist and all the other elements are equal to zero in ¢; and Cy matrices.
We have verified the reliability of the nondegenerate fundamental soliton solution (38) by
substituting it into the bilinear equations of the N-CNLS system along with the following

. . . oa; i oa; i
derivative formula of the determinants, %—Af = Yi<ij<n a—f% = Yi<ij<n A j» where
<ij< . <ij< .

A;;’s are the cofactors of the matrix M, the elementary properties of the determinants
and the bordered determinant properties [153,155]. This action produces a pair of Jacobi
identities and thus their occurrence confirms the validity of the obtained soliton solution. A
multi-hump profile nature is a special feature of the obtained nondegenerate fundamental
soliton solution (38). Such multi-hump structures and their propagation are characterized
by 2N arbitrary complex wave parameters. The fundamental nondegenerate soliton admits
a very interesting N-hump profile in the present N-CNLS system. The number of peaks or
humps in the intensity profile of the nondegenerate fundamental soliton solution of the
N-CNLS system is essentially equal to the number of wave numbers or equivalently the
number of components involved. In this system, in general, the nondegenerate solitons
propagate with different velocities in different modes but one can make them propagate
with identical velocity by restricting the imaginary parts of all the wave numbers kj,
j =1,2,..,N, to be equal. We wish to note that the degenerate fundamental bright
soliton solution of the N-CNLS system can be obtained by setting all the wavenumbers k; ,
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j=1,2,..,N,asidentical, kj =ki,j=1,2,..,N. It leads to single-hump intensity profiles
only in all the modes [36]. Very interestingly, the N-CNLS system (9) also admits a special
kind of multi-humped partially nondegenerate fundamental soliton solution for a smaller
number of restrictions on the wave numbers, as we have explained in [82]. Consequently,
in this partially nondegenerate case, the number of humps is not equal to the number of
components.

In order to indicate the multi-hump nature of the nondegenerate soliton, here we
demonstrate this special feature in the case of 3-CNLS and 4-CNLS systems. As a specific
example, we can easily check that this multi-parameter solution admits a novel asymmetric
triple-hump profile in the case of the 3-CNLS system when we fix the velocity as ki; =
kor = k31 = 0.5. The other parameter values are chosen as k1g = 0.53, kpr = 0.5, kg = 0.45,

Y =065+ 0.65i, a2 = 0.45 — 0.45 and a!* = 0.35 + 0.35i. In Figure 8a, we display the
asymmetric triple-hump profiles in all the components for the above choice of parameter
values. Then, the nondegenerate one-soliton solution in the 4-CNLS system exhibits
an asymmetric quadruple-hump profile in all the modes. This novel quadruple-hump
profile is displayed in Figure 8b for the parameter values k; = 0.48 + 0.5i, ko = 0.5+ 0.5i,
ks = 0.53+ 0.5i, ks = 0.55 4 0.5i, a\") = 0.65 + 0.65i, &) = 0.55 — 055, ) = 0.45 + 0.45i

and zx§4) = 0.35 — 0.35i. We remark that the nondegenerate fundamental soliton solution

reduces to a double-humped partially nondegenerate soliton by considering a restriction
k] = kz (OI‘ kz = kg) [82].

0.15 0.14 (b)

lg;]?
lgy1?

Figure 8. (a) Denotes triple-hump profile of the nondegenerate fundamental soliton in the 3-CNLS
system and (b) represents a quadruple-humped nondegenerate soliton profiles in the 4-CNLS system.

In general, to derive nondegenerate N-soliton solution of the N-CNLS system, we

. . . j N 0 1
have to consider a more general form of the starting solutions ggj ) = YN, ocl(] Jelh , 171(] ) =

kl(j)t + ikl(j)zz to the lowest order set of N linear PDEs iggjl + g??t =0,7=1,2,..,N. This
choice of initial seed solutions yields a very complicated nondegenerate N-soliton solution.
We do not provide the details of this intricate form here for brevity and they will be

published elsewhere.

107

Figure 9. The singular double-hump profiles of the nondegenerate one-soliton solution (39a) and
(39Db) of the mixed 2-CNLS system.

5. Nondegenerate and Degenerate Bright Solitons in the Mixed 2-CNLS System

This section is essentially devoted to showing the existence of nondegenerate fun-
damental bright solitons in the mixed 2-CNLS system or Equation (8) with o5 = 41 and
07 = —1. In this section, we also point out how the degenerate fundamental bright soliton
can be captured from the obtained nondegenerate one-soliton solution and indicate its
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energy sharing collision. In order to write down the analytical form of the nondegenerate
fundamental soliton solution, one has to follow the same procedure that has been adopted
to derive such a solution in the case of the Manakov system. Since the solution construction
methodology has been extensively described in References [75-77] and in the earlier section,
here we immediately present the explicit form of the nondegenerate fundamental soliton
solution of the mixed 2-CNLS system. It reads as

(1 (1)
g = % = S(afVen 4 entitinaly, (39a)

2 (2)
+ 1 * ()
2= Tg T f §‘3f4 = S (afefr pembritiar), (39b)

 (k—t)adVal? 2
GERIUE L

2 1 2
0P nd et = Pl Rl 2

1 2 1
P T 0] Y S N ¥l L A

(k1 +5)2 (k5 +1) 7 (k1 +k7)2” (h+1})? (k1 k)2 [y + I P (I +15)2°
(/)

Like in the Manakov system, the two complex parameters a;"’’s, j = 1,2, and the two wave
numbers ki, and /; describes the behavior of the above general form of the one-soliton
solution (39a) and (39b). By rewriting the solution (39a) and (39b) in hyperbolic form, as
has been done in Equations (17a) and (17b), we find that the amplitude, velocity and cen-
1y (hkle?P)

2Lk — 2R (ki +15) (I +15)27
respectively. In the second mode, the amplitude, velocity and central position of the
1w a=hldVP)

2ir 08 ki) (ki 1k, 2
mixed 2-CNLS system too, the nondegenerate fundamental soliton propagates in the
two modes either with identical velocity (v; = v = 2kq;) or with non-identical velocity
(v1 = 2k11 # vy = 2I11) depending on the restriction on the imaginary parts of the wave
numbers k1 and /. The solution (39a) and (39b) always shows singular behavior due to
the presence of the negative sign in the constant terms e?2 and ¢’ except for k; = I1. This
negative sign essentially arises because of the presence of defocusing nonlinearity of the
mixed CNLS system. The singularity nature of the solution (39a) and (39b) is depicted

in Figure 9 with the parameter values k; = 1.25 + 0.45;, Iy = —0.5 + 0.45i, zxgl) = 0.3 and
0452) = i. We note that the singular nature of the soliton has been recently discussed in the
context of singular optics [156]. The nondegenerate higher order bright solitons can also be
obtained in a similar way and one can analyze their collision dynamics.

By imposing the limit k; = /1 in the solution (39a) and (39b), one can capture the
following degenerate fundamental vector bright soliton solution of the mixed 2-CNLS
system, q; = klRAjei”“ SeCh(ﬂlR + %), where MR = klR(i’ — Zkuz), mr = kqpt + (k%R —

o Ro_ (" P—la?2)

2 ’\' _ 1 — . — .
kipz, Aj = —(‘agl)‘27‘a§2)‘z), e ERCE A 1,2. The latter degenerate bright

Here D = 1+ en+ii+o 4 (1+8+6 4 gm+ni+e+ii+on oA _

tral position of the soliton in the first mode is 2kqg, 2k1; and log

soliton are defined by 2/yr, 2/1; and 2?:% = respectively. In the

soliton solution always admits the non-singular single-hump intensity profile when |zx§1) | >

Mgz) |. The degenerate multi-soliton solutions and their interesting collision properties have
been already discussed in [64]. The two-soliton solution of the mixed 2-CNLS system can
(a(l)“(l)* B “(z)agz)*)
J J

be easily obtained by replacing B;; with B;; = kj; = ) ,i,j =1,2in the
7T

degenerate two-soliton solution (36a) and (36b) of the Manakov system. However, here
we indicate the special collision dynamics exhibited by the degenerate bright solitons only
through a graphical demonstration as we illustrated below in Figure 10 for the parametric
choicek; = 1—i,ky =17+ L alV = 1+4i,a{) =1—i,a” =05+ 03iand «{” = 0.7.
From Figure 10, we identify that during the collision process of the degenerate two bright
solitons S1 and S, in the present mixed 2-CNLS system, the intensity of the soliton S;
is enhanced in all the modes. In contradiction to this, the intensity of the other soliton
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S, is suppressed in both the modes. Therefore, such a special property of enhancement
of the intensity of a given soliton always occurs in the mixed 2-CNLS system. One may
find the details of energy conservation in Ref. [64]. Additionally, we also observe the
amplitude dependent phase shifts in each of the modes. This energy sharing collision is
quite different from the shape changing collision of the Manakov system. The collision
scenario is depicted in Figure 10 can be viewed as a signal amplification process, in which
the soliton S; refers as a signal wave and the soliton S, represents as a pump wave. During
this amplification process, there is no external amplification medium is employed and is
without the introduction of any noise [64]. We point out that the standard NLS soliton-like
1 2
collision can be recovered by imposing the restriction 21; = zizz

Figure 10. Energy sharing collision of degenerate two bright solitons of the mixed 2-CNLS system [64].

6. Existence of Nondegenerate and Degenerate Bright Solitons in Two-Component
Coherently Coupled Nonlinear Schrédinger System

Now, we intend to derive a more general form of nondegenerate fundamental bright
soliton solution of the two-component CCNLS system (10). In this section, we also mention
the already known degenerate one bright soliton solution and illustrate its fascinating
energy switching collision property through a graphical demonstration. To obtain the ex-
plicit forms of the nondegenerate soliton solution, we adopt a non-standard bilinearization
procedure in which an appropriate number of auxiliary functions have been introduced
to match the number of bilinear equations with the number of bilinearizing variables.
This procedure was developed by Gilson et al. [157] for the Sasa—Satsuma higher order
nonlinear Schrédinger equations and by Kanna et al. [107,108] for the coherently coupled
nonlinear Schrédinger equations. By adopting this technique, we obtain the following

- . s .. . ()
correct bilinear equations of system (10) through the bilinearizing transformation q; = %,

j = 1,2, to Equation (10) with the introduction of an auxiliary function s. The set of bilinear
equations are

Dy(g) - f) = ysg*, j=1,2, Dz(f-f)=27< lg“lZ)'S-f:Z(g(f))Z, (40)
j=1 j=1

where D; = iD, + D? and D, = D?. Here g\/)’s and f are complex and real functions,
respectively, * denotes the complex conjugate. After the bilinearization, essentially we
follow the procedure that has been described in [107] for the degenerate case but now

with the general forms of seed solutions ggl) = wpeh, ggz) = Bie%, 1 = kit + ik3z,

&1 = It +il?z. While doing so, the series expansions are truncated as gl) = egij )3 géj )+

eSgéj) + e7g§j), f=1+e*fr+efy+e8fs+ e fsand s = €25, + €*sy + €°s4. By substituting
the obtained forms of the unknown functions in the appropriate places, we obtain the
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following a more general form of nondegenerate coherently coupled fundamental bright
soliton solution of the 2-CCNLS system (10),

7 (Z, t) — 1 (0&16771 + 2t +An + el T281+012 + e HC1+C1+A13 + M T2017 +61)+814
4 M F2(E+EG))+M15 o 2 a8+ 62(ﬂ1+§1+§i‘)+7ﬁ+A17> ,
go(z,t) = 1 (,31661 4+ 2O HET A | G2y O AT 00 | o6+ 2(8 )+ A

2(nt A 2 1 T+A 2 " T+A
4 1200 i) 005y 281G A% | 20y 81) 6T+ 27>,

fo= 14entnta g hteito 4 e2m+i)+03 o p2(m+67)+0s 4 p2(1+077)+05
4268 +06 o+ +81+81)+07 4 p2(m+1)+6+E1+v
+e2C1 G ) Fmtni e 20m i +61+67)+vs (41)

The various constants which appear in the above solution are defined by

T oy Jaq 2 oDz — 'Y“Tﬁ% Ars Yo |B1l*01 My _ ’YZP%"‘W%MHZ

e =—"—"—¢

2K11 ! 29;2 ’ 01111 4K1191k4
2
s reialpt o Peteimla PIBiP a, _ vPeier el
42,02 7 2k11111020F 811113,04607>
2 22,2 2
oo vB1lp1f? oo _ TGP ay _]a*Bips oo _ Y p1aglB1l g
2lyy 262 07k 4107
s Yol B a, _ YPTeiBlan B oA _ ro107 Bl [*|B1[?
42,052 2611111601652 8xk2, 11102034
2,2 a2 2 %2 22
o — vl 2 o2 — 7181 o5 — 7oy * PR a1 5 YAPY
k1 i’ 42’ 461 7 40;+
o = ClBilt 5 _ PlePleaPIBa? Ly _ 2les*laaf|Brf?
42,7 k)61 4t |o1* 7

oo = Vol PIBi oy e Plea | Iy = (h+ )2
drenlf |61 161t 13,164 [®

0 = (kn +17), p1 = (kn — ), 111 = (ky + ;)%

The auxiliary function s(z, t) is found to be, s = a2e?M + B2e21 4 2N +o1+61+¢n

. . . 2,218, 2 232|012
+ e2tmniter 4 20nHi+E) s 4 Q20nHETHE) s o1 — %, eP? = %/ ehs =
i i

vetilmlt e _ eted|palt

40743, 7 463
mental soliton solution (41) is governed by the four complex parameters k1, I;, a1 and ;.
Due to the presence of coherent coupling among the two fields g1 and g, (or four-wave
mixing effect) and the additional wave number, the solution (41) admits rich geometrical
structures, such as a breather, a quadruple-hump, a triple-hump, a double-hump, a flattop
and a single-hump profiles under a suitable choice of parameter values. We display a
novel non-trivial breathing nondegenerate fundamental soliton profile in Figure 11. To
draw this figure, we fixed the parametric values as y = 4, k;y = 2.5+ 0.5i, [; = 1.65+ 0.5i,
«1 = 0.540.5i and B; = 1 — i. The breathing nature of the multi-hump profile of the non-
degenerate soliton in the present 2-CCNLS system cannot be observed in the degenerate
case [107,108], as described below. We note that one can also derive the nondegenerate
multi-soliton solutions to the 2-CCNLS system. However, the resultant expressions will be
cumbersome due to the presence of the four-wave mixing effect.

