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Dynamics of nondegenerate vector solitons in a long-wave-short-wave
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In this paper, we study the dynamics of an interesting class of vector solitons in the long-wave—short-wave
resonance interaction (LSRI) system. The model that we consider here describes the nonlinear interaction of
long wave and two short waves and it generically appears in several physical settings. To derive this class
of nondegenerate vector soliton solutions we adopt the Hirota bilinear method with the more general form of
admissible seed solutions with nonidentical distinct propagation constants. We express the resultant fundamental
as well as multisoliton 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
structure 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 component, while a single-humped soliton propagates in the two short-wave compo-
nents. We establish through a detailed analysis that the nondegenerate multisolitons 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 shape-changing collision, depending on the choice of the
soliton parameters. Here, by shape-altering we mean that the structure of the nondegenerate soliton gets modified
slightly during the collision process, whereas if the changes occur appreciably then we call such a collision as
shape-changing collision. We distinguish each of the collision scenarios, by deriving a zero phase shift criterion
with the help of phase constants. Very importantly, the shape-changing behavior 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 vector 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 condensates. Our results are generic and they will be useful in these physical
systems and other closely related systems including plasma physics when the long-wave—short-wave resonance

interaction is taken into account.
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I. INTRODUCTION

Resonance is a natural phenomenon which occurs in both
linear and nonlinear dynamical systems under special con-
ditions on the frequencies [1]. This parametric process has
been widely observed ranging from simple harmonic motion
in mechanical systems to more complicated ultrashort pulse
dynamics in optical systems. In this sequence, the interaction
among the nonlinear waves induces one such fascinating res-
onance phenomenon called the long-wave (LW)-short-wave
(SW) resonance interaction modelled by a set of coupled non-
linear Schrodinger type equations. In this paper, we intend to
derive a more general form of bright soliton solutions for the
following LSRI model, namely, two-component long-wave—
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short-wave resonance interaction system,

is{) + 80 + LSV =0, s + 52 + LS? =0,
2
L= (5P e
=1

In Eq. (1), L is the long wave and S?s, [ = 1,2, are the
short waves. The suffixes x and ¢ denote partial derivatives
with respect to the spatial and temporal coordinates, re-
spectively. Soliton formation essentially takes place in the
evolution equations of SWs, that is the first two of the
equations in Eq. (1), 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 Eq. (1) appears whenever the phase
velocity of the long wave (v, 1w = %) almost matches with

©2022 American Physical Society


https://orcid.org/0000-0002-7651-4011
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.105.044203&domain=pdf&date_stamp=2022-04-06
https://doi.org/10.1103/PhysRevE.105.044203

STALIN, RAMAKRISHNAN, AND LAKSHMANAN

PHYSICAL REVIEW E 105, 044203 (2022)

the group velocity of the short waves (v, sw = ‘é—f). This res-
onance condition was originally derived by Zakharov in the
study on Langmuir waves in plasma [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 sin-
gle component LSRI system, where they have established
the integrability of the system by obtaining the soliton solu-
tions using a more sophisticated inverse scattering transform
method [6]. Due to this, the system (1) 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 Ref. [10] when ul-
tralong 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 Schrédinger equations describing the inter-
action 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. (1) finds potential ap-
plications in spinor Bose-Einstein condensates (BECs) [15].
By employing a multiscale 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 Ref. [17]. 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 analyzing
its solutions is useful for studying this peculiar resonance
property in the above described nonlinear media. Apart from
the above, in general, soliton collisions in coupled systems
are extremely important from the point of view of physical
applications, see for instance Ref. [19] for an experimental
realization of collisions of three-component vector solitons
in Bose-Einstein condensates. We note that the parametric
solitons have been identified in the three-wave resonance in-
teraction system [20].

It is important to point out that there are several non-
linear wave solutions which have been reported in the
literature for the integrable long-wave—short-wave resonance
interaction model and its variants [21-31,33-40]. For the

one-dimensional single component YO system, both bright
and dark soliton solutions were derived in Ref. [21]. Inter-
estingly energy-sharing collisions among the single-humped
bright solitons of the (1 4 1)-dimensional multicomponent
LSRI system have been brought out in Ref. [22]. For this
system, such shape-changing collision scenario is demon-
strated in Ref. [23] by deriving the mixed bright-dark soliton
solutions. In this case, the authors set up bright solitons in
the two SW components to observe the shape-changing col-
lision. In contrast to this, the dark soliton solutions of the
multicomponent LSRI system always exhibit elastic collision
[24]. It 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 [25].
Ohta et al. have deduced the two-component analog 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 [26]. This system is
shown to be integrable through Painlevé analysis and the
dromion solutions were obtained using Painlevé truncation
method [27]. Very interestingly, one of the present authors
(M.L.) 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
[28,29] and they have also shown that the formation of res-
onant solitons in this higher-dimensional system [29]. Mixed
bright-dark soliton solutions and their collision dynamics
for this (2 + 1)-dimensional system have been studied in
Refs. [30,31]. For this system, multidark soliton solutions and
their elastic collision have also been studied [24]. 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 [32] and its various interesting dynamical
patterns, have been reported for the LSRI system ranging
from (1 + 1)- and (2 + 1)-dimensional single component to
multicomponent cases [33-39].

From the above studies, we carefully identify that the
fundamental bright solitons reported so far in the literature
for the two-component YO system (1) correspond to vector
solitons with identical wave numbers in all the components,
as we have pointed out recently in Refs. [41,42] for the
case of Manakov system and in Eq. (30) of Sec. V of the
present paper. By introducing nonidentical propagation con-
stants 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 [41]. As we have
demonstrated in Refs. [41,42], this new class of fundamental
solitons for the Manakov system undergoes novel collision
properties. To the best of our knowledge, such nondegener-
ate solitons have not been predicted so far in the literature
for the (1 4 1)-dimensional long-wave—short-wave resonance
interaction system Eq. (1) and their fascinating dynamics re-
mains to be unravelled. With this motivation, in this paper, we
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aim to derive the nondegenerate multisoliton solutions with
the general forms of admissible seed solutions through the
Hirota bilinear method. We find that the obtained nondegen-
erate 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. During the shape-altering collision, the structure of
the nondegenerate soliton gets modified only slightly whereas
appreciable changes occur during shape-changing collision.
To distinguish each of the collision scenarios, we deduce a
zero phase shift criterion with the help of phase constants.
However, in all the three cases, the total energies of each
of the solitons are always conserved. Very interestingly, the
shape-changing collision property appears in the nondegen-
erate soliton case in a new way, where this shape-changing
behavior of the nondegenerate vector solitons is observed in
the long-wave mode also along with corresponding changes
in the short-wave modes. However, by taking the time shift in
the asymptotic expressions, we show that all the three cases
belong to elastic collision only. This special nonlinear phe-
nomenon is not observed earlier in the degenerate counterpart.
Further, we deduce another special type of two-soliton solu-
tion from the obtained completely nondegenerate two-soliton
solution. This new type of partially nondegenerate soliton so-
lution displays an interesting coexistence phenomenon, where
the degenerate soliton coexists with a nondegenerate soli-
ton. This class of soliton solution undergoes two types of
shape-changing collision scenarios. Finally, we point out the
degenerate fundamental and multibright 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 funda-
mental soliton solution for other integrable coupled nonlinear
Schrodinger systems has also been reported recently by us us-
ing the Hirota bilinear method [43,44] and in Refs. [45,46] the
nondegenerate bright and dark 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 Schrodinger system [47] as well. Further, we have
also shown that the P7-symmetric nonlocal two coupled
NLS system also admits both nondegenerate and degenerate
soliton solutions [48]. It is interesting to note that the non-
degenerate solitons also have been reported in the coupled
Fokas-Lenells system [49] using Darboux transformation and
in the two-component AB system [50], by following our
work [41].

The paper is organized as follows: In Sec. II, we present
the nondegenerate one and two-soliton solutions of the
system Eq. (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 soliton. Section III deals with the
investigation of the three types of elastic collision scenarios
with appropriate asymptotic analysis and suitable graphi-
cal demonstrations. The degenerate soliton collision-induced
novel shape-changing properties of the nondegenerate soliton
is analyzed in Sec. IV. In Sec. V, 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
Sec. VI, we summarize the results. For completeness, in
Appendix A, we provide the nondegenerate three-soliton so-
lution 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 non-
degenerate solitons.

II. NONDEGENERATE SOLITON SOLUTIONS

We construct the nondegenerate multisoliton solution by

bilinearizing Eq. (1) through the dependent variable trans-
1

formations, SO(x,1) = 80, 1 =1,2, L =22 In f(x.1).

This action yields the following bilinear forms of Eq. (1):

2
Digf=0,1=12D:ff =) 1g"F, @

n=1

where Dy = iD, + D? and D, = D,D,. Here D, and D,
are the Hirota bilinear operators defined by DD} (ab) =
(-2 (2 —3%) alx, b, r/)|m,’ _,, [51]. In princi-
ple, the soliton solutions (with vanishing boundary condition
SO - 0,1=1,2, and L — 0 as x — £o0) of Eq. (1) can
be derived by solving a system of linear partial differen-
tial equations (PDEs), which appear at various orders of €
while substituting the series expansions g = eg' 4 €3¢} +
=12, f=1+ 62f2 + 64f4 + .... in the bilinear forms
Eq. (2). The explicit forms of the functions g*’s and f lead
to various soliton solutions to the underlying LSRI system

Eq. (1).

A. Nondegenerate one-soliton solution

To derive the nondegenerate fundamental soliton solution
we start with the more general form of seed solutions,

4 =l

¢V =alPef, n=kx+iklt, & =hx+illt,  (3)
where ozgl )’s, k1, and [, are arbitrary complex constants, for the
lowest-order linear PDEs,

ig)) + g, =0,ig” + g7 =0. 4)

1,xx

From the above, one can notice that the functions g and
g considered in Eq. (3) are two distinct solutions. This is
because of the independent nature of the two linear PDEs
specified above in Eq. (4) and so their solutions should be
expressed in general in terms of two independent functions
as given in Eq. (3) above with arbitrary wave numbers ki,
Iy, where in general k; # [;. The general forms of the seed
solutions with distinct propagation constants will bring out
a physically meaningful class of fundamental soliton solu-
tions as we describe below. Such a possibility has not been
considered so far in the literature for the (1 4+ 1)-dimensional
integrable two-component LSRI system as far as our knowl-
edge goes except in our earlier papers [41-44,47]. What has
been considered so far is only the restricted class of seed
solutions, that is the wave-number restricted seed solutions,
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namely, g(ll) = a{l)e’“, g(lz) = aiz)e’“, n = kix + ikit [one

can get this set of seed solutions straightforwardly by setting

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
Eq. (3), we solve the following system of linear inhomoge-
neous partial differential equations:

the condition k; = [; in Eq. (3)]. Even such restricted seed
solutions have been shown to yield interesting energy-sharing
collision properties of solitons [22]. So what we emphasize

J

0():0=0, 0(e?): Da(1fs + fol) = gg" + g@g2*, (52)
0(’) : D1g{’1 = =D& f3, oD
O : Dy(1fa+ fal) = —Dafofs + g8y + g gl + ¢Pe" + 87" (5¢)
o) : Dlg(sl)l =-DigV i +Vf) 1=1,2, (5d)
O(€%) : Da(1fs + fi) = —Ds(fafs + fofi) + &V + g g + g1

+g(]2)g(52)* n g(32) gg2)* n g(SZ)g(12)*’ (5e)

etc. By doing so, we find the explicit forms of the unknown functions f;, ggl), [=1,2, and fy4 as f, =

M2
5 % 1 5 2 % 5 5 o
eM+ni+Ri + eifl-‘rél +R2, g(3) — 67]|+§1+§1 -‘!-Al7 gg) — efl+ﬂ|+7]1+Az’ f4 — em+rll+§1+51 +R3, where & = m, e =
ot 2 oA — i Pl—k) oy el Pl Ry ot Plet® 2 =11
AT =1 2k HDU=IHWH?? 2+ ki =k ki 5 A+ Pk —k) =T K+ P AT

right hand sides of all the remaining linear PDEs identically vanish upon substitution of the obtained functions g(ll ), ggl), [1=1,2,

We note that the

f>, and f4. Consequently, one can take g(sl) = g(71) =..=0,l=1,2,and fs = fg = ... = 0. Thus in the series all ggl) = 0 for
i >5andall fj =0, j > 6. Therefore, ultimately the series converges at the O(e?) in the function g)(x, r) while the series

terminates at the O(e*) in f(x,1): gV = eg" + €3¢, 1 = 1,2, f = 1 4 €2, + €* f1. We also note that the small parameter €

can be fixed as 1 (as it can be subsumed with the parameters a%l) and aiz)), 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 Eq. (1), which reads as

&0 4 g aDe 4 gnrhitéi+ay

(1) — —
§x 1) = T+ o4+ fi 14 emtmitRe p ohiti+Re 4 pmtni+5i+5+Rs (6a)
S(Z) _ g(lz) + 8(32) _ ()[}2)65‘ + eSrtmtni+a; 6
(x, 1) = L4 fo+ fi 14 entntRi p ohitE+Re 4 omAni+5+E+Rs (6b)
2
L(x,t) = 2% In(1 + PURRIRES] + SStEitR + en1+nT+El+Sf+R3)’ (6¢)
x

. . . . . . (1) (2)
Using Gram determinants [52,53], we can rewrite the above soliton solution in a more compact form as S = gT, §@ = gT’
L= 2% In f, where

8’71+YIT oM +ET

£ £ n
S RG] 1 0 e
ef]-HlT ef1+§|* &
G G 0 1 e
(1 _ M2
g§ = _ B ; (7a)
1 0 2i(k3—ki?) 0 0
1 0 I
o - 3G~
0 0 —at! 0 0
e”l‘*’”T en1+5|* n
T ®ED 1 0 e’
e$1+ﬂf 651+5T &
e IR ) ((1)) 1 e
@ _ 0P 7b
8 ~1 0 i 0 0/ (7b)
‘agl)‘z O
0 -1 0 2i(12—11%)
0 0 0 —a® 0
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EU1+YIT oM +5T

(k1 +k7) (ki +17) 1 0
ef]-H]T e$1+§]* 0 1
L +k; L+IF
f: (BHkD B+ ‘a(n‘z . (70)
-1 0 —2:(18 s 0
)2
0 —1 0 oy |

2E-17)
We find that the above forms of Gram determinants satisfy the two-component LSRI system Eq. (1) as well as the bilinear

Eq. (2). To analyze the various special properties of the nondegenerate one-soliton solution of Eq. (1), we obtain the following
expression for the one-soliton solution by rewriting Egs. (6a)—(6¢) in hyperbolic forms,

4kir/Ki1A €MD [cosh(E1g + @ir) cos @17 + i sinh(&1r + @1r) sin @i7]

s — : , (82)

[a11 cosh(nig + &g + @1 + @2+ 1) + ar cosh(mig — &1 + 92 — 1 + )]
§@ = 411gy/T11A2¢"+ 2 [cosh(n1r + @ar) cOS @ar + i sinh(11g + @2r) sin @] (8b)

[a12 cosh(nix + &1r + @1 + @2+ c1) + - cosh(nir — §ir + 92 — 91 +2)]

42 1R~ (RitRa+ks |

Tr cosh(2&1g + 291 + c4) + 4l7g cosh(2nig + 202 + ¢3) + 3 ?
" [Acosh(nir + &ir + @1 + 92 + ¢1) + AT cosh(nig — &1 + 92 — @1 + )P

= dlkig + hr)?e™ +dlkig — L) efiHRe, (8¢)
(k=1 )7 (ky =1y )7 _ 1 k1 =11 _ 1 (k ) _ 1 (ki =)k +1) _ 1 (U =k (ki +1)
where ayy = (T =0T A= glog g, e =log Gy, @ = zlog g ¢ = 1108 G

=1 5 log %, Mg = kig(x — 2kyt), mip = kux + (kiy — k I)f Eir = Lig(x — 2Iyy1), & = lux + (3 — I}, Ay =

(l) /a(l)*]l/ 2 A, = z[a(z) /a(z)* 172 and the other constants can be calculated usmg the constants that are defined below

Eqs. (6a)—(6¢). Here, ¢, ¢ar, @17 and ¢y are real and imaginary parts of ¢; = ‘2’" and ¢, = A22 L2 Pl = ai”, l=1,2,
respectively, and ki, /ig, ki; and [;; denote the real and imaginary parts of k; and /;, respectively. The four arbitrary complex
parameters, ozil)’s l = 1,2, k; and [, determine the structure of the nondegenerate fundamental soliton solution Egs. (8a)—(8c)
of the two-component LSRI system Eq. (1).