. The shape of the coherently coupled nondegenerate funda-
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] AR

Figure 11. The figures (a,b) denote the contour plots of the breathing non-degenerate fundamental
bright soliton of the 2-CCNLS system and the corresponding line plots are drawn for various z values
in figures (c,d).

In order to obtain the degenerate one-soliton solution, one has to impose the wave
number restriction k; = [1 in Equation (41). This results in the following explicit degenerate
bright one-soliton solution,

apel + 2t Brel + 2 ti+h

= * * 7 - * * 7 42
n 1 4 NI +HR 21420 +0n 12 1 4 N +R 21420 +0n (42)

where the auxiliary function is reduced to the form s = (a? + p2)e?/1. Here, 177 = ky (t +

D‘*“2+2 *D(2+2 2 2 20C2+21X*2 *2
AV 72(1,((141_](5%) , Ay _ 'Y;lk(l -&kiﬁf%) , el = ’Y(|Exk11|+-l;l“€%l )/ o =7 ( 14(511-)»-(k1‘1)4+ﬁ1 ) . The
above degenerate solution (42) is characterized by only two complex parameters «; and
and a single complex wave number k;. We point out that the degenerate solution (42) is
classified as a coherently coupled bright soliton and an incoherently coupled bright soliton
depending on the presence/absence of the auxiliary function s [107]. If the restriction,
a% + B3 = 0 is imposed, where the auxiliary function s becomes zero, in the solution (42),
then the resultant solution is called ICS [107]. Due to this restriction, the coherent coupling
among the fields g1 and g, vanishes. Under the latter restriction, the analytical form of ICS
is reduced from the solution (42) as

ik1z), e

-
q1 = Aq sech(y1r + 71)6”711, go = *q1. (43)

R 2
Here, A1 = %6_71, Ry = log(%), MR = kir(t — 2kqyz) and 417 = kqjt + (k%l —

k3z)z. From the above solution, it is evident that the ICS always admits a ‘sech’-type
intensity profile only. However, very interestingly, a novel double-hump profile arises in
the degenerate case when the auxiliary function is non-zero. That is, for a3 + 2 # 0 the
coherent coupling among the optical fields is established. Thus, the solution (42) admits
the double-hump profile as demonstrated below in Figure 12. However, in the degenerate
case, even the presence of single wave number k; and the four wave mixing effect can
induce only the double-hump profile apart from a flattop profile. We do not present the
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degenerate two-soliton solution of the 2-CCNLS system for brevity. However, the explicit
form of the degenerate two-soliton solution has been given in [107,108].

In addition to the above, we wish to specify the fascinating shape changing collision
of degenerate solitons in the 2-CCNLS system. Especially, we discuss the collision between
the coherently coupled soliton (42) and incoherently coupled soliton (43). As an example,
we illustrate such a novel collision scenario in Figure 13. In order to display both CCS
and ICS in this figure we choose the parametric valuesas vy =2, ky =1.941,ky; =21 —1,
a1 = 0.5i, ap = 0.5+ 0.5, f1 = 1.5 and By = 0.5 — 0.5i. In Figure 13, we refer the soliton S;
as CCS and the soliton S, as ICS. This figure clearly explains that the CCS S; encounters
intensity /energy switching in all the modes. In contradiction to this, the ICS S, undergoes
elastic collision with a finite phase shift as specified in [107]. Consequently, the CCS S,
switches its double-hump intensity profile to the single-hump profile in the first component
and it is reversed in the second component without affecting the structure of ICS S,. In
this type of energy switching collision scenario, the energy in the individual component
is not conserved. However, the total energy, fj;o (|91|% + |g2/?)dt, is conserved. The
detailed discussion on this collision scenario and its asymptotic analysis has been carried
out in [108]. We also note that elastic collision always occurs during the collision among
the two coherently coupled solitons and it is true in the case of collision between two
incoherently coupled solitons too. We remark that the generalization of the above outcome
for the multi-component CCNLS system has been established in [108] with exciting results.

0.35

Figure 12. A typical degenerate bright soliton profile in the 2-CCNLS system is drawn for the values
Y =2,k; =05+40.5i,0y =0.724 0.5 and B; = 0.5 — 0.42i.

2 10~

Figure 13. Energy switching collision between CCS and ICS in a 2-CCNLS system [107,108].

7. Fundamental Vector Bright Solitons in a GCNLS System

To construct both the nondegenerate and degenerate fundamental vector bright soliton
solutions of the GCNLS system (11a) and (11b), we consider the bilinear forms, (iD, +

() .
which result from substituting the dependent variable transformation 4; = g f](z(zt)t ), =12,

to Equations (11a) and (11b). Here g\/)’s are complex functions and f is a real function. By
following the same procedure that has been outlined in Section 4.1, we obtain the general
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form of nondegenerate fundamental bright soliton solution of the GCNLS system (11a)
and (11b) as [158]

g(l) +g(1) 1 4 . .
g1 = ﬁ = S(aVem 4 nartitn  gnni s, (44a)
2 4
@ 4 .2 1
81 T8 _ 7(0(51)6771 4 e Tee v 6771+’7f+§1+1’22), (44b)

q2:1+f2+f4_D
D =1+ N ti+0 4 on+8i+02 o o +81+6; 4 p61+61+05 | oty +81+81+0s

el —h)ay" | P b (ke —hag? |V 2

= j = ] LTI oS bt DL B G N I T SO o Gt D T s 1
Here, 71 = ki(t+ik12), &1 = Li(t+iliz),e CERICT R R
eV — _blk—l)agV e 2 ev2 — _all—t)e? P 01 = VP 2 = bV eB =
(h+17) (ki +15)? 7 (k1 +k})2(h+k7) 7 (k1 +k})2” (k1 +15) 7
(2)2 Iy —1112 (1)2),2)2 Tr 1512 =1B12 (Jey 4K (14 +1F
e T and s = Pazhlley Flay Placky Pl k) AL) (5 der the restrictions, (4 =

(h+1)? (ky+k5)* (ki +1)2 (k +17)% (L +17)?
c=1b=0)and (a =1, c = —1, b = 0) the solution (44a) and (44b) of GCNLS system
exactly coincides with the nondegenerate one-soliton solution of the Manakov system and
mixed 2-CNLS system, respectively. In the present GCNLS system, the properties of the
nondegenerate fundamental bright soliton solution (44a) and (44b) is determined by the
four complex parameters ocg] ), j =1,2,ky and [; apart from the system parameters a (SPM),
¢ (XMP) and b (the four wave mixing effect). The nondegenerate one-soliton solution
admits singularity whenever either one of the signs of SPM (a) and XPM (c) is negative or
if both are negative. Additionally, the condition (ac|k; + I} |> — b2 (k1 + k) (I +17)) > 0
should also be maintained to obtain a regular soliton solution of the GCNLS system. The
solution exhibits a double-hump or a single-hump intensity profile for suitable choices of
parameter values. Very surprisingly, like in the case of the 2-CCNLS system, the presence
of a four-wave mixing term and an additional wave number induces breather formation in
the structure of nondegenerate fundamental soliton. A typical breathing behavior along
the z direction is displayed in Figure 14. This kind of breathing soliton is not observed in
the Manakov and mixed CNLS cases.

Figure 14. Breathing nondegenerate fundamental soliton in the GCNLS system. Here the parameters
are k; = 1.65+ 0.5, i = 045+ 0.5, o\’ = 035+ 035+4, «{? = 05405, a = c = 1 and
b=0.5-0.5i.

The degenerate bright soliton solution is recovered by incorporating the limit k; = /1 in
the solution (44a) and (44b). It leads to the following expressions of the degenerate bright soli-
()

ol
(a|1x§1) |2+c\u¢§2) |2+btx§1)a§2)* +b*t¥51>*a¢52) )1/2 ’

tonsolution [117], q; = Ajkr sech(71r + %)ei’“l, Aj=

Rl = (al'xgl)|2+C‘“§2)|2(Zlbﬁ1;;‘2§2)*+b*agl>*agz)), MR = klR(t — 2k112), i = kit + (k%R - k%[)z-
The latter expressions ensure that the degenerate fundamental soliton always admits a
single-hump profile characterized by three complex constants k; and ocgj )’s. The degen-
erate two-soliton solution can be easily obtained by replacing the form of B;; = «;; =
040 4 caa®* 1 paDa el

(aa i j(k-+k*i) i I 7, i,j=1,2, into Equations (36a) and (36b). With ar-
PP

bitrary values of b, the degenerate two solitons undergo two types of shape changing
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collisions corresponding to two different choices: (i) Manakov type shape changing colli-
sion for a,c > 0, (ii) a mixed 2-CNLS type shape changing collision for a > 0, ¢ < 0. We
do not provide the corresponding collision plots for brevity. We wish to point out that
the degenerate bright solitons also undergo a special collision scenario, where the two
degenerate solitons in each of the components do not pass through each other, whereas
they bounce off each other when they start to collide. This type of bright soliton collision
scenario is referred to as soliton reflection in the literature [115,118].

8. Nondegenerate and Degenerate Bright Solitons in Two Component LSRI System

Finally, we intend to construct the nondegenerate fundamental soliton solution for
the two-component long-wave short-wave resonance interaction system, namely the two-
component Yajima—Oikawa system [77,126]. To derive the nondegenerate one-soliton
solution we again bilinearize Equation (12) through the following dependent variable

1
transformations, S() (x,t) = g}ziﬁ’)"‘), 1=1,2,L= 2% In f(x, t). By doing so, we obtain

the following bilinear equations:
1 2 2
Dlg()’f=0,121,2, sz.f:Z|g(n)|, (45)
n=1

where D1 = iD; + D,zc and D, = D, D;. With the modified forms of seed solutions gil) =
wqel, ggz) = ﬁ1651, m = kix+ ik%t, ¢ = hx+ il%t, we find that the series expansions
that are given in [77] are terminated as g(/) = eggl) + €3 g§l>, f =1+€f,+efy. The
explicit forms of the unknown functions lead to the following nondegenerate fundamental
soliton solution,

S(l) — ggl) +g§l) B ale’/ll +e77]+€1+§;+;411 (46 )
Sl fotfa 14 emTR Lt TR G HE RS a
S(z) — ggz) +g:(J,2) B '81@61 + €§1+'71+’7f+]412 (46b
1t ot fa o 1+ IR el R e RS )

L= f22<(k1 + kT)2e'I1+77f+R1 +(h + ZT)2€§1+§T+R2 + e’71+’7f+§1+§{+R4’
e e'71+171‘+2(51+§1‘>+1<2+1<3)1 (460)

f=01+ eNHIHRL L Q1+ Gi 4Ry i +81 G+ Rs )

. 2 : 2 2
M1 — iog|By|*(h—ky) Ho iBrlay |* (k1 —1) Ry _ ey |
where e 2+ (L) (527 © 206 +h) (k—k) (e 127 © 2ik +k)2 (kg —kp)
Ry _ 81/ Ry _ _ |y 2|1 [P ey =14 | Ry — _ *
¢ ¢ T ) (4~ (o R PR © 2(k1 + k) (B +

= 22—’
) (eRitRe — eRs) 4 (kg + k7)? + (I + 17)?) (eR1TR2 4 R3). The above the nondegenerate
one-soliton solution in the two-component LSRI system is also governed by the four
arbitrary complex parameters k1, 1, 1 and 1. The solution (46a)—(46c) admits both regular
and singular solutions. To obtain the non-singular solution, the quantities e®t, eR2 and
eRs should be positive definite. Consequently, the imaginary parts of the wave numbers
ki and I; are restricted as ki, I;; < 0. For this reason, the nondegenerate soliton in the
present LSRI system always propagates in the same direction. It has been shown in [77]
that the velocity of the soliton is described by the imaginary parts of wave numbers k;
and [;. Then, the amplitudes of the nondegenerate soliton in the short-wave components
S and $?) are found to be 4k;g A1v/k1; and 41y A2\/T1;, respectively, where A; = :ﬁ%
1
and Ay = % From the expressions for the amplitudes, we find that the nondegenerate
1

one-soliton in the present LSRI system (12) exhibits the amplitude-dependent velocity
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property as in the KdV-soliton. The solution (46a) and (46b) exhibits double-hump, flattop
and single-hump profiles depending on the appropriate choice of parameters. A typical
asymmetric double-hump profile is illustrated in Figure 15 with the parameter values
ki =0.35—-0.5i,1; =0.315—-0.5{, a; = 0.5+, B; = 0.45+ 0.5i.

We wish to point out that the explicit compact forms of higher-order nondegenerate
soliton solutions have also been very recently obtained by us [159]. As in the Manakov
system, we also find that the nondegenerate solitons in the present two-component LSRI
system (12) also in general exhibit three kinds of elastic collisions, namely shape preserving
collision with zero phase shift and shape altering and shape changing collisions with a finite
phase shifts. Remarkably, during the shape preserving collision, the two nondegenerate
solitons pass through one another without any change in phase shift. In contrast to this
collision scenario, the alteration in phase shift leads to a change in the profile structure of
the solitons after collision. However, as we have demonstrated in the case of the Manakov
system, the shape of the solitons will be restored after considering appropriate time shifts.
In addition, the unity condition of the transition intensities also validates that both shape
altering and shape changing collisions also belong to the case of elastic collision [159]. As
in the case of the Manakov equation, here also we can identify two partially nondegenerate
solitons, when the wave numbers satisfy the condition ky = /1 and k; # I, as an example,
and the collision of the nondegenerate soliton with the degenerate soliton exhibits a novel
energy exchange collision as demonstrated in [159].

— SV A

..... 152 i

o
N

1ST212, 1L

Figure 15. Asymmetric double-hump profile of the nondegenerate fundamental soliton in a 2-
component LSRI system.

We capture the degenerate soliton solution of Equation (12) by substituting the limit
ki =11 in Equation (46a—c). This results in the following degenerate fundamental soliton
forms [136] S(l) = 2AlklR kuei(ml+%) sech(ile + %), L= Zk%R sechz(mR + %), I = 1,2.
Here A; = WTW, Ay = WW' mr = kir(t + 2k11z), my = kyt + (k%R -
K2))z, eR = (%'c%:klil‘ )
both the SW components as well as in the LW component. The amplitude of the soliton
in the SW and LW components are 2A;k1gv/k11, 2k35, respectively. Their velocity and the
central position are identified as 2k;; and %, respectively. From this, it is known that the
degenerate bright soliton also exhibits the amplitude-dependent velocity property, since
the velocity explicitly appears in the amplitude part of the soliton. The explicit expression
for the degenerate two bright soliton solution of the 2-LSRI system (12) can be identified
from [136].

As has been demonstrated in Ref. [136], the degenerate bright solitons undergo
energy sharing collision through energy redistribution among the SW components. We
demonstrate this energy sharing collision in Figure 16. It is evident from this figure that
the intensity of the soliton S; is suppressed in the S() component after collision with
the soliton Sy. In addition it is enhanced in the second SW component S(2). In order to
hold the conservation of energy, the intensity of the soliton S is enhanced in the S() SW
component and it is suppressed in the $(2) SW component. However, in the degenerate
case, the solitons in the LW component always undergo elastic collision. The standard

. The degenerate soliton always admits a single-hump profile in

elastic collision can occur in both the SW components for the choice % = % [136].
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110

Figure 16. Energy sharing collision among the degenerate solitons in a 2-component LSRI system.
The parameter values are ky = 1.5 —0.51, kp =2 —2i, ocgn =25, zxgz) =12, tx;l) = 0.95and agz) = 0.6.

9. Summary and Outlook

In summary, we have shown that the coupled nonlinear Schrodinger family of equa-
tions, namely the Manakov system or 2-CNLS system, N-CNLS system, mixed 2-CNLS
system, 2-CCNLS system, GCNLS system and the 2-component LSRI system, can admit a
more general form of fundamental bright soliton solution with non-identical propagation
constants. In these systems, the obtained nondegenerate one-soliton solution admits novel
geometrical structures which are not possible in the degenerate counterparts. Very sur-
prisingly, the nondegenerate fundamental soliton in the N-CNLS system exhibits a novel
intricate N-hump intensity profile. Then we elucidated that the nondegenerate bright
solitons possess novel collision properties. In particular, they exhibit shape preserving,
shape altering and shape changing collisions. However, by performing a careful asymptotic
analysis, we found that all these three types of collision scenarios can be viewed as an
elastic collision. For appropriate choices of parameters, they also exhibit energy sharing
collision properties. Furthermore, we demonstrated that the degenerate vector bright
solitons of all the CNLS systems can be captured by imposing appropriate constraints on
the wave numbers. In addition to the above, we also explained the various intriguing
energy sharing collisions that occur between the degenerate vector bright solitons through
graphical demonstration and analytical calculations. From the application point of view,
the multi-hump nature of the nondegenerate solitons will be useful to enhance the flow
of data in multi-level optical communication applications. On the other hand, the energy
sharing collision properties of the degenerate vector solitons are utilized to construct all
the optical logic gates and they are also useful in optical switching device applications.

We also wish to note here that the light pulse spread naturally occurs while it prop-
agates in an optical fiber due to the intrinsic properties of the fibers. This spreading or
limitation usually occurs due to various fiber losses and fiber deformations. Practically, one
cannot completely achieve stable propagation of information in laboratories. To overcome
this difficulty a number of schemes have been proposed in the literature. Recently, the
usage of dispersion managed solitons in optical communication has also been described
to address this problem. In addition, the concept of soliton molecules and multi-soliton
complexes have also been suggested to improve the data flow in optical fibers. In view
of these facts, the multi-hump nature of the nondegenerate vector solitons is expected to
be useful in enhancing the data flow in multi-level communication applications and in
overcoming practical limitations.

Although the existence of nondegenerate vector bright solitons have been pointed
out in several CNLS families of equations, much remains to be uncovered, especially
with higher-order nonlinear effects, such as third order dispersion, self-steepening and
stimulated Raman scattering and so on. It is evident from our study that much work is
needed to study the collision properties associated with the newly derived vector solitons.
From the current level of research activity, we believe that the area of nondegenerate vector
solitons will continue to develop in future.
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Appendix A. Constants That Appear in the Asymptotic Expressions in Section 4.4.1

The various constants which arise in the asymptotic analysis of collision between
degenerate and nondegenerate solitons in Section 4.4.1 are given below.
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Abstract. In this paper, we point out that the two-component long wave-short wave
resonance interaction (LSRI) system can admit a more general form of nondegenerate
fundamental soliton solution than the one that is known in the literature and
consequently its higher-order generalized soliton solutions as well. To derive this class
of soliton solutions through the Hirota bilinear method we consider the more general
form of admissible seed solutions with nonidentical distinct propagation constants. The
resultant general fundamental soliton solution admits a double-hump or a single-hump
profile structure including a special flattop profile form when the soliton propagates in
all the components with identical velocities. Interestingly, in the case of nonidentical
velocities, the soliton number is increased to two in the long-wave (LW) component,
while a single-humped soliton propagates in the two short-wave (SW) components.
We also express the obtained nondegenerate one-, two- and three-soliton solutions in a
compact way using Gram-determinants. It is also established that the nondegenerate
solitons in contrast to the degenerate case (with identical wave numbers) can undergo
three types of elastic collision scenarios: (i) shape preserving, (ii) shape altering and
(iii) a novel shape changing collision, depending on the choice of soliton parameters.
In addition, we also point out the coexistence of nondegenerate and degenerate
solitons simultanously along with the consequences. We also indicate the physical
realizations of these general solitons in hydrodynamics, nonlinear optics and Bose-
Einstein condensates.

1. Introduction

Resonance is a natural phenomenon which occurs in both linear and nonlinear dynamical
systems under special conditions on the frequencies [1]. This parametric process has
been widely observed ranging from simple harmonic motion in mechanical systems to
more complicated ultra-short pulse dynamics in optical systems. In this sequence,
the interaction among the nonlinear waves induces one such fascinating resonance
phenomenon called the long wave-short wave resonance interaction modelled by a set
of coupled nonlinear Schrodinger type equations. In this paper, we intend to derive a
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2

more general form of bright soliton solutions for the following LSRI model, namely two
component long-wave short-wave resonance interaction system,

2

iS4+ 80 + LS =0, iSP + 8P+ L8P =0, L =Y (ISP, (1)

1=1
In the above, L is the long-wave and S®’s, | = 1,2, are the short-waves. The
suffixes x and t denote partial derivatives with respect to the spatial and temporal
coordinates, respectively. Soliton formation essentially takes place in the evolution
equations of SWs, that is the first two of the equations in Eq. (), due to the interplay
between the nonlinearities and their corresponding dispersions, namely second order
spatial derivative terms. The nonlinearities arise in these equations while the long-
wave interacts with the short-waves. At the same time, the self interaction of the SWs
defines the soliton formation in the long-wave evolution equation as specified by the
last of the equations in Eq. (1). Physically the system appears whenever the phase
velocity of the long-wave (v, Lw) almost matches with the group velocity of the short-
waves (Vg sw = 2—2’). This resonance condition was originally derived by Zakharov in
the study on Langmuir waves in plasmas [2] and it was also derived by Benney during
the investigation on the interaction between capillary gravity waves and gravity waves
in deep water [3].

The long-wave short-wave resonance phenomenon was identified in several physical
situations. For instance, in plasma physics, the LSRI process was observed during the
nonlinear resonance interaction of an electron-plasma wave and an ion-sound wave [4]. In
Ref. [5], Yajima and Oikawa have shown that the unidirectional propagation of Langmuir
waves coupled with ion-sound waves is modelled by the single component LSRI system,
where they have established the integrability of the system by obtaining the soliton
solutions using a more sophisticated inverse scattering transform method [6]. Due to
this, the system (I)) is also referred as Yajima-Oikawa (YO) system in the literature. In
the context of the fluid dynamics, the LSRI was noticed during the evolution of the short
and long capillary gravity waves in deep water [3], in uniform water depth [7] and in finite
depth-water [8]. Such a fascinating resonance phenomenon was verified experimentally
in three layer fluid flow [9]. In addition to this, the phenomenon was discussed in [10]
when ultralong equatorial Rossby waves get coupled with the short gravity waves.
The LSRI process has been reported in the nonlinear optics context also, especially
in an optical fiber, where a single component YO system is reduced from the coupled
nonlinear Schrodinger equations describing the interaction of two optical modes under
small amplitude asymptotic expansion [11]. In negative refractive index media [12], the
three-wave mixing process leads to the formation of LSRI, where two degenerate short-
waves propagate in the negative index branch while a long wave stays in the positive
index branch. It should be noted that several evolution equations and their solutions
have been obtained in nonresonant quadratic nonlinear media [13]. The dynamics of
quasi-resonant two-frequency short pulses and a long-wave is described by Eq. (1) [14]
and multicomponent version of Eq. (I) finds potential applications in spinor Bose-
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Einstein condensates (BECs) [15]. By employing a multi-scale expansion procedure, the
higher dimensional LSRI system has been derived for describing the dynamics of binary
disk-shaped BECs [16], and also to study the dynamics of bright-dark soliton complexes
in spinor BECs the YO system has been derived in [I7]. Multicomponent YO type
equations have been derived in the study of magon-phonon interaction [18]. Therefore,
the system considered in the present paper is physically very important and analysing its
solutions is useful for studying this peculiar resonance property in the above described
nonlinear media.

It is important to point out that there are several nonlinear wave solutions which
have been reported in the literature for the integrable long wave-short wave resonance
interaction model and its variants [19H29][31H37]. For the one-dimensional single
component YO system, both bright and dark soliton solutions were derived in [19].
Interestingly energy sharing collisions among the single-humped bright solitons of the
(1 + 1)-dimensional multicomponent LSRI system have been brought out in [20]. For
this system, such shape changing collision scenario is demonstrated in [21] by deriving
the mixed bright-dark soliton solutions. In this case, the authors set up bright solitons
in the two SW components in order to observe the shape changing collision. In contrast
to this, the dark soliton solutions of the multicomponent LSRI system always exhibit
elastic collision [22]. Tt is noted that for the two layer fluid flow the one and two-
dimensional versions of LSRI systems were obtained and bright and dark type soliton
solutions were derived [23]. Ohta et al. have deduced the two- component analogue of
the two-dimensional LSRI system by considering the nonlinear interactions of dispersive
waves on three channels and they have obtained soliton solutions in Wronskian form for
the corresponding two-dimensional model [24]. This system is shown to be integrable
through Painlevé analysis and the dromion solutions were obtained using Painlevé
truncation method [25]. Very interestingly, one of the present authors (ML) and his
collaborators demonstrated the energy sharing collisions of bright solitons in the two-
dimensional integrable versions of the multicomponent LSRI system by deriving their
explicit solutions through the Hirota bilinear method [2627] and they have also shown
that the formation of resonant solitons in this higher-dimensional system [27]. Mixed
bright-dark soliton solutions and their collision dynamics for this (2 + 1)-dimensional
system have been studied in [28[29]. For this system, multi-dark soliton solutions and
their elastic collision have also been studied [22]. Apart from the above studies, rogue
waves, a wave which is localized both in space and in time and appearing from nowhere
and disappearing without a trace modelled by simple lowest order rational solution [30]
and its various interesting dynamical patterns, have been reported for the LSRI system
ranging from (1 4+ 1) and (2 + 1)-dimensional single component to multi-component
cases [31H37].

From the above studies, we carefully identify that the fundamental bright solitons
reported so far in the literature for the two-component YO system correspond to
degenerate solitons with identical wave numbers in all the components, as we have
pointed out recently in [38/[39] for the case of Manakov system and in Eq. of
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section 5 of the present paper. By introducing non-identical propagation constants
appropriately we have removed the degeneracy in the structure of the fundamental
bright soliton solutions of the Manakov system. For the first time, we have shown that
such an inclusion of additional distinct propagation constants brings out a new class of
fundamental bright solitons, namely nondegenerate fundamental solitons, characterized
by non-identical wave numbers in all the modes [38]. As we have demonstrated in
138,139], this new class of fundamental solitons for the Manakov system undergoes novel
collision properties. To the best of our knowledge, such nondegenerate solitons have
not been predicted so far in the literature for the (1 + 1)-dimensional long wave-short
wave resonance interaction system and their fascinating dynamics remains to be
unravelled. With this motivation, in this paper, we aim to derive the nondegenerate
multi-soliton solutions with the general forms of seed solutions through the Hirota
bilinear method. We find that the obtained nondegenerate solitons possess remarkable
collisional properties for an appropriate choice of soliton parameters. In particular,
they exhibit shape preserving collision with a zero phase shift, and shape altering and
shape changing collisions with finite phase shifts. However, by taking the time shift in
the asymptotic expressions, we show that all these three cases belong to elastic collision
only. This special feature is not observed earlier in the degenerate counterpart. Further,
we deduce another special type of two soliton solution from the obtained completely
nondegenerate two-soliton solution. This new type of partially nondegenerate soliton
solution displays an interesting coexistence phenomenon, where the degenerate soliton
coexists with a nondegenerate soliton. This class of soliton solution undergoes two
types of shape changing collision scenarios. Finally, we point out the degenerate
fundamental and multi-bright soliton solutions can be captured from the nondegenerate
fundamental and multi-soliton solutions, respectively, under restrictions on the wave
numbers. We note that the existence of nondegenerate fundamental soliton solution for
other integrable coupled nonlinear Schrodinger systems has also been reported recently
by us using the Hirota bilinear method [40] and in Ref. [41] the nondegenerate solitons
have been discussed in the context of BEC using Darboux transformation method. Very
recently, we have shown that the nondegenerate soliton solution exhibits multihump
profile structures in N-coupled nonlinear Schrédinger system [42] as well. Further,
we have also shown that the P7-symmetric nonlocal two coupled NLS system also
admits both nondegenerate and degenerate soliton solutions [43]. Tt is interesting to note
that the nondegenerate solitons also have been reported in the coupled Fokas-Lenells
system [44] using Darboux transformation and in the two component AB system, [37/45]
by following our work [38].