In general, the amplitudes of the soliton in the short-wave components are Akir kA and 411 g/T1As, respectively, and
their velocities in their respective SW components are 2k; and 2/;. However, 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 [, 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(x,t) = 5 sechzg(x — ct). Here c is the velocity of the KdV soliton [1,54]. Consequently, like the degenerate bright
solitons, the taller nondegenerate solitons also travel faster than the smaller ones, as pointed out in Sec. V and in Ref. [22].
We note that the nondegenerate fundamental soliton in the Manakov system does not possess this velocity-dependent amplitude
property [41,42]. The solution Eqs. (8a)—(8c) show both regular and singular behavior. The singularity property of the solution
is determined by the quantities ¢®', e®2, and e®*. The regular soliton solution arises for the case when both ki; and I;; < 0. In this
case, the quantities, e®1 ) e®2 and e® > 0 whereas the solution Eqgs. (8a)—(8c) displays singularity for ky; and/or [;; > O.

The nondegenerate one-soliton solution Eqs. (8a)—(8c) is classified as follows depending on the choice of the velocity
conditions:

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

(i) However, we refer the solution Eqgs. (8a)—(8c) with ky; # Ij; 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 ¢;’s are equal to zero. Thatis, ¢;; = 0, j = 1, 2. This property reduces the solution Egs. (8a)—
(8c) into the following form of (1,1,1)-soliton solution,

dhigr/kirAreMit3) cosh(&1r + @ir)

s = 1 : (9a)
[b1 cosh(nig + &E1r + @1 + @2+ 1) + i cosh(nig — &1k + 92 — 1 + )]
§@ _ AlrvkigAze St cosh(mR + ¢2r) o)

[b1 cosh(mir + &1k + @1 + @2 + €1) + - cosh(mig — Eir + 92 — 91 + ©2)]
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FIG. 1. Five types of symmetric profiles of the nondegenerate fundamental soliton solution Eqs. (8a)—(8c) with ky; = [1; or Eqs. (92)—(9¢):
While panel (a) represents double-hump profiles in all the components, panel (b) denotes double-hump profiles in S’ and L components
and a flattop profile in S component. Panel (c) indicates double-hump profiles in SV and L components and a single-hump profile in
S® component. Panel (d) represents double-hump in S component, single-hump in $ component and a flattop profile in L component.
Panel (e) denotes double-hump profile in S and single-hump profiles in both $® and L components. The parameter values of each one of the

cases are as follows: (a) k; = 0.25 — 0.5i,1; = 0.315 — 0.5i, ") = 0.5+ 0.5i, and a\” = 0.45 + 0.5i; (b) k; = 0.3 — 0.5, 1, = 0.425 — 0.5i,
o' =0.43 4 0.554, and ¥ = 0.45 +0.45i; (c) k; = 0.315 — 0.5i, [, = 0.5 — 0.5i, " = 0.5 4 0.5i, and o\> = 0.45 4 0.45i; (d) k; =

0.315 — 0.5i, [, = 0.545 — 0.5/, &\" = 0.5+ 0.5i, and ¥ = 0.45 4 0.5i; (e) k; = 0.315 — 0.5, [; = 0.65 — 0.5, &'’ = 0.5 + 0.5i, and

a? =0.4540.5i.

4k%, cosh(2& g + 291 + c4) + 413, cosh(2n g + 22 + ¢3) + 4(k3, — 1)

(9¢)

 [bycosh(nig + &g + @1 + @2 + ¢1) + by cosh(nig — &g + @2 — @1 + )]

1
where by = $x=hedl o b — kp(x — 2Kkit), mip = kigx +
5 ) (kig+hr)2 ) 5
(kip — kit E1r = Lip(x - 2kyt), &1 = kllx.+ (Lig — kipe.
From the above solution, we find a relation between the
short-wave components and the long-wave component and it

turns out to be

SUP + 1P = ~2ky L. (10)
The latter relation confirms that the above type of linear
superposition of intensities of the two short-wave com-
ponents accounts for the formation of interesting soliton
structure in the long-wave component. The special solutions

(

Egs. (92)—(9c) with the condition kjz < [z admits five types
of symmetric profiles which we have displayed in Fig. 1.
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,
(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
SM component and single-humps in both the S® and long-
wave components. To demonstrate all the above five cases
we fix k;; =1y = —0.5 < 0 in Fig. 1. From Fig. 1, one can
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FIG. 2. Panels (a), (b), (c), (d), and (e) denote asymmetric profiles corresponding to the symmetric profiles of Figs. 1(a)— 1(e), respectively,

with kj; = [j;. The parameter values of each of the cases are as follows: (a) k; = 0.25 — 0.5i, [; = 0.315 — 0.5i, afl) =054, and «

) _
=

0.45 +0.5i; (b) k; = 0.3 — 0.54,1; = 0.425 — 0.5i, " = 0.3 + 0.55, and &'*) = 0.45 + 0.45i; (c) k; = 0.315 — 0.5i, [, = 0.5 — 0.5i, )" =
0.15 4 0.5, and &> = 0.45 + 0.45i; (d) k; = 0.315 — 0.5i, [; = 0.545 — 0.5, &\” = 0.38 4 0.5, and &> = 0.45 + 0.5i; (e) k; = 0.315 —

0.5i, 1, = 0.65 — 0.5i, a" = 0.25 + 0.5, and &> = 0.45 + 0.5i.

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 pro-
files are illustrated in Fig. 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 a}”’s. One can also bring out a double-hump and
a flattop profile in the SV (S and L as well) component
by considering another possibility, namely, k;; = I;; < 0 and
kig > lir.

Further, one can confirm the symmetric and asymmetric
nature of the (1,1,1) solution Egs. (9a)—(9c), by finding the
extremum points as we have analyzed the profile nature of
the nondegenerate soliton solution in the Manakov system
[42]. In the following, we explain this analysis for the sym-
metric double-hump soliton profile, displayed in Fig. 1(a),
of the LSRI system Eq. (1): First, we find the local max-
imum and minimum points by applying the first derivative
test ({|SY|*}y = 0, {|L|}» = 0) and the second derivative test
(ISP} axs {IL]}xx < 0 or >0) to the expressions of |SV)|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, xp =4.3, and x3 = 9.99. Then we found another set
of three extremal points, x4 = 0.6, x5 = 4.3, and x¢ = 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|}, = 0. While the
points xp, x5 and xg correspond to minima, the points, (xj,
x3), (x4, x¢), and (x7, x9) correspond to maximum points. In
all the components, the minimum points x,, xs and xg are
located at equal distances from the two maximum points (xj,
x3), (x4, x6), and (x7, x9), respectively. This can be easily
confirmed by finding their differences. For instance, in the
SM_component, x; — x, = —5.7 = x, — x3. This is true for
both the SW component S® and the LW component L also.
That is for S®: x4 — x5 = —3.7 & x5 — x¢ = —3.79 and for
L: x7 —xg = —4.89 = xg§ — x9g = —4.91. Then the intensity,
|SM2, of each hump, of the double-hump soliton, correspond-
ing to maxima x; and x3 are equal to 0.078. Similarly, in
the second SW component, the magnitude of the intensity
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X

% X

FIG. 3. Nondegenerate one soliton (1,1,2) with unequal velocities. The parameter values are k; = 0.25 — 0.54,/; = 0.2 — 2i, agl) =045+

0.5i, and &’ = 0.5 + 0.5i.

corresponding to the maximum points x4 and xg 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
Fig. 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
(ISP}, 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
solution Egs. (92)—(9c).

Next, we consider the (1,1,2)-soliton solution, that is
the solution Eqs. (8a)—(8c) with ky; # [;;. In this situation,
the soliton in the two short-wave components (as well as
in the long-wave component) propagate with distinct veloc-
ities as we have displayed in Fig. 3. As it is evident from this
figure that distinct single-humped one-soliton structures al-
ways occur in each of the short-wave components and
they propagate from +x to —x direction (but with differ-
ent 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 @ 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 funda-
mental soliton solution Eqs. (8a)—(8c) of the LSRI system
Eq. (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 multi-
component version. A similar kind of soliton nature is also

observed in the Wronskian solutions, derived by Ohta et al.,
for the two-component (24 1)-dimensional LSRI system
[26]. Although the authors have graphically demonstrated the
(1,1,2) and (2,2,4) soliton solutions in Ref. [26], the complete
analysis of such soliton solutions and their associated many
novel results are still missing in the literature. We have sys-
tematically analyzed the (1,1,2) and (2,2,4) soliton solutions
of the (2 4 1)-dimensional multicomponent LSRI system by
expressing their exact analytical forms in terms of Gram de-
terminants and the results will be published elsewhere [55].
Moreover, it is shown in Ref. [28] that the Wronskian so-
lutions (N, M, N + M) reported in Ref. [26] have also been
deduced from the degenerate soliton solutions (m,m, m).
However, the dynamical properties of the Wronskian solu-
tions, as graphically illustrated in Ref. [26], are distinct from
the degenerate soliton solutions as explained in Ref. [28]. We
point out that the double-hump soliton profile emerges in all
the components when the relative velocity 2(1;; — ky;) tends
to zero. In other words, the double-hump formation will occur
if I =~ ky;.