The plan of the paper is as follows: In Section 2, we present the nondegenerate
one and two-soliton solutions of the system (I) apart from pointing out the existence of
partially nondegenerate soliton solution. In this section, we also discuss the various
properties associated with the nondegenerate fundamental soliton. Section 3 deals
with the investigation of the three types of elastic collision scenarios with appropriate
asymptotic analysis and suitable graphical demonstrations. The degenerate soliton
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collision induced novel shape changing properties of the nondegenerate soliton is
analysed in Section 4. In Section 5, we point out that the degenerate one- and two-soliton
solutions can be captured as a limiting case of the nondegenerate one- and two-soliton
solutions under appropriate wave number restrictions. In Section 6, we summarize the
results. For completeness, in Appendix A, we provide the nondegenerate three-soliton
solution in Gram determinant forms. In Appendix B, we present the explicit forms of
constants appearing in the asymptotic analysis of collision dynamics between degenerate
and nondegenerate solitons.

2. Nondegenerate soliton solutions

We construct the nondegenerate multi-soliton solution by bilinearizing Eq. (I) through
the dependent variable transformations, SU(xz,t) = g;z mtt 1=1,2,L =255 a > In f(z,1).
This action yields the following bilinear forms of Eq.

2
Dig® . f=0,1=12, DQf'f:Z|g(n)|27 (2)
n=1

where Dy = iD;+ D? and Dy = D, D;. Here D; and D, are the Hirota bilinear operators

defined by D*D}(a-b) = (—x — %)m <% — %)na(x, t)b(2' ") P [46]. In principle,
the soliton solutions (with vanishing boundary condition S® — 0,1 = 1,2 and L — 0
as x — £o0) of Eq. can be derived by solving a system of linear partial differential
equations (PDEs), which appear at various orders of e while substituting the series
%l) —|—e3g(l +.,1=1,2, f =1+ fy+efy+.... in the bilinear forms
[2). The explicit forms of the functions g®)’s and f lead to various soliton solutions to
the underlying LSRI system ([I).

expansions ¢) = eg

2.1. Nondegenerate one-soliton solution

To derive the nondegenerate fundamental soliton solution we start with the more general
form of seed solutions,

ggl) = agl)em, g%z) = a@egl, m = kv +ik?t, & = L +il?t, (3)

where agl)’s, kq and [, are arbitrary complex constants, for the lowest order linear PDEs,

igt) +gt), =0, g + g%, = 0. (1)

From the above, one can notice that the functions ¢g* and ¢ considered in Eq. () are
two distinct solutions. This is because of the independent nature of the two linear PDEs
specified above in Eq. (@) and so their solutions should be expressed in general in terms
of two independent functions as given in Eq. (B) above with arbitrary wave numbers
k1, 11, where in general ki # [;. The general forms of the seed solutions with distinct
propagation constants will bring out a physically meaningful class of fundamental soliton
solutions as we describe below. Such a possibility has not been considered so far in the
literature for the (1+1)-dimensional integrable two component LSRI system as far as our
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knowledge goes except in our earlier papers [384401[42,47]. What has been considered
so far is only the restricted class of seed solutions, that is the wave number restricted
seed solutions, namely gil) (1)6"1, g§ ) = a§2)e’“, m = ki +ik?t (one can get this set
of seed solutions straightforwardly by setting the condition k; = {3 in (3])). Even such
restricted seed solutions have been shown to yield interesting energy sharing collision
properties of solitons [20]. So what we emphasize here is that the vector bright solitons
reported so far in the literature are achieved by considering such a limited class of seed
solutions only. With the general forms of seed solutions (3), we solve the following

system of linear inhomogeneous partial differential equations:
O(%) :0=0, O(c) : D2(1 fot fo-1) =gt + gPgt™", (
(%) : Dig§’ 1= —Dig" - fo, (5b
O(e") : Do(1- fy+ fa-1) = —=Dafo - fo + 911)95(51) +9§1)9§1) +9§2)9§2)* + 9:&2)9%2)*7 (
(€): Digy’ - 1= =Di(gy’ - fu+ 95" - fo), 1= 1,2, (
(€")

€
cDy(1- fo+ for1) = —=Do(fa- fot for fa) +91 )gé ) + 9:(51)9:(51)* + gél)gﬁl)
(2)*

66

S

2)*
+957917", (5¢)
and etc. By doing so, we find the explicit forms of the unknown functions fs, gél),
[ =1,2, and fy as fo = en+niths 4 ofitsitRe ol — omttei+dn ol — c&tmini+as,

+ 9(2)9(2) + 9(2)9

(1) 2 (2)2
—  omAni+a+E+Rs Rl _ o | Ry _ oy | A1
fa = emth T, where €™ = gmEen sy €0 = gummeraon ¢ ©
il P k) ny ___iafP iV Pnl) Ry _ 0§ 2o 2] k1~ 2

2(k1+H]) (=) (L +17)? 2kl (ki —ky) (k1) Ak PR kD) (1) (R +RD2 (1 +])?
We note that the right hand sides of all the remaining linear PDEs identically vanish
upon substitution of the obtained functions g%l), gél), Il =1,2, fy and f;. Consequently,
one can take g(l) = gg) =..=0,l=1,2, and f¢ = fs = ... = 0. Thus in the series
all 9@' =0 for i > 5 and all fi =0, 7 > 6. Therefore, ultimately the series converges
at the O(e?) in the function g (x,t) while the series terminates at the O(e*) in f(,1):
g = egy) + e3g§l), 1=1,2, f =1+ €*fy + €' f4. We also note that the small parameter
e can be fixed as 1 (as it can be subsumed with the parameters agl) and af)), without
loss of generality. Thus the above procedure makes the infinite expansion to terminate
with a finite number of terms only and hence the solution can be summed up into an
exact one. Finally, the resultant explicit forms of the unknown functions constitute the

nondegenerate fundamental soliton solution for the system (), which reads as,

1 1 .
S(l)(gj f}) - g§ ) —+ g( ) B Oég )6771 + 6771+£1+£1+A1 (6a)
) 1+ fo+ f4 1 emtnitR QiR L emAniHa T+ R
2 2 .
5(2) (l‘ t) B g§ ) + g( ) B ( )651 + eb1tm+ni+A2 (6b)
9 B 1 + f2 + f4 - 1 —'— en1+771+R1 + efl“l‘ff-ﬁ-Rg + 67]1+7]I+§1+£I+R37
2
L(l’ t) = 28_ ln(l + 67II+771+R1 + 6fl+§1+R2 + 6771+771+§1+§1+R3) (60)

8 2

Using Gram determinants [48][49], we can rewrite the above soliton solution in a



more compact form as S = %, S@ = #, L= 288—;2 In f, where

en g eMm+ET
k) adly L 0 e
ef1tm e£1+ET ¢
w0 e
(1) _ oV }2
o) }2
o G
0 0 —alV 0
ety eMm+er
7(]“_’_]9*) —(k1+l§;) 1 0 e
efl“F”ll 651“’51 &-
RO g) e
a 2
=1 -1 0 G o0 0| (7b)
‘a(2)‘2
0 -1 0 21'(@17(1;)2)
0 0 0 —a
ety em+er
ki k) (ki) 1 0
efl“F”ll 651“’51 0 1
f = (ll+k1) (ll+l1) Iagl)IQ (70)
B v R
o2
0 1 0 =@

We find that the above forms of Gram determinants satisfy the two component LSRI
system as well as the bilinear equations (2)). In order to analyse the various special
properties of the nondegenerate one-soliton solution of Eq. (I)), we obtain the following
expression for the one-soliton solution by rewriting Eqs. (6d)-([6d) in hyperbolic forms,

4]{31R\/ k'lelei(nH—’—%) [COSh(glR + Qle) COS (plj + ’L sinh(flR + Qle) SiIl @1[]

S — (8a
[as cosh(mr + &1k + @1+ 2+ 1) + o cosh(mr — &ir + 2 — @1 + )] (8a)

@ _ AV Are €1+ 2) [cosh (g + @ar) cos por + isinh(nig + @ar) sin @] (8)
la12 cosh(nir + &1r + 01 + 02 +c1) + Q%Q cosh(mir — &g + 02 — @1 + @2)]

;o 4k3 5 cosh(2&1p + 21 + ¢4) + 412, cosh (21 + 209 + ¢3) + %eRé—(iRﬁiﬁ%) (80)

[Acosh(mr + & r+ @1+ @2+ 1) + A tcosh(mp — &g + w2 — 01 + 2)]2
6R£’> = 4(k1R —+ llR)26R3 + 4(]{31R — llR)26R1+R2,

1
_ (k=lp)2 (k1 —17)
where apnn = (kT+ll)%’ a (k1+l}‘)%’ lkiti7]’ (h—k1)®
ki—)®5+h) 1y Gk 1 (K= (ke F1) _
Gt @ = 208 GG =Ry @ = 2108 GEmym—ny e = ke = 2kut),

mr = byt (e =kt r = ha(e—=20t), & = huat+ (e = E)t Ay = [o1” /a2,
Ay = i[a§2)/a§2)*]1/2, and the other constants can be calculated using the constants that

1
(k1—17)2 |k1—1a]

%log c = %log cy =

1
) log

are defined below Eqs. (6a)-(6d). Here, p1r, @2r, @11 and @9 are real and imaginary

Ag

parts of ¢ = % and @y = =2 et = ay), [ = 1,2, respectively and kig, lig,

kir and l;; denote the real and imaginary parts of k; and [y, respectively. The four

arbitrary complex parameters, agl)’s, [ = 1,2, k; and [y, determine the structure of



8

the nondegenerate fundamental soliton solution (8d)-(8d) of the two component LSRI
system ().

In general, the amplitudes of the soliton in the short-wave components are
4k1pVkir A1 and 41 gV/111 As, Tespectively, and their velocities in their respective SW
components are 2k;; and 2l;;. On the other hand, the amplitude and the velocity of the
soliton in the LW component mainly depend on the real and imaginary parts of both
the wave numbers k; and [y, respectively. From the above, one can easily notice that the
amplitudes of the SW components explicitly depend on the velocity of the soliton. This
interesting amplitude dependent velocity property is analogous to the property of the
Korteweg-de Vries (KdV) soliton of the form u(z,t) = § sech2§(1’ — ct). Here ¢ is the
velocity of the KdV soliton [150]. Consequently, like the degenerate bright solitons, the
taller nondegenerate solitons also travel faster than the smaller ones, as pointed out in
Section 5 and in Ref. [20]. We note that the nondegenerate fundamental soliton in the
Manakov system does not possess this velocity-dependent amplitude property [38][39].
The solution (8d)-(8d) shows both regular and singular behaviour. The singularity
property of the solution is determined by the quantities ef®*, ez and ef*. The regular
soliton solution arises for the case when both k1; and l1; < 0. In this case, the quantities,
efr e and ef's > 0 whereas the solution (8d)-(8d) displays singularity for k;; and/or
{11 > 0.

The nondegenerate one-soliton solution (8d)-(8d) is classified as follows depending
on the choice of the velocity conditions:

(i) For k1; = 1y, we designate the one-soliton solution as (1, 1, 1)-soliton solution, where
all the components (S1), S L) consist of only one soliton with double-hump or flattop
or single-hump structured profile.

(ii) On the other hand, we refer the solution (8d)-(8d) with k17 # 1 as (1,1, 2)-soliton
solution, where both the short-wave components S® and S® possess one humped
localized structures only while the long-wave component contains two single-hump
structured profiles like the 2-soliton solution of the NLS equation. We will discuss
each one of these cases separately in the following.

In the equal velocity case, the soliton in the SW components propagates with
identical velocities but with different amplitudes. For this case, the imaginary parts of
p;’s are equal to zero. That is, ¢;;y = 0, j = 1,2. This property reduces the solution
(Bd)-(89) into the following form of (1,1, 1)-soliton solution,

4k1RV klIAlei(”11+%) COSh(glR + (le)

s — - , (9a)
[b1 cosh(nir + &ir + 01 + @2 + 1) + 3 cosh(nir — &ir + w2 — @1 + )]

5@ — 4y pVE11 A2 1 3) cosh(mr + par) (9)
[br cosh (g + &1k + @1 + 2 + 1) + 5 cosh(mr — E1r + w2 — 01+ 2)]

I 4k3, cosh(2&1 g + 2p1 + ¢4) + 4125 cosh(2mi g + 209 + c3) + 4(kip — BBR) (90

[b1 cosh(mig + &ir + 01 + @2+ 1) + by cosh(mp — &g + @2 — 01 + ¢2)]>

1
where by = Frzh)? 1 o kip(x—2kypt), mp = kya+(kig—kit &ir = hig(z—2k1t),
(kir+hRr)2
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Figure 1. Five types of symmetric profiles of the nondegenerate fundamental
soliton solution (8d)-(8¢) with ki; = I or (Qd)-(9c): While (a) represents double-
hump profiles in all the components, (b) denotes double-hump profiles in S and L
components and a flattop profile in S componenet, (¢) indicates double-hump profiles
in S and L components and a single-hump profile in $(2 componenet, (d) represents
double-hump in S component, single-hump in S component and a flattop profile
in L componnet and (e) denotes double-hump profile in S(!) and single-hump profiles
in both S® and L components. The parameter values of each one of the cases are as
follows: (a) k1 = 0.25 — 0.54, I; = 0.315 — 0.5i, a\") = 0.5+ 0.5i and o{® = 0.45+0.5i.
(b) k1 = 0.3 — 0.5i, I; = 0.425 — 0.54, o\ = 0.43 + 0.55i and o!? = 0.45 + 0.45i.
(c) ki = 0.315— 054, [ = 0.5 — 0.5i, ") = 0.5+ 0.5¢ and o{® = 0.45 + 0.45:. (d)
ki = 0.315 — 0.5i, I; = 0.545 — 0.5i, o{” = 0.5+ 0.5i and o{? = 0.45 + 0.5i. (e)
ki = 0.315 — 0.5i, [y = 0.65 — 0.5i, i = 0.5 4 0.5i and a{* = 0.45 + 0.5i.