To experimentally generate the nondegenerate vector soli-
tons one may consider three channels of nonlinear dispersive
medium or triple mode nonlinear optical fiber [26], 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 (anomalous dispersion
regime) to interact with the long-wave mode (normal dis-
persion 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
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situation, the group velocities v, = ‘[‘}—’;(’ 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 condi-
tion, 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 3’Rb atoms [19,57]
whenever the group velocities of the short-waves are equal to
the phase velocity of the long-wave.

B. Completely nondegenerate two-soliton solution

To construct the completely nondegenerate two-soliton so-
lution, we consider the seed solutions of the following forms:

g(ll) = ozil)e’“ + aél)e"z, m = kix + iklzt, n = kox + ik%t,

gV =Pt +aleh, & = lix+iljt, & = bx+il3t,

(11)

for Eq. (4). Here we treat the four arbitrary constants ki, k», /1,
and [, as distinct from one another, in general, apart from the
other four distinct complex constants af” and ozg), I=1,2.
For the two-soliton solution, we find that the above seed solu-
tions terminate the series expansions as g) = € g(ll) +é? ggl) +
€+ I=12 f=1+f+ e fyt e fs + €,
while solving the resulting inhomogeneous linear partial dif-
ferential equations recursively. The explicit Gram determinant
forms of g)’s and f can be written as

Amm’ Amn I 0 ¢1
Anm Ann’ 0 I ¢2

1 — /T
8 - -1 0 Kmm' Kmn 0 )
0 =1 Knm Knn O/T
0 0 C 0 0

f= -1 0 K Kon |’ (122)
0 -1 Kun Ky
Apme  Amn 1 0 b1
Anm Ann’ 0 I ¢2
== 0 kpw kmm OT|.  (12b)
0 —I  Kkpm kg OT

0 0’ 0 G 0

The various elements are defined as

PR emté 5 tEy
A = e, = -, =,
B D A (o 5 R (oY &)
e tm
Ay = ————,
ks + L)
A Y0 Y . viov,
ik — k2 M 2i(12 - k2)
. Yo Y
ik — 12
¥ /
Ky = Vo OV m,m',n,n =1,2.

2i(12 — 1:2)’

The other elements are defined as follows:

pr=(" e, pr=( &), y=@" 0,
Wi=0 o 0=0 0I=0=@G D0=¢ O
and Cy = —(cxiN) aéN)), Jj, N =1, 2. Note that in the above
the ¢’s are (9 x 9) determinants and f is a (8 x 8) de-
terminant. The collision dynamics and the structure of the
nondegenerate two solitons are characterized by eight arbi-
trary complex constants, agj), ozgj), k;j,and [;, j =1,2. The
singularity of the two-soliton solution mainly depends on
the function f. To get the nonsingluar solution, the func-
tion f should be positive definite (f > 0). This restricts
the imaginary parts of the wave numbers, kj; and [;;, j =
1,2 as negative. That is kj;, [;; < 0. Further, the complete
nondegenerate two-soliton solution Egs. (12a) and (12b) is
classified as (2,2,2)-soliton solution (kj; =[;;, j =1, 2) and
(2,2,4)-soliton solution (kj; # lj;, j =1,2). We have also
given the completely nondegenerate three-soliton solution in
Appendix A for the system Eq. (1) using the Gram-
determinants.

C. Partially nondegenerate soliton solution

We next deduce partially nondegenerate soliton solution
from the complete nondegenerate two-soliton solution by
imposing the wave-number restriction k; = [ (or ky = D)
in Eqgs. (12a) and (12b). Due to this restriction, the wave
variables & and n; are no longer independent and they get
restricted as & = n;, while & and 1, continue to be distinct
and independent. The Gram determinant forms of ¢g)’s and f
are the same both for the partially nondegenerate soliton solu-
tion and for the complete nondegenerate two-soliton solution
except that they differ in the following constituents, A, Anm,
A Kimns Knms K » and 2. Their explicit forms for the present
case are given as follows:

en+m entés
Am A = ————, An=_———~,
(kl +k1) (kl +lz)

et e tEs
A = —7 = —7
Ttk TR (et

en+m elNité
A A= ——, A=,
(ky + kT) (k¥ + 1)

ehtm ehté
A= ———, An=_—7F—,
(k3 + k1) (k5 + D)
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e+ eE1tE
A AN = ——— =",
(k1+k1) (l1+lz)
A et A et
20 = 750> 2=,
L+ kT) (L + l;‘)
_ vioy vioy;
Kmn - K11 = 555, K2 = 557>
Zz(k1 — ki ) Zz(k1 — k3 )
K21 = —WJUW{ K2 = —w;mﬁé
2i(13 — k%)’ 2i(13 — k3%)’
e = Foyn e Fo
nm - K11 2[(](12 — kTZ) ) 12 21(](12 — 15‘2)’
ot — Ty o — oy
T Tm k) T 2ik - 1)
PP i G (L
" 2i(k} — k2’ 2i(k} - 132)’
4 ’ 4 /
2 0% 2 JWZ
Ky = ———, kp=—->"——"+ (13
= ek T ue—py Y
and ¢, = (" & )T. The above new class of solution

permits both degenerate and nondegenerate solitons, simulta-
neously leading to the formation of coexistence phenomenon
in the present LSRI system Eq. (1). It is interesting to note that
the coexistence phenomenon has also been discussed in the
context of rogue waves [56]. The above partially nondegen-
erate soliton solution is described by seven arbitrary complex
parameters, aﬁl), aél), kj, I, j=1,2, and l,. Further, to get
the regular (nonsingular) solution one has to fix the condition
kjp <0,j=1,2,and l; <O0.

III. VARIOUS TYPES OF COLLISION DYNAMICS OF
NONDEGENERATE SOLITONS

In this section, we analyze several interesting collision
properties of the nondegenerate solitons of the system Eq. (1).
To study the collision dynamics, it is essential to analyze the
form of each of the solitons in the two-soliton solution in
the long-time limits ¢+ — F00. It can be done by performing
appropriate asymptotic analysis of the completely nondegen-
erate two-soliton solution Eqgs. (12a) and (12b). From the

J

s~

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 ve-
locities kj; # lj;, j = 1,2. As we pointed out earlier, during
the shape-altering collision the structure of the nondegener-
ate soliton gets modified only slightly, while drastic changes
occur in the shape-changing scenario. Very interestingly, we
find that the shape-altering and shape-changing collision sce-
narios belong to elastic collision which is confirmed through
the following asymptotic analysis. Additionally, we observe
a shape-changing collision for the partially equal velocities
(ki = lig, ka; # by) 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
l;1 < 0, enforces the two nondegenerate solitons to propagate
in the same direction. Thus, the nondegenerate solitons in
the system Eq. (1) always undergo overtaking collision. From
this, it can be understood that the positive type of nonlinearity
of the system Eq. (1) does not permit any head-on collision
among the nondegenerate solitons.

A. Asymptotic analysis

We carry out an asymptotic analysis of the two-soliton
solution Egs. (12a) and (12b) by considering the parametric
choices, kj] = lj] < 0, ij, ljR > 0, J: 1,2, k1] > k21, and
li; > lp;, 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. To deduce the asymptotic forms of nondegenerate
solitons in the long-time regimes, we incorporate the asymp-
totic behavior of the wave variables nr = kjr(x — 2k;;t) and
&ir = Lir(x —2l;1), j = 1,2, in the solution Egs. (12a) and
(12b). For the above parametric choices corresponding to
overtaking collision, the wave variables behave asymptoti-
cally as (i) Soliton 1 (S])l g, E1r = 0, Nag, E2p = F00 as
t £+ oo and (ii) Soliton 2 (Sz): Mg, E2r = 0, N1k, Elg — £00
as t F co. Substituting these results in Egs. (12a) and (12b),
we derive the following asymptotic forms of nondegenerate
individual solitons.