§ir = ki + (g — Kt
From the above solution, we find a relation between the short-wave components

and the long-wave component and it turns out to be

1ISW|2 4+ |SP) 2 = —2ky, L. (10)

The latter relation confirms that the above type of linear superposition of intensities
of the two short-wave components accounts for the formation of interesting soliton
structure in the long-wave component. The special solutions (Qa)-(9d) with the condition
k1r < lig admits five types of symmetric profiles which we have displayed in figure
The symmetric profiles are classified as follows: (i) Double-humps in all the components,
(ii) double-humps in S™ and long-wave components and a flattop in the S component,
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(iii) double-humps in S™® and long-wave components and a single-hump in the S®
component, (iv) double-hump in S component, single-hump in S component and a
flattop profile in the long-wave component and (v) double-hump in S®) component and
single-humps in both the S and long-wave components. In order to demonstrate all the
above five cases we fix ki; = l1; = —0.5 < 0 in figure[I] From figure [Il one can observe
that the transition which occurs from double-hump to single-hump or from single-hump
to double-hump is through a special flattop profile. The corresponding asymmetric
profiles are illustrated in figure 2] for the parameter values as specified there. This can
be achieved by tuning either the real parts of the wave numbers k; and [; or by tuning
the complex parameters agl)’s. One can also bring out a double-hump and a flattop
profile in the S® (S® and L as well) component by considering another possibility,
namely ki; = l;; < 0 and kg > l1g.

Further, one can confirm the symmetric and asymmetric nature of the (1,1,1)
solution (Qd)-(9d), by finding the extremum points as we have analyzed the profile nature
of the nondegenerate soliton solution in the Manakov system [39]. In the following, we
explain this analysis for the symmetric double-hump soliton profile, displayed in figure
1(a), of the LSRI system (I): First, we find the local maximum and minimum points by
applying the first derivative test ({|S?|?}, = 0, {|L|}.» = 0) and the second derivative
test ({|SY|2}ae, {|L|}ee < 0 or > 0) to the expressions of |[SW |2, j = 1,2, and |L|, at
t = 0. As a result, for the first SW component, three extremal points are identified,
namely 1 = —14, 2o = 4.3 and 3 = 9.99. Then we found another set of three
extremal points, x4 = 0.6, r5 = 4.3 and z¢ = 8.09, for the second SW component. We
also identified another set of three extremal points, x7 = —0.6, x5 = 4.29 and zg = 9.2,
for the LW component by setting {|L|}, = 0. While the points x5, x5 and xg correspond
to minima, the points, (x1, x3), (24, s), and (x7, xg9) correspond to maximum points.
In all the components, the minimum points x5, 5 and xg are located at equal distances
from the two maximum points (z1, z3), (x4, x¢) and (x7, xg9), respectively. This can
be easily confirmed by finding their differences. For instance, in the S™-component,
T, — Ty = —5.7 = x5 — x3. This is true for both the SW component S® and the
LW component L also. That is for S®: z, — 25 = —3.7 = x5 — 14 = —3.79 and for
L: 27 — 13 = —4.89 &~ x5 — 29 = —4.91. Then the intensity, [S™ |2, of each hump,
of the double-hump soliton, corresponding to maxima z; and x3 are equal to 0.078.
Similarly, in the second SW component, the magnitude of the intensity corresponding
to the maximum points x4 and x4 are equal to 0.086. We also obtain the magnitudes
corresponding to the maxima x; and xg are equal to 0.154. The above analysis confirms
that the double-hump soliton profiles displayed in figure 1(a) are symmetric. In addition,
one can also verify the symmetric nature of the single-hump soliton about the local
maximum point and checking the half widths as well. For the flat-top soliton case, we
have confirmed that the first derivative {|S®|?},, 1 = 1,2, and {|L|},, very slowly tends
to zero, for a certain number of x values, near the corresponding maximum. This also
confirms that the presence of almost flatness and symmetric nature of the one-soliton.
By following the above procedure, one can also verify the asymmetric nature of the
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solution (9d)-(9d).
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Figure 2. Panels (a), (b), (c), (d) and (e) denote asymmetric profiles corresponding

to the symmetric profiles of Fig. 1(a)-1(e) with k;; = l;;. The parameter values of

each of the cases are as follows: (a) k1 = 0.25 — 0.5¢, [; = 0.315 — 0.54, agl) =05+1

and o!? = 0.45 + 0.5i. (b) ky = 0.3 — 0.54, I; = 0.425 — 0.5i, o{") = 0.3 + 0.55i and
al? = 045+ 0.45i. (c) ki = 0.315 — 0.54, {1 = 0.5 — 0.54, a{) = 0.15 + 0.5i and
al? =045+ 0.45i. (d) ky = 0.315 — 0.5, I; = 0.545 — 0.5i, oi") = 0.38 + 0.5i and
al? = 045+ 05i. (e) ki = 0.315 — 0.5, I; = 0.65 — 0.5i, a{) = 0.25 + 0.5i and

al? =045 + 0.5i.

Next, we consider the (1, 1,2)-soliton solution, that is the solution (8d)-(8d) with
kir # li;. In this situation, the soliton in the two short-wave components (as well as
in the long-wave component) propagate with distinct velocities as we have displayed
in figure As it is evident from this figure that distinct single-humped one-soliton
structures always occur in each of the short-wave components and they propagate from
+z to —z direction (but with different localizations). However, surprisingly the two
single-hump structured solitons of the SW component emerge in the LW component
and they interact like the two soliton solution of the scalar NLS case. Each of the
single-humped structures of the soliton in the SW components S and S interact
through the LW component as dictated by the nonlinearity of the LW component.
This special nonlinear phenomenon occurs because of the nondegeneracy property of
the fundamental soliton solution (8d)-(8d) of the LSRI system (). To the best of our
knowledge, this special kind of phenomenon has not been observed earlier in the present
(1 + 1)-dimensional two-component LSRI system and its multicomponent version. A
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similar kind of soliton nature is also observed in the Wronskian solutions, derived by
Ohta et al., for the two-component (2 + 1)-dimensional LSRI system [24]. Although the
authors have graphically demonstrated the (1, 1,2) and (2,2, 4) soliton solutions in [24],
the complete analysis of such soliton solutions and their associated many novel results are
still missing in the literature. We have systematically analyzed the (1,1,2) and (2,2,4)
soliton solutions of the (2 + 1)-dimensional multicomponent LSRI system by expressing
their exact analytical forms in terms of Gram determinants and the results will be
published elsewhere [51]. Moreover, it is shown in Ref. [26] that the Wronskian solutions
(N, M, N + M) reported in [24] have also been deduced from the degenerate soliton
solutions (m,m, m). However, the dynamical properties of the Wronskian solutions,
as graphically illustrated in [24], are distinct from the degenerate soliton solutions as
explained in [26]. We point out that the double-hump soliton profile emerges in all the
components when the relative velocity 2(l1; — k1;) tends to zero. In other words, the
double-hump formation will occur if l1; ~ kq;.

To experimentally generate the nondegenerate vector solitons one may consider
three channels of nonlinear dispersive medium or triple mode nonlinear optical fiber [24],
where the two light pulses are in the anomalous dispersion regime and the remaining
pulse is in the normal dispersion regime. By introducing the intermodal interactions
in such a way one can make the short-wave modes (anamalous dispersion regime) to
interact with the long-wave mode (normal dispersion regime). In this situation, it is
essential to consider two laser sources of different characters so that the frequency of the
first laser beam is different from the second one. By sending the extraordinary mutual
incoherent optical beam, coming out from both the sources, to the short-wave channels
along with the appropriate coupling on the long-wave channel, it is possible to create
the nondegenerate solitons. In this situation, the group velocities v, = Z—: of the optical
beam in the short-wave channels should be equal to the phase velocity v, of the long-wave
channel. Under this resonance condition, the nondegenerate solitons in the short-wave
optical modes can be created and made to interact with the soliton in the long-wave
mode. In the fluid dynamics context also one can observe the nondegenerate solitons by
considering a three-layer system [9] of homogeneous fluids having different densities. In
this circumstance, it is possible to achieve the problem of resonance interaction of a long
interfacial wave and a short surface waves. By a proper choice of the various densities and
layer thicknesses, one may tune the three-layer system to a resonant condition whereby
the group velocity of the shorter surface waves and the phase velocity of the longer
interfacial wave are nearly equal. Thus, all of the physics relevant to the nondegenerate
solitons can be identified from this simple three-layer fluid system. On the other hand,
it is also possible to create the nondegenerate solitons in spinor BECs by tuning the
hyperfine states of the 8Rb atoms [54] whenever the group velocities of the short-waves
are equal to the phase velocity of the long-wave.
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Figure 3. Nondegenerate one-soliton (1, 1,2) with unequal velocities. The parameter
values are ky = 0.25 — 0.5i, ; = 0.2 — 2i, a{") = 0.45 + 0.5i and o{” = 0.5 + 0.5i.

2.2. Completely nondegenerate two-soliton solution

To construct the completely nondegenerate two-soliton solution, we consider the seed
solutions of the following forms,

g§1) = a§1)e"1 + ozgl)enz, m = kx4 ikit, ny = kox + ikit,
g§2) = a?eﬁl + Oz§2)e§2, & = hiw +il’t, & = lyw +ilat, (11)

for Eqs. (4). Here we treat the four arbitrary constants ki, ko, I3 and Iy as distinct
from one another, in general, apart from the other four distinct complex constants

a§’) and azg), [ = 1,2. For the two-soliton solution, we find that the above seed

solutions terminate the series expansions as ¢t = egy) + eggél) + 65gél) + 67g§l), [=1,2,
f =1+ fr+e* fi+e8 fs+ €8 fs, while solving the resulting inhomogeneous linear partial
differential equations recursively. The explicit Gram determinat forms of ¢’s and f

can be written as
Amm’ Amn 1 0 ¢1

A A, 0 I Ay A 1 0

Anm Ann’ 0 I

gV =1 =T 0 Ky Fmn 0:; = e e , (12a)
0 —I  Kpm Epw O 0 T .
0’ o0 C; 0 0 e
Amm’ Amn I 0 ¢1
Anm Ann’ 0 1 ¢2
gP =1 =T 0 Ky Fmn 07| (12b)

0 —I Ky Ky 07T
o’ o’ o Cy 0
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The various elements are defined as
eflm+fl;‘n/ enm‘f'f; 65n+£;, en:+§m

Amm’ = T s\ Amn = 77Ann/ = T s Anm = 7. v
(ko + E2,) (ko +1%) (L + 1) (kx4 1)

Pl 0Py Ploy, ot
Rmm! = 7= y Rmn = - y Fnm = 5 >
2i(k2, — k%) 2i(12, — kx2) 2i(k2 — 1:2)
_ layl,

/ /
Ko = 512 — 17 m,m,n,n =1,2.
Z(n n’)

The other elements are defined below:

T T T T
¢ = (6’“ em) , P2 = <651 652> , Wy = (Ozﬁl) 0) Uy = (0 045‘2)),

- (vo)ime- ()0 (3] (a0 o)

j,N = 1,2. Note that in the above the g)’s are (9 x 9) determinants and f is a
(8 x 8) determinant. The collision dynamics and the structure of the nondegenerate
two-solitons are characterized by eight arbitrary complex constants, ozgj ), agj ), k; and [},
j = 1,2. The singularity of the two-soliton solution mainly depends on the function f.
To get the non-singluar solution, the function f should be positive definite (f > 0). This
restricts the imaginary parts of the wave numbers, k;; and /57, 7 = 1, 2 as negative. That
is ki1, l;; < 0. Further, the complete nondegenerate two-soliton solution and
is classified as (2,2, 2)-soliton solution (kj; = {;7, j = 1,2) and (2,2, 4)-soliton solution
(kjr # i1, 5 = 1,2). We have also given the completely nondegenerate three-soliton
solution in Appendix A for the system using the Gram-determinants.

0.25

-100 0 100

Figure 4. Elastic collision: Shape preserving collision with zero phase shift among
the two symmetric double-hump solitons for the parameter values k; = 0.333 — 0.5¢,
Iy = 0.32—0.5i, ky = 0.333—1.2i, Iy = 0.32—1.2i, o\ = 0.45+0.5i, o\* = 0.45+0.554,
al = 0.45 + 0.45i and af? = 0.45 + 0.515i.
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2.3. Partially nondegenerate soliton solution

We next deduce partially nondegenerate soliton solution from the complete
nondegenerate two-soliton solution by imposing the wave number restriction ky = [
(or ks = l) in Eqs. (12d) and ({128). Due to this restriction, the wave variables &;
and 7; are no longer independent and they get restricted as & = n; , while & and 7y
continue to be distinct and independent. The Gram determinant forms of ¢¥’s and f
are the same both for the partially nondegenerate soliton solution and for the complete
nondegenerate two-soliton solution except that they differ in the following constituents,
Ay Anms Apnts Emns Knms Ko and ¢o. Their explicit forms for the present case are
given below:

1 1 em+ni 4 em+&3 1 et 1 PUCRES]

mn 11—m, 12—m, 21—m, 22—@;

A A e+ e 62 Mz +m e té2

nm 11—m, 12—m, 21—M, QZ—M>

1 1 em+ni A eb1163 A ebetni eb2tés

nn’ : = 77 = 77 = 77 - 77 ]‘3
T e N M e B N (a7} "

O O (2 S (. W i

N S k) T R — k) T BB - k) T 2B — k)

P o oy . oy P Wy oy P by oy

I S k) T R =) T wE - k) R T 2k — 1)

T S S S

N i k) T A ) T W@ k) T (@ - 1)

T
and ¢p = <e’71 €2 ) . The above new class of solution permits both degenerate

and nondegenerate solitons, simultanously leading to the formation of coexistence
phenomenon in the present LSRI system (I)). It is interesting to note that the
coexistence phenomenon has also been discussed in the context of rogue waves [52].
The above partially nondegenerate soliton solution is described by seven arbitrary
complex parameters, ozgl), ozél), k;, 1,7 =1,2 and l,. Further, in order to get the regular

(nonsingular) solution one has to fix the condition k;; < 0, j = 1,2 and ly; < 0.

3. Various types of collision dynamics of nondegenerate solitons

In this section, we analyze several interesting collision properties of the nondegenerate
solitons of the system (Il). To study the collision dynamics, it is essential to analyse
the form of each of the solitons in the two soliton solution in the long time limits
t — 4oo. It can be done by performing appropriate asymptotic analysis of the
completely nondegenerate two-soliton solution (I2d) and (12f). From the analysis, we
find that the nondegenerate solitons exhibit three types of collisions, namely shape
preserving, shape altering and a novel shape changing collision dynamics for the cases
of (i) equal velocities: kj; = l;;, j = 1,2 and (ii) unequal velocities: k;; # ljr, j = 1,2.
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Figure 5. Elastic collision: Shape preserving collision with zero phase shift between
the symmetric and asymmetric double-hump solitons. The parameter values are given
in the main text.