(a) Before collision: t — —o0

Soliton 1: For soliton 1, we obtain the asymptotic forms of
S®, 1 =1,2 and L from the two-soliton solution Egs. (12a)
and 12b) as

4AL" kigv/kire™ cosh(&1x + ¢7)

[a11 cosh(nir + &1x + ¢y + @5 + 1) + g cosh(mp — &ir + by — & +c2)]’

SO ~

4Aé_lm Ti7e1 cosh(nig + ¢5)

[a12 cosh(nig + &g + ¢ + &5 +Cl)+QIECOSh(771R—§1R+¢2_ —¢r + )]

A _p 2 - 2 _
L~ F((km Iig) + lig cosh(2nig + 25 + c3) + ki cosh(2€1r + 2¢; + c4)),
f =bicosh(mgr +&r+ ¢ +¢, +c1)+ bfl cosh(mig — &g + ¢, — @] +c2). (14)
Here, Al~ = i[a!" /a{""1'/2 and A}~ = i[a!® /a'*"]'/2. In the latter, superscript (1—) represents soliton S; before collision and

subscripts (1,2) denote the two short-wave components S1 and S®, respectively.
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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

G ~ 4kopAT™ ka1 cosh(Eag + @)
[a21 cosh(mar + &2 + ¢y + 95 +di) + g cosh(mr — & + 93 — ¢ +d2)]’
O ~ 412RA§_ lz[é’i(éz’+9;) cosh(nag + (p2_)
[a22 cosh(mar + E2r + @] + @5 +di) + é cosh(nag — &ar + 95 — ¢y +do)]’
4
L~ 7 — ((-5g — Bg) + lig cosh(2mag + 297 + d3) + k3 cosh(2éxg + 295 + ds)),
[ =bacosh(mr + &r + ¢ + @5 +di) + by cosh(nar — éar + 97 — 97 + o). (15)
In the above, ay = &8 1 _ Gt G 1 T e (kb)) Gk D
NS 12)2 Ut 2 (i)} (K KK+ K 4T (K513 k= k2>7(k2+1*)7
1 1
oy _ (h=b)—b)2 () GG G-I o _ L), (12 42— _ o P12,y — s bt 1 —15)
ety = 2 , = [y’ /a , A oy by = =20 dp = 5 lo ,
(k* —15)2 (- l*)(k*+lz>%(l*+lz)(l*+1;>%<1r—lz>% p =l 2 / (ar+hr)? & ("2 &)
d, = E: Ll’; ds = %, and dy = 1 > log % Here, superscript (2—) refers to soliton 2 (S;) before
c0111s1on.

(b) After collision: t — +00

Soliton 1: We have deduced the following asymptotic forms of for soliton 1 in §%), / = 1,2 and L from the two-soliton
solution Egs. (12a) and 12b) after collision as follows:

() ~ 4AV kig/kir MO0 cosh (&g + @)
[a11 cosh(nig + &g + &) + 5 + 1) + a—%] cosh(nig — &g + &5 — ¢ + )]

4Aé+llR lllei(§ll+92+) COSh(an + ¢;)

§@ ~
[a12 cosh(nir + &g + ¢ + @5 + 1) + # cosh(nir — Eir + 65 — ¢ + c2)] 7
L= ;2 (k3 — I3) + [y cosh@nir + 203 + c3) + ki coshQE1r + 207 + ca)),
f = bicosh(nig + &g + ¢ + ¢35 +c1) + by cosh(nig — &g + 65 — ¢ + c2). (16)
Here, et = (k'_kZ)(k'_12)%(kaZ)(k‘*HZ)%(k'JrkZ)%(k‘*_kZ)% A%Jr = i[afl)/afl)*]l/z, Ay— = i[a?)/a?)*]l/z and €% =

;=K —1) 2 (k) (e +3) 2 (k) 2 (ki k)2
3 (k1) 2 (1 S(r—b)t . . .. .
Uﬁ]lek 2—h)2 (o tl]) 21(1‘ +h)lith) .1(11 12)21. In the latter, superscript (14) represents soliton S; after collision and subscripts
K—I5) =150+ E (h+U;+E)E (h—1)
(1,2) denote the two SW components S and S, respectively.

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

S(]) ~ 4"‘21?14%+ kZIeim[ COSh(é:ZR + (/’1+)
[a21 cosh(mar + Exr + @) + @3 +di) + é cosh(ng — &r + ¢ — ¢ +do)]’
@ ~ 41rRAT /e COSh(’?zR +97)
[az2 cosh(mar + &2 + @7 +¢F +di) + g cosh(mr — & + 93 — ¢ +d2)]’
4
L~ 7 — ((-3g — Bg) + lig cosh(2nag + 291 + d3) + k3 cosh(2xz + 295 + dy)),
f =bycosh(nr + &Exr + ¢ +@F +di)+ bgl cosh(mr — & + @5 — ¢ +da). o))
Here, A2+ =ila (1)/05(1)* 172 A2+ z[(x(z)/a(z) 1'/2. The phase constants, ¢; ¢] @5 (pj , J =1, 2, appearing above are related
as follows
¢1 _d)] +W1» ¢2 _¢2 +W25 1 _(pl \Ills §0;=¢;_\p27 (183)
where
g1 =1n lky — Ll = LI*|l + b Vs =1n ki — ka* k1 + ka| k1 — Do
1= ) 2 = )
lkx + 110+ BRI — 5] ey + &5 Plky — &3 [Tky + 53]
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L 11 LI + bl _ 1y Ve — bk — ka|? [k + ko
1= 9 2 = )
ey + 110+ BRI — 5 ez + 11k + k3 Plky — &
_ 1 (ki — I)ler}™? 1 (I — k)laDP
d)l:_ln . * *\2 *) ¢2=—ll’l .7 % *\2 *\
2 2ilky + G+ =) 2 2itkt + L)) (ky + k) (ky — k)
1 (ky — lz)la(2)|2 1 (ky — lz)la(1)|2
¢l =5In 2 o5 = 2 (18b)

’ _ln . .
2 2ilke + L)L+ L)L — 1) 2 2i(ks + b))k + k3)* (ko — 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

AD| = ¢ +¢F — (9] +¢5)

lky — LIl — LG + bk — Lk — ka|* ki + kol
= log . (19a)
lky + L 4 L1210 = 1k + 1k + K512 |k — k3

Similarly the total phase shift experienced by soliton S, in the SW components are given by
A®y = ¢f + 97 — (9] +¢7)
ky — L[|y — L1\ + Lk — Lk — ky|*ky + k
~log lko — LIl 2|2| 1 + bllki — bk 2|2| 1 + ko — Ao, (19b)
|k + 110+ L1210 — 1k + Sk 4 k517 ke — K3

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.

B. Elastic collision: Shape-preserving, shape-altering, and shape-changing collisions

The asymptotic analysis of equal velocities case (k;; = Ij; and kp; = Iy) reveals that the transition intensities,

TP = = =1,1,j=1,2, (20)

J

where Aé.i’s are defined in the above asymptotic analysis, always remain unimodular. 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 limits # — oo leading to the preservation of shapes of the nondegenerate solitons.
As a result, the asymptotic Eq. (14) of soliton 1 before collision should coincide with the form Eq. (16). Further, to hold the
elastic collision nature, the asymptotic form Eq. (15) of soliton 2 must also agree with Eq. (17). However, in view of Eq. (18a),
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:

o =¢7. 0 =97, j=12 @b
The above implies that the additional phase terms, v/; and W;, j = 1, 2, are equal to zero. That is

lky — Ll — LI+ b 0. Y»=In ki — ko * ki + kol lky — b
- ’ 2 = - ’
o + L5110+ 31210 — 15 ey + K3 PIky — K311k + 5]
ki — Ll = LI*|L + b lky — Lillky = ka ||k + ko
n * *|2 *=0’ ‘1/22111 * * |2 *:O
lky + L1+ 51210 = lko + I§[lky + K512k — K3 |
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 Eqs. (22a) and (22b) as
ko + 171 ki + 51
ko — il ki — Lo
From the above, we infer that the two nondegenerate solitons pass through one another with zero phase shift whenever the
criterion Eq. (23) [or equivalently from the phase condition Eq. (21)], is fulfilled by the wave numbers. This remarkable new
property is not possible in the degenerate counterpart and even in the scalar nonlinear Schrodinger equation. A typical shape-
preserving collision with zero phase shift is demonstrated in Fig. 4. From Fig. 4, one can easily recognize that that the two

symmetric double-hump solitons S; and S, are located along the lines ng = kjg(x — 2ky;t) >~ 0, &g = kig(x — 2kyyt) ~0
and np = kop(x — 2koyt) = 0, &y = kpp(x — 2kyyt) =~ 0, respectively. Around x = 0 they start to interact and pass through one

Y1 =1In (22a)

(22b)

1=

(23)
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|S(l)|204 |S(2)|2
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|S(2)|2
LI
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FIG. 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/, [, = 0.32 — 0.5/, k = 0.333 — 1.2i, [, = 0.32 — 1.2i, a\" = 0.45 + 0.5/, &* = 0.45 + 0.55i, " =
0.45 4 0.45i, and ay” = 0.45 4 0.515i.

another with almost zero phase shift. We have numerically verified this from Eq. (23) 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 between the symmetric and asymmetric double-hump sohtons is illustrated in FI% 5
for the parameter values k; = 0.25 — 0.5, [} = 0.315 — 0.5i, k, = 0.25 — 1.2i, [, = 0.315 — 1.2}, Oll = 0.5+ 0.5i, “1
0.45+0.5i, 5" = 1+, and o5 = 045+ 0.5i.

In general, the phase constants ¢+ ¢, 75 i»and ¢, j = 1,2, do not agree with the condition Eq. (21) in the equal velocities
case. Under this circumstance, the nondegenerate sohtons 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. However,
these collisions can be grouped into an elastic collision by restoring the shapes of the nondegenerate solitons, as explained
below. A typical shape-altering collision is depicted in Figs. 6(al)-6(a3). To draw the F1§s 6(al)-6(a3), we fix the soliton
parameters as k; = 0.25 — 0.5, [; = 0.315 — 0.5i, k, = 0.31 — 1.5, , = 0.28 — 1.5, &\" = 0.5+ 0.5/, &\¥’ = 0.45 4+ 0.5i,

;l) = 0.45 4 0.5i, and ozf) = 0.55 4 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. Therefore, to realize the shape-altering (and also

0.25} 0.35F :
o 81 g 5
2 = si S
0 J , ) L 0 /J _-: 5
-100 -100 0 100
X X
0.18 . -
3 & ST
E : :_:
Obd 5
-100 0 100
X

FIG. 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.
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FIG. 6. The column Figs. (al)—(a3) represent the shape-altering collision of two symmetric double-hump solitons S; and S,. The column
Figs. (b1)—(b3) denote their corresponding shape-preserving nature which is brought out after taking appropriate time shifts. The dotted black
curves in Egs. (b1)—(b3) refer to the solitons before collision at + = —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 S, the time shifts are performed respectively as (short wave S(V: ¢’ = 18.6525, short wave S@:
t' = 18.5791) and (S +' = 20.4559, S®: t' = 20.4266). As far as the LW component is concerned one has to combinedly take the shifts for

soliton ST (¢' = 18.6525, t' = 18.5791) and soliton S} (+' = 20.4559, ' = 20.4266) in the LW component expressions Egs. (16) and (17),
respectively.

shape-changing) collision belong to elastic collision we take a pair of time shifts so that the asymptotic expressions of both the
nondegenerate solitons before collision coincides with the ones after collision. By doing so, the shape alteration can be undone,
without loss of generality, by making appropriate shifts in time,

¥, () ) < , v, v, )
' =t— =t — and (=14 g4 =1+ , (24)
( 2lirkiy 2kigk1y 2lhrkyy 2karkay

in the wave variables &, and 1 for soliton 1 and &, and 1, for soliton 2 in Egs. (16) 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 Figs. 6(b1)-6(b3).

Moreover, for ky; = Ij; and ky; = Iy, 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. (18a), 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
nontrivial shape-changing collision in Figs. 7(al)-7(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 t+ = 25. To display this Figs. 9(al)-9(a3), the parameter values are fixed as k; = 0.315 — 0.5, /; = 0.5 — 0.5},
ky = 0.45 — 1.2i, , = 0.315 — 1.2, @' = 0.5 + 0.5, @\¥ = 0.45 + 0.45i, & = 0.45 + 0.4/, and «{” = 0.65 + 0.65i. This
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FIG. 7. The column figures corresponding to panels (al)—(a3) demonstrate shape-changing collisions among the nondegenerate solitons.
Panels (b1)—(b3) illustrate their corresponding shape-preserving nature which is brought out after effecting the time shifts (S1V: t' = 22.5772,
§@: ¢ =21.962) and (SV: t' = 26.3074, S?: t' = 26.0926) in Eqs. (16) and (17) of both the solitons S; and S,, respectively. For solitons
in the LW component, one has to take the time shifts (+' = 22.5772, t' = 21.962) and (+' = 26.3074, t' = 26.0926) combinedly in Eqgs. (16)

and (17), respectively. In panels (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 #'.

|5(1)|2 0.4 25 |
0
_40 0+
0
& 40 ~25
80

0.4 . 1.8 { 0.6 2-soliton like collision:

sy || - t=-25 1,1! S3 S3 S3 |='. S5 unequal velocity S; é

— s .=e O\

> IS s s| s\

2 st Sio i % fol= AN

- /\/\ 1O sooos o TN

0 FAANVARY 0 A A i 0 LW AW
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FIG. 8. Shape-changing collision of nondegenerate solitons in the partially equal velocity case (k;; = I; and ky; # lp;): The values are

ky = 0.315 — 0.5i, [, = 0.545 — 0.5i, ky = 0.315 — i, [, = 0.545 — 1.5i, &\ = 0.5 4 0.5i, &\” = 0.45 + 0.45, &'’ = 0.5 + 0.5, and &) =
0.45 + 0.45i.
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FIG. 9. Elastic collision among the two nondegenerate soliton in the unequal velocities case, ki; 7 [y; and ky; # l;. The parameter values
are k; = 0.315 — 0.5i, I, = 0.545 — i, k, = 0.315 — 1.8i, [, = 0.545 — 2.5i, &!" = 0.5+ 0.5i, «!” = 0.45 + 0.45i, " = 0.5 4 0.5, and
al? = 0.45 +0.45i.

type of shape-changing collision has not been observed earlier in the degenerate case [22]. 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. (24). This elastic collision scenario
after taking the time shifts is demonstrated in Figs. 7(b1)-7(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 Eq. (23). In all the three types of
collisions the transition intensities are always unity, as given in Eq. (20), thereby ensuring the elastic nature of the collisions. The
Hamiltonian nature of the system Eq. (1) also demands that the total energies of each of the nondegenerate solitons are conserved
during the entire shape-altering and shape-changing collisions. Further, we also demonstrate the shape-changing collision in the
partial velocity case k;; = I; and ky; # Iy in Fig. 8 for the parameter values as given in the figure caption. We wish to note that
the energy-sharing collision have also been observed in the three-component Manakov system [58,59].

In addition to the above, the elastic collision does occur in the case of (2,2,4)-soliton solution (unequal velocities: ky; # Ij;
and ky; # Ipy) for the general choice of wave parameters. We illustrate such a collision process in Fig. 9 for the parameters given
in the figure caption. From Fig. 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 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.

IV. COLLISION BETWEEN NONDEGENERATE AND DEGENERATE SOLITONS: TWO TYPES OF SHAPE-CHANGING
COLLISIONS

Here, we discuss the collision dynamics of nondegenerate two-soliton solution Eqgs. (12a) and (12b) under the partially
nondegenerate limit k; = /; and k, # [,. The resultant solution of the LSRI system Eq. (1) 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. To explore the underlying collision dynamics we perform an asymptotic analysis for the
two-soliton solution Eqgs. (12a) and (12b) with the wave-number restriction k; = I; and k, # l,. 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-1I shape-changing collision is observed for the velocity condition ky; = lp;, 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 ky; # Iy,
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 Ref. [22].