Very interestingly, we find that the shape altering and shape changing collision scenarios
belong to elastic collision which is confirmed through the following asymptotic analysis.
Additionally, we observe a shape changing collision for the partially equal velocities
(kir = lig, kor # lor) case also. In this section, we describe the asymptotic analysis
for equal velocities case only and it can be extended to unequal velocities cases as well
in a similar manner. We note that the singularity condition, k;; < 0 and [;; < 0,
enforces the two nondegenerate solitons to propagate in the same direction. Thus, the
nondegenerate solitons in the system always undergo overtaking collision. From this,
it can be understood that the positive type of nonlinearity of the system (1) does not
permit any head-on collision among the nondegenerate solitons.

3.1. Asymptotic analysis

We carry out an asymptotic analysis of the two-soliton solution and (128) by
considering the parametric choices, k;; = l;; < 0, kjr,ljr > 0, j = 1,2, ki; > koy and
ly; > lyy, which corresponds to the overtaking collision of two symmetric double-hump
solitons. For other choice of parameters, similar analysis can be carried out without
much difficulty. In order to deduce the asymptotic forms of nondegenerate solitons in
the long time regimes, we incorporate the asymptotic behaviour of the wave variables
nir = kjr(x—2k;t) and & = Lip(v—21,t), 7 = 1,2, in the solution (12d) and ([128). For
the above parametric choices corresponding to overtaking collision, the wave variables
behave asymptotically as (i) Soliton 1 (S1): mg, &1r >~ 0, 7or, &ar — F00 as t £+ oo and
(ii) Soliton 2 (Sy): Mg, &ar ~ 0, Mg, &1r — 00 as t F co. Substituting these results
in Eqs. ([I2Zd) and (128), we derive the following asymptotic forms of nondegenerate
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individual solitons.
(a) Before collision: t — —oo

Soliton 1: For soliton 1, we obtain the asymptotic forms of S®, [ = 1,2 and L from the
two-soliton solution (I2d) and [120) as

4A%_k31R k’ljeiml COSh(glR + ¢1_)
(11 cosh (g + Evr + &y + by + 1) (mr—&r+ ¢y =1 + )]
@ o 4A5 g1 e cosh(nig + ¢3)
[am cosh(mpr +&p+ ¢ + @5 + 1) (mr = &r+ ¢ — ¢1 +c2)]’

L(z,t) ~ 7 ((k: — I35) + iz cosh(2mp + 265 + c3) + kig cosh(261p + 267 + c4)>,

S ~

f=bicosh(nig +&ir+ @7 + @3 + 1) + by cosh(inr — &g + 5 — ¢1 +ca). (14)
Here, A1~ = i[a{" /o |V/2 and AL~ = i[a'® /a{?"]1/2. In the latter, superscript (1—)
represents soliton S; before collision and subscripts (1,2) denote the two short-wave
components S and S| respectively.
Soliton 2: In this limit, the asymptotic expressions for soliton 2 in the two SW
components and the long-wave component turn out to be

4k2RA%_ k’g[@i(nere;) COSh(ggR + (pl_)
[az1 cosh(ter + & + @1 + @y +di) + (2 — &r + @y — @1 +d2)]’

AlopAS V/Ipre 21492 cosh(nag + 3

S~

S ~ ,
[CL22 cosh(1or + ok + @1 + ¢y +d1) + ;- cosh(ner — S2r + 95 — @1 + da)]
Liz,t) = 4 (( — l3p) + lig cosh(2m2r + 207 + d3) + kip cosh(26ar + 205 + d4>),
f = bycosh(nag + or + 1 + 93 +dv) + 0y ' cosh(nar — Eor + @3 — @1 + da). (15)
In the above, ay = %2727 12)% <1 = (kﬁl;)% Ugy = 7(@4*)1 L = LSHQ)% e =
’ (k%)—’ a5 (krlz)i’ (ko +13)?2 T 93 (ka—12)2’
(krkg)(kﬁkg)%(kﬁk ) (k2 — 11)2(k1 k*)(k*+l1) oty — (L= 12)(k1 l2)2(k1+l )2(ll+l )l +2) ¥ (L l;)%
(ki —hy) (k5 +h2) () (k3 —15) 2 (k) —k2) 2 (ka+15) 2 (5 ~15) 2 (5 ~15) (K +12)2 (1 +2) 1 +13) 2 (1 ~12)2
_ 1, (1) _ 2) , (2 s — 1
A% = [O[é )/aé) ]1/2 ) Ag = [O[é )/aé) ]1/27 by = (hzn— lQR)la dy = %lOg Ekz,lzga
(k+i2) (ks —13) (k3 +13) PR g
_ 1 5+ _ 1 3 + _ 1 5+
dy = 3log (k§+l§), ds = §logw and dy = 5log m Here, super-
script (2—) refers to soliton 2 (Sy) before collision.

(b) After collision: t — +o00
Soliton 1: We have deduced the following asymptotic forms of for soliton 1 in S®,
[ =1,2 and L from the two soliton solution (I2d) and [128) after collision as below:

AAY ey g/ Fr €m0 cosh (€1 + 67F)
[ari cosh(mir + &ir + ¢ + 63 + 1) + s-cosh(mr — &+ d3 — 1 + )]
5@ ~ 4AY L VTire™ €t cosh(nig + ¢F)
N [CL12 cosh(mr + &r + 07 + ¢35 + 1) (mr = &r+ ¢35 — ¢1 +c2)]’

L(x,t) ~ 7 ((k — Bg) + lig cosh(2n1k + 203 + ¢3) + ki cosh(261r + 2¢7 + C4)>,

S~
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f=bicosh(mp + &r+ ¢F + &5 + 1) + by cosh(mp — & + 03 — o + c2). (16)
Here, ¢ii — (ko dsia) it tasta)d ikt~ jue ) 01 g1e
’ (ke —k5) (k] —15) 2 (k+k5) (k1 +13) 2 (k7 +k5) 2 (k1 —k5) 2 A P

1 R 1. .1

i[a?)/a?) |¥/2 and eits  — (11*12)(5‘2*11)2(k2+l1)i(ll+l2)(l1+l2)i(ll 12)21. In the latter,
(k3 —=11)2 (11 =13) (k3 +11) 2 (W +13) (11 +13) 2 (L —13) 2

superscript (1+) represents soliton S; after collision and subscripts (1,2) denote the

two SW components S and S@| respectively.

Soliton 2: The asymptotic expressions for soliton 2 in S®, [ = 1,2 and L after collision

turn out to be
4]{?2RA%+ k’g[@mﬂ COSh(ggR + ()Oii_)

a1 cosh(nar + Eor + 0T + 05 +di) + aél cosh(nzr — & + 05 — @1 +da)]’
Alor AT /Ty cosh(nag + ¢3)

[ags cosh(mar + Eor + 01 + @3 + di) + a; cosh(nzr — & + 03 — @i +da)]’

4

L(z,t) ~ 12 ((kgR — l3p) + lig cosh(2nzr + 207 + d) + kip cosh(26ar + 203 + d4)>>

f = bycosh(nag + or + ¢ + 93 +dv) + b3 ' cosh(nar — Eor + @3 — T + da). (17)
Here, A2t = [l /a2, A2 = i[al? /oS ]/2. The phase constants, o5, OF, 95,
gpj, j = 1,2, appearing above are related as follows:

=00 T U1, b3 =y T, o =9 — W, 5 =@ — Uy, (18a)

where
1 |ko — ]|l — l2|2|l1 + |

S ~

S ~

|k — k2|2|k1 + kollk1 — lo]

= In s =In 5

L T T I T I A i Wy oyl oy e Sy
Iy — bo||l — Lo|2[ly + o] ko — Lo||k1 — Kaf2[k1 + ko

\I/ :ln 5 \II :ln ) 18b
L e B Bl = T P e R+ Pl — R (180)
R S (e 1] ¥l b= tm (1l = k)loy"?

V2 ik (L 12— 1) TP 20 20k 4 1) (B kD)2(ky — k)
o= L (ks — bo)[af” 2 L1 (ks — L)y ?

2 2ilks + ) e +5)2( — 1) 2 T2 2i(ks + L) (ks + k3)2(ks — K3)
From the above, one can easily observe that the phase terms only get changed during
the collision process. As we have pointed above, the phases of each of the solitons also
get changed during the collision dynamics. The total phase shift of soliton S; in both
the SW components is calculated as

ACy = ¢f +¢5 — (d1 +¢5)
~ log |y — L[|y — Lol + lo|[k1 — lo| k1 — K| ®|k1 + Ko .
ko + G|l + B3P0 — B[Ry 4 B[Ry + R3[| Ry — K3
Similarly the total phase shift experienced by soliton Sy in the SW components are given

by

(19a)

ADy = of + ¢35 — (¢ +¢3)
— _log |l€2 - l1||l1 - l2|2|l1 + l2||k31 — l2||k31 - k2|2|k31 + k32|
ko + ||l + G120 — [k + [k + K52k — K3

= —A®,.  (19b)
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Here, the subscript 1 and 2 in A® denote the soliton number. The total phase shifts
obtained for the SW components are the same for the LW component.

0.25 0.25 (1)
o o S3
0
-90
0.25
0 !
-90
0.17
) )

-90 0 90

Figure 6. The column figures (al)-(a3) represent the shape altering collision of two
symmetric double-hump solitons ST and S; at t = —10 (blue dotted curves) into
S{ and S§ at t = +10 (red curves) and the column figures (b1)-(b3) denote their
corresponding shape preserving nature which is brought out after taking appropriate
time shifts. The dotted black curves in (b1)-(b3) refer to the solitons before collision
at t = —20, and the solitons after incorporating the appropriate finite time shifts are
represented by the solid red curves. To bring back the shape preserving nature of
solitons after collision we have taken the following time shifts based on Eq. (22):
For solitons S; and Sy the time shifts are performed respectively as (short wave
SM: ¢ = 18.6525, short wave S?): ' = 18.5791) and (SM: ¢ = 20.4559, S
t' = 20.4266). As far as the LW component is concerned one has to combinedly take
the shifts for soliton S{ (¥ = 18.6525, ¢’ = 18.5791) and soliton SJ (¥ = 20.4559,
t' = 20.4266) in the LW component expressions (I6) and (7)), respectively.

3.2. Elastic collision: Shape-preserving, shape-altering and shape-changing collisions

The asymptotic analysis of equal velocities case (k1; = Iy and koy = lor) reveals that

+)2
= }2{*}2 =1,1,j =1,2, (where A’s are defined in the
J

above asymptotic analysis) always remain unimodular. Consequently, the corresponding

the transition intensities, |T7|?
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collision among the nondegenerate solitons is always elastic in the equal velocities case.
Thus, the expressions of the individual solitons should be invariant in the asymptotic
time limits ¢ — 400 leading to the preservation of shapes of the nondegenerate solitons.
As a result, the asymptotic expression (I4) of soliton 1 before collision should coincide
with the form (I6). Further, to hold the elastic collision nature, the asymptotic form (I5)
of soliton 2 must also agree with Eq. (7). However, in view of Eq. (184d), this is not true.
Since the phase terms dramatically get varied during this collision scenario. This phase
variation significantly influences the structure of the nondegenerate solitons. Therefore,
to maintain the structure, the phase terms should obey the following condition:

b7 =7, ¢ =w;, j=12 (20)
The above implies that the additional phase terms, ¢; and ¥;, j = 1,2, are equal to
zero. That is
ky — Ll — )|l + 1
¢1:1n| 2 iH 1 i|2| 1t i|
ko + G0+ BP0 — 15

|l€1 - k2|2|k1 + k2||k1 - 52|
k1 + K52k — K3||ky + 15
|/{:1 — l2||l1 — l2|2‘ll + l2| |/{72 — l1||/{:1 — k2|2‘/€1 + kg‘

VU, =1In =0,¥y=1In
' Ky + 5]+ P[0 — 15 ? ko + 3] [ky + K52k — k3|

Physically this indicates that the nondegenerate fundamental solitons undergo shape

=0, Yo=1In =0, (2la)

= 0. (21b)

preserving collision (or elastic collision) without a phase shift. Such a zero phase shift
criterion is calculated from the above expressions (21a) and as

ko + 15| ko + 15
_ =0. 22
ko — L] k1 — o] 0 (22)

From the above, we infer that the two nondegenerate solitons pass through one another

with zero phase shift whenever the criterion (or equivalently from the phase
condition Eq. (20)), is fulfilled by the wave numbers. This remarkable new property is
not possible in the degenerate counterpart and even in the scalar nonlinear Schrédinger
equation. A typical shape preserving collision with zero phase shift is demonstrated
in figure From figure [4] one can easily recognize that that the two symmetric
double-hump solitons S; and Sy are located along the lines g = kig(x — 2kit) ~ 0,
&1r = kip(z — 2kit) ~ 0 and nor = kor(x — 2kort) ~ 0, &or = kop(x — 2kort) =~ 0,
respectively. Around z = 0 they start to interact and pass through one another
with almost zero phase shift. We have numerically verified this from Eq. by
calculating the value as —0.0006. It ensures that the structures (as well as phases) of
the nondegenerate solitons remain constant throughout this collision process. A similar
shape preserving collision scenario among the two asymmetric double-hump solitons is
illustrated in figure [5] for the parameter values k; = 0.25 — 0.5¢, [y = 0.315 — 0.5¢,
ko = 0.25 — 1.2, I = 0.315 — 1.2i, o!” = 0.5 + 0.54, o' = 0.45 + 0.5i, ol = 1+ and
af? = 0.45 + 0.5i,

In general, the phase constants gb;r, op cpj and ¢}, 7 = 1,2, do not agree with the
condition in the equal velocities case. Under this circumstance, the nondegenerate
solitons undergo either shape altering collision or shape changing collision without
infringing the unimodular transition intensities condition. Therefore, depending on the
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nature of the changes in the phase terms, the nondegenerate solitons experience slight
alteration or drastic reshaping during the collision process. A typical shape altering
collision is depicted in figures [6[al)-(a3). To draw the figures [6lal)-(a3), we fix the
soliton parameters as k; = 0.25—0.5¢, [; = 0.315—0.57, ko = 0.31 —1.57, I = 0.28 —1.51,
ol =054 0.5, ol? = 0.45 + 0.5, o) = 0.45 + 0.5 and ol = 0.55 + 0.55i. Then
these figures show that the symmetric nature of double-hump solitons in all the three
components get altered slightly into asymmetric forms after collision. However, this
shape alteration can be undone, without loss of generality, by making appropriate shifts
in time,
) v, Vo ) v, Wy