A. Asymptotic analysis

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 Eqgs. (12a) and (12b) with the elements of the Gram determinants
given in Eq. (13) in the asymptotic limits t — F00. In these limits, the resultant action provides the forms corresponding to
degenerate and nondegenerate solitons. As we have pointed out in the earlier Sec. III A, to obtain the asymptotic forms for the
present case one has to incorporate the asymptotic nature of the wave variables ;g = kjr(t — 2k;;z) and & = Lr(t — 2112),
j = 1,2, in the partially nondegenerate soliton solution. Here we note that the wave variable 1,z represents the degenerate
soliton and g, & correspond to the nondegenerate soliton. To find the asymptotic behavior of the above wave variables,
we consider as a typical example the parametric choices, kjr, bhr > 0, kj;, [y <0, j=1,2, kiy > kyy, lp;. For this choice,
the wave variables behave asymptotically as follows: (i) degenerate bright soliton Sy: g >~ 0, nag, &8 — Fo00 ast — Fo0,
(ii) nondegenerate fundamental soliton Sy: 12z, &2z =~ 0, n1g — 00 ast — Foo. By incorporating these asymptotic behaviours
of the wave variables in the solution Eqgs. (12a)—(12b) with Eq. (13), we deduce the following asymptotic expressions for the
nondegenerate and degenerate solitons.

(a) Before collision: t — —o0
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Soliton 1: The asymptotic form of the degenerate soliton deduced from the partially nondegenerate soliton solution is

- o
SO ~ @5_)2/% ki€ ™2 sech(mg + ¥ 7), L= 2kjp sech*(mr + v ), 1 = 1,2, (25)
1
M2 )2
where All_ = oz}l)/(lotil)l2 + |a§2)|2)1/2, =12,y = § = % In % Here, inAll_ the subscript 1 denotes degenerate

soliton Sy, 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

1 ; i3 — . Ui —
SM ~ — (eme™7" cosh & + s i + ¢ cosh mR + a2 , (26a)
D 2 2
1 L vn — iy —
S(Z) ~ elﬁzle% cosh EZR + V3 Vi + 6“’&2’8% cosh Mg + Y4~ V2 , (26b)
Dy 2 2
l Hs+petng i —
L~ _2<856;7+8 |:(k2 + k;)z cosh (52 + 52* + (7 + ug) — (us + l/«6))
D 2
+ — + |

Hs+ugtug+ugg

+e 2z |:(k; + 1)* cosh (m + & +

(18 + p1o) — (s + M9)>
2

(ug + po) — (s + Mlo))]
2

+ (ky + 1})* cosh <§2 + 05+

2

HetH7tIoTINQ
e 2

(ky — 1)* cosh <77§ — & (6 + Ho) — (7 + u10)>

+ - +
+ (kS — 13)? cosh (772 P (1o Mlo)2 (1o M7))]>’ (260)
D, — enstrux cosh <7]2R +Er+ 1223 ; H«S) i euwz#lo cosh <i(7721 — 8+ 10 2_ M9)
+ euﬁ?l7 cosh (an —&pr + He— 1 ; “7)- (26d)

Here, A)” = [aél) /aél)*]l/ 2 AT = [aéz) /aéz)*]l/ 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 S,.

(b) After collision: t — 400

Soliton 1: In this limit, the asymptotic forms for the degenerate soliton S; after collision are deduced as

At : z
§U2) ~ (Ah)ZklR ke M Dk sech(mig + ¥ ), B 2kig sech®(nig + ), (27a)
2
1 1 2 1 1 — 2
where A" = o}/ (la}"1” + 1o V2 AT = eV /(e P!+ e )2, 1
x = (ki = LPlki + KPlk + LIk — k512 (ki = kPl + BIPk 4 kPPl — 5P, YT =3
ki —ko Pk~ A o0 Uaka) ko)1) 3 (k) Gl o) k) and o0

7 — 2 _ 2 —]*|2 2 - 1 1 1
Zitky =) (ks He)* =3 Pl =1 P Ik 31 (k= Yoy K5 ) —15) 2 (ki 1) 2 (k) 2 (e +K3)

(ki =) % (K ko) 2 (k=) (ki +)(a+) 2 (ki =) 2
(kt k)2 (k) 2 (k) (k) +3)2 (e —13) 2
denotes the degenerate soliton S;.
Soliton 2: Similarly the asymptotic expression for the nondegenerate soliton S, after collision deduced from the soliton solution
Egs. (12a) and (12b) with the elements given in Eq. (13) is

dkog kot ATt et 2) cosh(ar + &)

. Here, [+ in All+, I =1, 2, refers to SW components after collision and the subscript 1

s ~ 8 : __ 80
[6121 cosh(mr + &k + F) + @ cosh(nag — &k + 3 )]
4lrpA/l A2+€i($2’+%) cosh + Ay
s ~ 2RV 12145 (m2r ) ) -

[a2 cosh(nag + &2r + %) + t cosh(mar — Exr + %)]
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FIG. 10. Type-I shape-changing collision between degenerate soliton and nondegenerate soliton: To draw this figure the parameter
values are fixed as follows: k; =} = 0.8 — 0.5i, k, = 0.315 — 1.2i, , = 0.5 — 1.2i, &\ = 0.5, «!® = 0.8, &{"” = 0.5+ 0.5, and o’ =

0.45 + 0.45i.
4 2 A+ A3 — Ay 1 PURNEISESSEi 2 M+ Ay — A3
L~ E(km cosh <2§2R + — + € 4 7+l cosh | 2m2r + — )
iy Ag iy A2 — A3
D, = e cosh 712R+52R+7 +e 2 cosh 772R—§2R+T ,
&M = d(kog + hr)*e™ + Alkog — bp)*e 7, (28¢)
[
where Ay = In el P o= AT =0/’ +la”)'? 1=1.2, change into

2=B) B+ tE)’
I lky—bo 2lerd 2t 2
O +G P (k—k3)(h—5) o+ (h+15)?
1 18 1= () _ (h—k)|ey"?
%3 =In oS G —k5 kK52 b =In e
AT = i[a? Ja$?"1'/2. The explicit forms of all the other
constants are given in Appendix B.

1 A = [0 jef 112,

B. 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 ky; = l; and kp; # Iy, 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 S, is varied
to a different of geometrical structure. A typical Type-I
shape-changing collision is depicted in Fig. 10 for ky; = I;.
In Fig. 10, 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 [22]. 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 energy-sharing collision of the degenerate
soliton, the polarization constants of SW components

Ai+ — agl)/(|a§1)|2 + X|a§2)|2)1/2’ A%-ﬁ- — aiz)/(|a§1)|2x—l +
P12, where  x = (ki — hLI* |k + k5Pl + LI Ik —
K12/ (ki — kPl + 521Ky + kPl — 1317, Meanwhile,
the amplitude of the soliton S; in the long-wave component
remains unchanged except for a finite phase shift. In contrast
to the degenerate soliton S;, the profile structure of the
nondegenerate fundamental soliton S, gets dramatically
altered during the collision processes as it is evident from
Fig. 10. From Fig. 10, one can observe that the initial
set of asymmetric double-hump profiles in the short-wave
component SV 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
Fig. 11 for ky; # Ip;, where the degenerate soliton S; under-
goes usual energy-sharing collision as expected. However, the
nondegenerate soliton S, exhibits unusual collision property.
From Fig. 11, one can immediately notice that two single-
hump solitons appear in the two short-wave components S,
[ =1, 2, under the velocity condition ky; # Ip; apart from
the appearance two similar solitons in the long-wave com-
ponent. We do not come across the appearance of such two
single-hump solitons in the short-wave components in the case
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|S(1)|2 2

FIG. 11. Type-II shape-changing collision between degenerate soliton and nondegenerate soliton: To illustrate this collision we fix the
complex parameter values as follows: k; =1, =1 — 0.5, k, =035 - 1.8i, [, = 0.5 — i, af” =1, afz) =0.7, aé” = 0.8, and af) =0.6.

of one soliton, where a single-hump profile only emerged in
both the S*) components at ki; # I;; (one can confirm this
from Fig. 3). We also notice that the small amplitude soliton
structure, in both the SW components, disappears after collid-
ing 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 compo-
nents, are merged during the collision. After the collision, they
get combined into a single-hump soliton. However, very in-
terestingly 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 cal-
culate the corresponding transition amplitudes. For both the
collision scenarios, the explicit forms of the transition ampli-
tudes turn out to be
P (e i 0

- 1 2 ’
(lorf" 12 + x o)1

5 (|Ol§1)|2 + |Ol§2)|2)1/2
L (I @2y1/2” 29

(oo Px =1+ ey DY
where  x = (lky — L[* ki + k317 ky + bk — k312) /(1K —
kal?1ky + 13 ? k1 + ka|*|k1 — 15]?). 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. However, the total
energies of both the degenerate and nondegenerate solitons
are conserved during the entire collision process. The
standard elastic collision can occur when x = 1, where
the quantities Tl1 and le 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+41)-dimensional two-component LSRI system Eq. (1).