(1=t~ Sk T 2/<;le11> and (¢ =+ domkar T kaRky) (23)
in the wave variables &g and 7 for soliton 1 and &g and nyg for soliton 2 in
the expressions and (17), respectively. After effecting these time shifts in the
respective asymptotic expressions, we find that the asymptotic expressions of the

two nondegenerate solitons becomes identical except for unit phase factors. As a
consequence, the shapes of the nondegenerate solitons are conserved asymptotically
with zero phase shift thereby confirming the elastic nature of the collision. This
shape preserving nature is graphically illustrated in figure [6]b1)-(b3). Moreover, for
kir = li; and koy = lo7, the nondegenerate solitons also exhibit a novel shape changing
interaction again without violating the unity condition of the transition intensities.
Very interestingly, as it is evident from Eq. (I8d), the shape changing occurs not only
in the two short-wave components but it is also observed in the long-wave component
as well. We display such non-trivial shape changing collision in figure [[[al)-(a3) as an
example, where the symmetric structure of the flattop soliton S, in the S component
and symmetric double-hump solitons in both the S and L components are altered
drastically as indicated by the red curves at ¢ = 25. To display this figure [Q(al)-(a3),
the parameter values are fixed as k; = 0.315 — 0.54, [; = 0.5 — 0.54, ky = 0.45 — 1.2,
I, = 0315 — 1.2, oV = 0.5 + 0.5, o/ = 0.45 + 0.45i, o = 0.45 + 0.4i and
a§2) = 0.65 4 0.65¢. This type of shape changing collision has not been observed earlier
in the degenerate case [20]. However, as we have performed the analysis in the above
case of shape altering collision, the present shape changing collision also belongs to the
case of elastic collision. Thus the shape preserving nature can be retrieved by shifting
the time as per Eq. (23). This elastic collision scenario after taking the time shifts
is demonstrated in figure [7[b1)-(b3). Therefore, what we emphasize here is that the
collision scenario among the nondegenerate solitons is always elastic regardless of the
zero phase shift criterion (22). Further, we also demonstrate the shape changing collision
in the partial velocity case ki; = l;; and ko # lpr in figure [§ for the parameter values
as given in the figure caption.

In addition to the above, the elastic collision does occur in the case of (2,2,4)-
soliton solution (unequal velocities: ki; # li; and koy # loy) for the general choice of
wave parameters. We illustrate such a collision process in figure [9] for the parameters
given in the figure caption. From figure[9] it is clear that each interaction picture of the
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Figure 7. The column figures corresponding to (al)-(a3) demonstrate shape changing
collisions among the nondegenerate solitons whereas the figures (b1)-(b3) illustrate
their corresponding shape preserving nature which is brought out after effecting the
time shifts (SM: ¢ = 22,5772, S@): ¢/ = 21.962) and (SM): ¢ = 26.3074, S©?:
t' = 26.0926) in the expressions (I6) and (I7) of both the solitons S; and Sa,
respectively. For solitons in the LW component, one has to take the time shifts
(t' = 225772, ¢ = 21.962) and (¢ = 26.3074, t' = 26.0926) combinedly in Egs.
and (17), respectively. In figures (b1)-(b3) black dotted curves denote the solitons

before collision at ¢ = —25 and the red solid line curves represent the solitons after
collision with time shifts ¢'.

two single-humped solitons in both the SW components SV and S®) reappears through
the LW component. The interesting fact of this collision scenario is the structures of all

the solitons do not get altered throughout the collision process thereby confirming the
elastic collision.
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Figure 8. Shape changing collision of nondegenerate solitons in the partially equal
The values are k; = 0.315 — 0.5,

velocity case (kiy = li; and koy # log):
I1 = 0.545—0.5i, ky = 0.315—4, Iy = 0.545 — 1.54, a{"

ol = 0.5+ 0.5i and oY) = 0.45 + 0.45i
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Figure 9. Elastic collision among the two nondegenerate soliton in the unequal
velocities case, k1; # l17 and koy # lo;. The parameter values are k; = 0.315 — 0.5¢,

ol = 0.5+ 0.5i and of? = 0.45 + 0.45i.

I =0.545—1i, ky = 0.315— 1.84, Iy = 0.545 — 2.5¢, a{"

= 0.5+0.5i, o{? = 0.45+0.454,
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4. Collision between nondegenerate and degenerate solitons: Two types of
shape changing collisions

Here, we discuss the collision dynamics of nondegenerate two-soliton solution (I2d) and
12b)) under the partially nondegenerate limit k1 = [; and ky # [5. The resultant solution
of the LSRI system describes the coexistence of nondegenerate and degenerate
solitons. It is of interest to study the dynamics of nondegenerate soliton in the presence
of degenerate soliton and vice versa. In order to explore the underlying collision
dynamics we perform an asymptotic analysis for the two-soliton solution (12a)) and
(120) with the wave number restriction k; = [; and ks # ls. By doing so, we find that
the nondegenerate soliton undergoes two types of shape changing collisions. Here, we
define such shape changing collisions. (i) Type-I shape changing collision is observed for
the velocity condition ko; = lo;, where the initial profile structure of the nondegenerate
soliton, in all the components, is either drastically changing into an asymmetric form
or the initial profile structure is completely reshaped into another profile. (ii) Type-II
shape changing collision is observed for the velocity choice ko; # l;, where the two
single-hump structured nondegenerate solitons are merged into a single-hump soliton in
both the SW components while the shape of the nondegenerate soliton is preserved in
the LW component. In both the collision scenarios, the degenerate soliton exhibits the
usual energy exchange collision property as described in [20].

4.1. Asymptotic analysis

In order to explore the degenerate bright soliton collision induced shape changing
behaviours of the nondegenerate soliton, we intend to analyze the partial nondegenerate
two-soliton solution (I12a) and with the elements of the Gram determinants given
in Eq. (I3) in the asymptotic limits ¢ — Foo. In these limits, the resultant action
provides the forms corresponding to degenerate and nondegenerate solitons. As we
have pointed out in the earlier sub-section 3.1, to obtain the asymptotic forms for
the present case one has to incorporate the asymptotic nature of the wave variables
nir = kjr(t — 2kr;2) and &p = lp(t — 2le72), 7 = 1,2, in the partially nondegenerate
soliton solution. Here we note that the wave variable n;z represents the degenerate
soliton and nsg, &r correspond to the nondegenerate soliton. To find the asymptotic
behaviour of the above wave variables, we consider as a typical example the parametric
choices, kjr,lop > 0, kjr,lor < 0, 5 = 1,2, kiy > kos,ly;. For this choice, the wave
variables behave asymptotically as follows: (i) degenerate bright soliton Sy: mr ~ 0,
Mor, &ar — F00 as t — +oo (ii) nondegenerate fundamental soliton Sy: 79g, &or >~ 0,
mr — *0o as t — Foo. By incorporating these asymptotic behaviours of the wave
variables in the solution (12d)-(128) with Eq. (I3), we deduce the following asymptotic
expressions for the nondegenerate and degenerate solitons.

(a) Before collision: t — —oo

Soliton 1: The asymptotic form of the degenerate soliton deduced from the partially
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nondegenerate soliton solution is

Al T
SO ~ ( A;’ ) 2k \/ k€™Mt 2) sech(mp +47), 1=1,2, (24a)
1
L ~ 2k?, sech® (g + 7). (24b)
~ ) . 5 ~ NOIFNO .
where A~ = ol /(la")2 + [aP))V2 1= 1,2, ¢ = B =11 2i((|k11+lLi‘)2‘(kll—|k)1‘)' Here, in

A" the subscript 1 denotes degenerate soliton S; and superscript [— refers to the SW
components before collision.

Soliton 2: The asymptotic forms of the nondegenerate soliton S,, which is present in
both the short-wave components as well as in the long-wave component, before collision
are obtained as

B2

1 . s — , —
SW ~ Dr (e"meulya cosh(&ap + a 5 Ml) + eftar "3 cosh(mr + s 5 'uQ)), (25a)

1 . v v _— . v v —_—
S ~ D—(e”me = cosh(&p + s Vl) + eftar gt cosh(mor + m VQ)), (250)
1
I~ -~ <6u5+ gzt [(k’Q + k2)2 cosh(§s + & + <:u7 ,U8) > <M5 ,UG))
1

— 1
(116 + ps) . (15 + i) ) + §6u8

[(k3 + 15)? cosh(m + & +

+(ls + 15)? cosh(n + 15 +

pstug+urg+rig
2

(s + pao) — (ps + M9))

+e 5

(s + po) — (s + f110) )

Het+H7FHR9FI10

P20 (k1) cosh( — & + Lo H )= i
(16 + p10) — (po + p7)
5 ).

+(ka + 13)% cosh(& + m5 +

+(k5 — l;)2 cosh(ny — & +

,U/8 ; Iu5) + 6H9+2H10 COSh(Z.(TIQI — §2[) +

He — H7

2 )
Here, AL~ = [V /ol 1V2, A2 = [P /al?"]/2. In the latter, the superscript [—,

[ = 1,2, denotes the SW components S and S® before collision and the subscript 2

refers the nondegenerate soliton Ss.

(b) After collision: t — +o00

Soliton 1: In this limit, the asymptotic forms for the degenerate soliton S; after collision

are deduced as

(25¢)

ps+ug

D1 =€ 2 COSh(T]QR —+ §2R —+

H1io — /~L9)
2

ret+pr7

+e 2 cosh(mpr — Sor + (25d)

ALF
L ~ 2k%, sech® (g + ). (260)

where AP = af"/(jal"P + xloi? )72, AP = /(o "Px! + |0 2)72 =
(Ikr = LoPlly + k3[P[Ry + LoPlly — K31%)/ (Jky — Kol?[Ry + 5Ky + Kol [y — I3)%), € =

Al 4 .
SO ~ ( ! )ka e MO S o o sech (g + ), 1= 1,2, (26a)
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N[ Nl

1 1 1 1 1 1
(k1—k2) (ki +k2) (k1 —l2) (kf+lz)f(k1+k2)71(ki‘+k2) eits — (k‘r’m)f(’fi‘+k2)f(k1*l2)(ki‘+l2)(k1+l2)71(ki‘*b)?l
(kf —k3) (k1 +k3 ) (k] —15) 2 (k1 +13) 2 (k+k3) 2 (k1 +k5) (k1 —k3)2 (k1+k3) 2 (k] —13) (k1 +13) (kT +13) 2 (k1 —15) 2
+ _ 1 |k1—k2|?[k1—l2|*As oAl 7
and " = 5ln S5 ) (R 2T 3 2T~ o Here, [+ in A", | = 1,2, refers to
SW components after collision and the subscript 1 denotes the degenerate soliton S;.

Soliton 2: Similarly the asymptotic expression for the nondegenerate soliton S, after
collision deduced from the soliton solution (12d) and (12b) with the elements given in
Eq. is

Akop\/kar AT e'M212) cosh(&op + 2L)

S : (27a)
[ag1 cosh(nar + &ar + %) + a; cosh(mor — &or + %)]
5O ~ Al y/Tor Ayt e @2 cosh(nar + %) (270)
[age cosh (g + Eor + %) + G%Q cosh(ner — Eor + %)],
4 A+ Az — A 1y Agtrgtr
L~ ﬁ<k§RCOSh(2£2R+—4 23 ?) 5 M-
2
Ao+ A — A
+ 155 cosh(2map + ke Sk 24 3 )), (27¢)
A A Ao+ Ao — N\
Dy=c* cosh(ner + &ap + 54) tez cosh(mer — ar + s 5 3),
6)\21 — 4<k2R + l2R)2€)\4 4 4(k2R o l23)2€>\2+)\3,
_ (kg—l2)|oz(2)|2 . \kz—l2|2|o¢(l)|2|a(2)|2
where A1 = In o =g tibemry 2 = D apmiare e Bt rerGie A8 =
o |(la—15) (1o +15)? _ (la—k2)]a) |2 D W12 424
|aé22)\(k27k;)(k2+k§)2’ = In 2i(k2*k§)(k2+k§‘)2(k§+lg)’ Ayt = oy oy VR AT =

z'[ozéQ) / ozg)*]l/ 2. The explicit forms of all the other constants are given in Appendix

0.45 lsi s;

|S(2)|2

|S(1)|2

Figure 10. Type-I shape changing collision between degenerate soliton and
nondegenerate soliton: To draw this figure the parameter values are fixed as follows:
ki =15 = 0.8 — 05, ky = 0315 — 1.2i, I, = 05— 1.2, ") = 0.5, o{? = 0.8,
af? = 0.5+ 0.5i and ol? = 0.45 + 0.45i.
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Figure 11. Type-II shape changing collision between degenerate soliton and
nondegenerate soliton: To illustrate this collision we fix the complex parameter values
as follows: ki =13 = 1 — 056, ko = 0.35 — 1.84, I = 0.5 — 4, o\ = 1, o{¥ = 0.7,
af? = 0.8 and af? = 0.6.

4.2. Degenerate soliton collision induced shape changing property of nondegenerate
soliton

As we have defined earlier, the coexisting solitons (both degenerate and nondegenerate)
undergo Type-I and Type-II shape changing collisions corresponding to two distinct
velocity conditions koy = lor and ko # log, respectively. In both these collision scenarios,
the degenerate bright soliton strongly affects the structure of nondegenerate soliton as
it is ensured from the above asymptotic analysis. As a result, the initial structure
of the nondegenerate soliton Sy is varied to a different of geometrical structure. A
typical Type-I shape changing collision is depicted in figure [10 for ko; = lo;. In figure
[0 it is true that the degenerate soliton S; undergoes energy sharing collision among
the two SW components only while it interacts with the nondegenerate soliton S, as
it has been shown in the pure degenerate case [20]. In the long-wave component, we
observe elastic collision only when the degenerate soliton even collides with another
class of asymmetric double-humped nondegenerate soliton. During such enegy sharing
collision of the degenerate soliton, the polarization constants of SW components
AT = o /(lofV 2 + [aP2)V/2, 1 = 1,2, change into AT = i /(|o{V2 + x|ai[2)1/2,
AT = o /(o X +aP 22, where x = ([ —la[2[ky+ K312 a2k — K312) / (| oy —
kol?|ky + 15| k1 + ka|? k1 — 15]?). Meanwhile, the amplitude of the soliton S; in the long-
wave component remains unchanged except for a finite phase shift. In contrast to the
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degenerate soliton Sy, the profile structure of the nondegenerate fundamental soliton S,
gets dramatically altered during the collision processes as it is evident from figure [10]
From figure[10] one can observe that the initial set of asymmetric double-hump profiles
in the short-wave component S and in the long-wave component L get transformed
into another set of asymmetric double-hump profiles with a finite phase shift. However,
in the second short-wave component, the soliton S, switches its asymmetric flattop
profile into a single-hump profile with an enhancement of energy along with a phase
shift. From the asymptotic forms, we identify that the relative separation distance or
the phase terms are not maintained during this special kind of interaction.

Next, we display the Type-II shape-changing collision in figure for koy # loy,
where the degenerate soliton S; undergoes usual energy sharing collision as expected.
However, the nondegenerate soliton Sy exhibits unusual collision property. From figure
one can immediately notice that two single-hump solitons appear in the two short-
wave components SW. 1 = 1,2, under the velocity condition kg # loy apart from
the appearance two similar solitons in the long-wave component. We do not come
across the appearance of such two single-hump solitons in the short-wave components
in the case of one-soliton, where a single-hump profile only emerged in both the S®
components at ki; # l1; (one can confirm this from figure [3). We also notice that the
small amplitude soliton structure, in both the SW components, disappears after colliding
with the degenerate soliton S; whereas the energy of the larger amplitude soliton is
enhanced further. In other words, the two single-humped structures, in both the SW
components, are merged during the collision. After the collision, they get combined into
a single-hump soliton. However, very interestingly the two single-humped nondegenerate
structure in the LW component propagates without any distortion thereby confirming
the elastic collision nature. To characterize both Type-I and Type-II shape changing
collisions, one can calculate the corresponding transition amplitudes. For both the
collision scenarios, the explicit forms of the transition amplitudes turn out to be

PR (el S (ol ) el (28)

(o2 + xlog” )12 (o X+ Jg”[2)12
where x = (|ky — Lo |?|k1 + k32 [k + 1|k — k3)%) /(| Ry — Ko 2|y + 03] [k1 + ko |2 k1 — 15]2). In
general, the value of y is not equal to one. Consequently the transition amplitudes 7'!

and T? are not unimodular. In this situation, one always comes across shape changing
collision. The standard elastic collision can occur when x = 1, where the quantities 7T}
and T are equal to unity. We point out that one can also calculate explicitly the position
shift that occurred during the collision between the degenerate and nondegenerate
solitons. We wish to emphasize here that to the best of our knowledge the collision
scenarios discussed above have not been reported elsewhere in the literature for the
(1+1)-dimensional two component LSRI system ().
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0.5} ISP i

|5(2)|2
........ IL|

|ST2P, 1L

Figure 12. Single-humped degenerate fundamental soliton: k; = 0.5—0.5¢, agl) =0.5

and a§2) =1

5. Degenerate-soliton solutions and their collision dynamics

Here, we provide the minimal details about the already known class of degenerate
soliton solutions and the underlying collision property, reported in Ref. [20] for Eq.
(@, in order to clearly distinguish the corresponding dynamics from the dynamics of
nondegenerate soliton solution (Ga)-(Gd) presented in this paper. The energy exchanging
collision exhibiting degenerate fundamental bright soliton solution can be extracted
from the nondegenerate one-soliton solution Eqs. (6d)-(6d) by imposing the restriction
ki =11 in it. As a consequence of this constraint, the seed solutions (3)) get restricted as

2 _ (2
=

g§1) = a§1)e’71, g a;” e, n = kyx + ik?t. This results in the degenerate one-soliton

solution of the form,
0 imi+3) R 2 ool R
SY = 2A1k1p\/ k"™ T 2) sech(np + 5), L = 2k7p sech”(mpg + 5) (29)

(1) (1) (2)
Here, Al = 4 l = 1,2, €R = _—(|041 \2+|a1 ‘2)’ MR = klR(x — lejt),

- 2
Vi R+al2 R

mr = kirz+ (k35 —k?;,)t. In contrast to the nondegenerate soliton, the above degenerate
soliton always propagates in all the components with identical velocity 2k;;. This is
because of the presence of a single complex wave number k; in the solution ([29). It
leads to single-hump profiles only in all the three components as we have shown in
figure [I21 The amplitudes of the degenerate soliton in the SW components and the

long-wave component are 2A4;kirv/ki; and 2k3p, respectively. The central position of
R
5.
The degenerate two-soliton solution of the system was reported in Ref. [20] by

the soliton (for all the components) is

considering the seed solutions
g%l) — gl)em + le)em’ n; = kjx + ika-t, l,j=1,2. (30)

On the other hand, it can be captured from the nondegenerate two-soliton solution
(12a) and (120) by imposing the restrictions k; = [; and ko = l5. The resultant Gram
determinat forms of the degenerate two-soliton solution contains the following elements
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Figure 13. Energy sharing collision of two degenerate solitons: k; = 1.5 — 0.54,
by =2-2i, iV =25 0P =1.2, oV = 0.9 and of? = 0.6.

in Egs. (11),
A A= A !
) = = = = ’ = et 71 2
mm (km + k’:(n/) mn nm nn' ¢1 ¢2 ( € € ) )
TMnU@Dm'

Kmm! = m = Kmn = Enm = Knn, m,m’,n,n’ =1,2. (31)

The other elements are the same as the ones defined in Eqs. (I2d) and (128). In
general, the degenerate N-soliton solution is a special case of our nondegenerate vector
N-soliton solution under the restrictions, k; = [;, i« = 1,2,..., N. We wish to remark
here that obviously any one soliton solution will be a special case of the two-soliton
solution, under the appropriate specialization of the parameters. The nondegenerate
fundamental soliton solution (6d)-(6c) turns out be a special case of the nondegenerate
two-soliton solution and (120) with ozél) = ag) = 0. Similarly, the degenerate
fundamental soliton solution (29) is a special case of the degenerate two-soliton case
under the restriction aél) = a§2) = 0. In passing, we note that very special parametric
choice turns out to be the present fundamental one soliton solution (one soliton solution
presented in Eqs. (6d)-(6d) can be deduced from the degenerate two-soliton solution

(31) too under the restriction ozél) = a?) = 0 after renaming the resultant constants

af) as a§2) and ks as [1). However, as it is evident from our discussion, the properties
of the nondegenerate fundamental soliton solution (64)-(6d) are entirely distinct from
the interacting degenerate two-soliton solution reported in Ref. [20].

As we have pointed in the previous sub-section 4.2 and by the authors of Ref.
[20], the degenerate solitons of the LSRI system (1) undergo collision with energy
redistribution among the short-wave components. Such a typical collision scenario is
displayed in figure[I3] as an example. From this figure, one can easily observe that the
energy of the soliton S, is enhanced in the S component and it gets suppressed in
the S® component. In order to preserve the conservation of energy in both the SW
components, the energy of the soliton S; is suppressed in the S® component and it gets

enhanced in the S® component. However, the degenerate solitons in the long-wave
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component always undergoes elastic collision. The elastic collision is brought out in all
(1) )
the components by fixing the parameters as % = % 120].

6. Conclusion

We have derived the nondegenerate one-itwo- and three-soliton solutions through
the Hirota bilinear method for the two component long wave short-wave resonance
interaction system. The obtained soliton solutions are represented by Gram determinant
forms. We have shown that the appearance of an additional wave number in the
fundamental soliton solution brings out novel geometrical structures under the condition
ki; = ly;. In addition, for ky; # ly;, the soliton number is increased by one in the
long-wave component. The reason for the creation of additional soliton in the long-
wave component is that the solitons in the two short-wave components nonlinearly
interact among themselves through the LW component. Further, we have observed that
the nondegenerate solitons undergo three types of collisions, namely shape preserving
with a zero phase shift, shape altering and shape changing collisions with finite phase
shifts. The mechanism of the nonpreserving nature of phase terms or relative separation
distances induces these novel shape altering and shape changing collision scenarios.
However, they can be viewed as elastic collision only by taking time shifts in the
asymptotic forms of nondegenerate solitons. Surprisingly, such type of collision property
has not been observed in the degenerate counterpart though they belong to elastic
collision only. Besides this, the emergence of a coexisting nonlinear phenomenon in
the two component LSRI system is also explored. We found that the existence of
a partially nondegenerate soliton solution, which is a special case of the completely
nondegenerate two-soliton solution, is responsible for the appearance of such a nonlinear
phenomenon, where the nondegenerate soliton simultaneously exists with the degenerate
soliton. We have noticed that the explicit appearance of degenerate soliton induces two
types of interesting shape changing and energy sharing properties of nondegenerate
soliton. Finally, we recovered the energy exchanging solitons from the nondegenerate
solitons under degenerate limits. The present study on nondegenerate solitons of long
wave-short wave resonance interaction system will be useful in hydrodynamics, plasma
physics, nonlinear optics and Bose-Einstein condensates.
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Appendix A. Three-soliton solution

The three-soliton solution of the system (IJ) is given below:

Ay A I
mm mn 0 ¢1 Amm/ Amn ] 0
gV =1 -1 0 Koy Kmm 07|, f= e S , (A1)
1T —I 0 Rmm/  Rmn
0 —I  Kpm Epw O 0 s .
o o C 0 0 !
Amm/ Amn I 0 (bl
Anm Ann’ 0 1 ¢2
9(2) = .y 0 EKmm' Kmn ol |. (A.2)
0 —I  Kpm K 07T
o o’ o c, 0
The various elements of the above Gram determinants are defined as
enm+77:n/ enm+£: egn‘i‘f;/ eni‘ﬂr&m
Amm’ = T . Amn == 77Ann’ ) Anm = T T
() (K +13) (b +13)) (K + L)
w;[nawm/ Q/ano'% 1/}1:[ me
Hmm/ - -—7 K‘mn - -77 F;/nm == »77
2i(k2, — k%) 2i(12, — k*2) 2i(k2 — [*2)
/.'. /
P Vn 0P m,m’,n,n’ =1,2,3.

The other elements are d(%ﬁned below:

T T
¢1 = ((3771 e’ 6’73> ’ ¢2 — (6& es2 663) , @Z)j _ (a(l) 0) ’ w; _

J

. 1 00 000
(0a§2>>,0':(000),fza: 010),0=1]000] and
00 1 000
CN:—<04§N) a;N) aéN)>,j:1,2,3,N:1,2. We remark that the degenerate

three-soliton solution can be obtained from the above nondegenerate three-soliton
solution when k; = [;, 7 = 1,2,3. In general, mathematically to obtain the degenerate
N-soliton solution from the nondegenerate N-soliton solution one needs to impose N
number of restrictions on the wave bumbers k; =1;, 7 =1,2,..., N.

Appendix B. Constants which arise in the asymptotic analysis of collision
dynamics of degenerate and nondegenerate solitons

kz)ad wo (k1 — l)aial?" ol
20k — k1) (ky + K7 ) (k;l kz)(k:* T2 O T 2k + kD (K — L) (k] + )2

ka)

(k1

et = (ks

u3 i(ky (ko — l2)| k1 — l2\20421)\04(2 \2/\ elta
et = ,
2(ky — k) (ky + k*) — ko) (k% + k2)2|ky — 13]? |k:1 + |14k + 13)
et — _i(kl - kZ) (kl + k2)( 1= 2)(]{71 — 52)(@ 52) ) (2)6R5
2(ky + k1) (k] + ko) (k1 — k3) (KT — Io) (k5 + l2)(k"f +13)2 7
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M5 A4 " ’i|k‘1 _ k2|2]\56R5
et = — ko — |
22(k31 - k’T)(kl + k‘T)Q 2(/{31 — kjf)(kjl + kﬁ)2|k31 . k3§|2|k1 T k‘§|4
ilky — o[*Age’™ A (1)2 2))2
el — | A — (o o |
2(ky — k) (k1 + k)2 ky — 52 ks + 13)4 1= (Jay’| lag”|%)

Z|l{71 - ]{Z2|2V€1 — 12‘2V€2 — l2‘2A3€R4+R5

ps — _
‘ 2(ky — k1) (k1 + K7)? [k — k*|2|k1 + k3[R — B2 Ry + 5|4 ke + 5
o (k* /{?*)<l€1 _ 12)041 §2)*Oé§1)*04(2)
A(ky + k1) (R — k3) (ky 4 k3)2 (kT — 1) (kT + 12)2 (k3 + 12)
eh1o — _ (kl — kQ)(kflk - ZS)Q§1)*Q§2)Q;1)Q§2)*

A(ky + k) (kY — ko) (kT + k)2 (k1 — 13) (kb + 15)% (ke + 15)
v i(ky — k:g)agl)*a?)agl) e i(ky — lg)ag)fh
2(ky + ki) (b — ko) (k7 + k2)? 2(ky — k7)) (ky + K7)2(RT — L) (kf + 12)%
i(ky — ko) (ky — 1)2(ka — o) (ky + L) (k7 — 13)ad " alP ol e
2(k1 + k) (kY — ko) (ki + ko)2(ki + 1) (k1 — 15) (k1 + 15)% (ke + 15)’

’L|k’1 — k’2|2(k31 — lg)(k’g — ZQ)Q;Q)A86R5

vy __

© T 2(ky — k1) (ky + k7)2 1k — k3|2 ke 4 k5[4 (kT — lo) (kT + 12)? (k5 4 12)
f\ (02|l + d75led? ), A _(912|712|2|04§1)|2+@12|712|2|04§2)|2)>
= (JowzPPF2lP 1oV ? + 65 Pl Pla® ), As = (JowzPlot” P + |85, ?),
f\ = (|722*laf” 2 +Iv Plat”?), A = (Frelot” P + yizlad”)?),
= (Jowzl T2l |? + 185 P02l 0f? P), 012 = (2 = K2), 612 = (k3 — k3?),
’712:(]{71_12) Y12 = (kz—l*z) (2-1)
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