1

V. DEGENERATE-SOLITON SOLUTIONS AND THEIR
COLLISION DYNAMICS

Here, we provide the minimal details about the already
known class of degenerate soliton solutions and the under-
lying collision property, reported in Ref. [21] for Eq. (1),
to clearly distinguish the corresponding dynamics from the
dynamics of nondegenerate soliton solution Egs. (6a)—(6c)
presented in this paper. The energy exchanging collision ex-
hibiting degenerate fundamental bright soliton solution can
be extracted from the nondegenerate one-soliton solution

Egs. (6a)—(6¢c) by imposing the restriction k; = [ in it. As
a consequence of this constraint, the seed solutions Eq. (3)
get restricted as g(ll) = ail)e”‘, g(lz) = agz)em, and n| = kjx +
ik?t. This results in the degenerate one-soliton solution of the
form

: b R
s — 2Ak1R kllez(7711+7) SCCh(mR 4 E)’

2 2 R
L = 2kip sech”( nig + 5 ) (30)
) M2 2))2
_ o _ R _ _ (o Il %)
Here, A; = fa P+ I=12 ¢'= 16k2k

mr = kig(x — 2kyyt), and 9y = kyx + (ki — ke, 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 Eq. (30). It leads
to single-hump profiles only in all the three components as
we have shown in Fig. 12. The amplitudes of the degenerate
soliton in the SW components and the long-wave component
are 2A;k1g/k;; and ZkfR, respectively. The central position of
the soliton (for all the components) is g.

The degenerate two-soliton solution of the system Eq. (1)
was reported in Ref. [22] by considering the seed solutions

g(ll) = aﬁl)e"‘ +ot§l)e"2, nj =kjx+ ika-t, lLj=1,2.

3D

However, it can be captured from the nondegenerate two-
soliton solution Egs. (12a) and (12b) by imposing the
restrictions k; = [ and k, = [,. The resultant Gram determi-
nant forms of the degenerate two-soliton solution contains the

05 |S(1)|2 1
- |S(2)|2 ‘:".
LA
(1] —
-15

FIG. 12. Single-humped degenerate fundamental soliton: k; =
0.5—0.5i,a{” =05, and o{” = 1.

044203-19



STALIN, RAMAKRISHNAN, AND LAKSHMANAN

PHYSICAL REVIEW E 105, 044203 (2022)

-15 0 15 -15

-15 0 15

X

(1)

FIG. 13. Energy-sharing collision of two degenerate solitons: k; = 1.5 —0.5i, ky =2 —2i, a\" =25, o\¥ =12, &’ =09,

and &} = 0.6.

following elements in Eqs. (12a) and (12b),

e’]m+”;/
A = m = A = A = A,
=gy =(e" em),
TG ,
o _YnoUn

2i(k2 — k)
= Kmn = Knm = Knpn', M, m/v n, n = 1’ 2. (32)

The other elements are the same as the ones defined in
Egs. (12a) and (12b). In general, the degenerate N-soliton
solution is a special case of our nondegenerate vector
N-soliton solution under the restrictions, k; =1;, i =1,2,
..., N. We 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 nondegen-
erate fundamental soliton solution Egs. (6a)-(6c) turns out
be a special case of the nondegenerate two-soliton solution
Egs. (12a) and (12b) with o = &{* = 0. Similarly, the de-
generate fundamental soliton solution Eq. (30) is a special
case of the degenerate two-soliton case under the restriction
aél) = ozéz) = 0. In passing, we note that very special paramet-
ric choice turns out to be the present fundamental one-soliton
solution [one-soliton solution presented in Egs. (6a)—(6¢) can
be deduced from the degenerate two-soliton solution Eq. (32)

too under the restriction aél) = aiz) = 0 after renaming the

resultant constants ozéz) as agz) and k, as [1]. However, as it is
evident from our discussion, the properties of the nondegen-
erate fundamental soliton solution Egs. (6a)—(6¢) are entirely
distinct from the interacting degenerate two-soliton solution
reported in Ref. [22].

As we have pointed in the previous Sec. IV B and by
the authors of Ref. [22], the degenerate solitons of the LSRI
system Eq. (1) undergo collision with energy redistribution
among the short-wave components. Such a typical collision
scenario is displayed in Fig. 13 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. 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 component always undergo elastic collision. The
total energies of each of the degenerate solitons are conserved
among the components. The elastic collision is brought out in

(1)
all the components by fixing the parameters as :‘? = % [22].

VI. CONCLUSION

We have derived the nondegenerate one-, two-, 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 kj; = [;. In addition, for ky; # [y, the soliton num-
ber 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 com-
ponents nonlinearly interact among themselves through the
LW component. Further, we have observed that the nonde-
generate 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 mech-
anism 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
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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 de-
generate soliton. We have noticed that the explicit appearance
of degenerate soliton induces two types of interesting shape-
changing and energy-sharing properties of nondegenerate

hydrodynamics, plasma physics, nonlinear optics and Bose-
Einstein condensates.
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J
APPENDIX A: THREE-SOLITON SOLUTION

The three-soliton solution of the system Eq. (1) is given as follows:

Amm’ Amn I 0 ¢l
Anm Ann’ 0 1 ¢2 Ij{mm’ fAlmn (I) (I)
I S I R : (AD
/T Kmm' Kmn
0 -1  Kkym K O 0 I o« o
o o C] Y 0 nm nn
Amm’ Amn 1 0 ¢l
Anm Ann’ 0 I ¢2
D=1 0 ko O], (A2)
0 -1 Knm Knn' O/T
0 0 0 G 0
The various elements of the above Gram determinants are defined as
iy emtér entéy ehtém
Amm/ = T Amn i E—— ' = T e nm = ;. 7 <
(ki + k) (ki + 1) b +13) (kr + L)
me'Wm’ 1”10%/, W,Tawm W,TU%/
Kmm' = s Kmn = 75 5 v Knm = 77 5y Knw = — 75 v
2i(k,2n — k;;z,) 2i(l,%l — k;;z) 2i(k,% — lj,;z) Zi(l,% — l;f,z)
m,m ,n,n =1,2,3.
The other elements are dejﬁned as follows: , . .
pr=(" e ey = & F)L Y= 0. Yi=0 o), =0 0 0, I=o=
1 0 0 0 0

0
0 1 0,0=(0 o o)andCy = —(ong) ozéN) a(N)),j =1,2,3, N =1, 2. We remark that the degenerate three-soliton
0 0 1 0 0 0

solution can be obtained from the above nondegenerate three-soliton solution when k; =1[;, j=1,2,3. In general,
mathematically to obtain the degenerate N-soliton solution from the nondegenerate N-soliton solutlon one needs to impose N
number of restrictions on the wave numbers k; = [;, j =1,2, ..., N.

APPENDIX B: CONSTANTS THAT ARISE IN THE ASYMPTOTIC ANALYSIS OF COLLISION DYNAMICS OF
DEGENERATE AND NONDEGENERATE SOLITONS

My (2)* (2)

L itk — ko)asV A o _ ik — b

2k — k) ky + k2 (kf — ko) (kS + ka)? 2(ky + k) (ki — lzxkr o
s itk — ko) (ky — ) lki — b*as”|af”*Ayefs

2k — ki) (ki + kP — k) (K} + k)? Lk — B3P 1Ky + B G+ 15)
ik = k) (ki 4 k) (K — k) (ki — b)(ky — B)er} o afPefs
e —_——_— b

2(ky + k) (kf + ko) (ke — k) (K — L) (ks + lz)(kf Ly

oS [\4 e ilky — k2|2A56R5

T 2k

— k) (ki + k)

20k — kP A KDk — K312l A k314
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ilky — L|* AgeR

e = — ’ — (1D + 1@,
20k, — k) + kP2l — P + 15 (I3 1"+l %)
oM — ilki — ka2 1ki — L2 ka — > AsefetRs
2(ky — ki) (ky +kT)2|k1 — k;‘|2|k1 +k*|4|k1 _ l*|2|k1 + l;|4|k2 T li"|2’
oo — (k* k*)(k1 —lz)a(]) (2)* (l)* (2) |
Alkr + ki) (ki — k3)(ky 4 k3)? (k' — 12)(k* + 12)2(k;< +h)
o0 — (ky — kz)(kik _ l;‘)a(l)*a?)a;l)af)*
4(ky + ki) — ko) (K + ko )2 (ky — 1) (ky + 1) (ko + 13)
eV ihy — koo "oV itk — b)es” A

T 20k + kDK — k) + ko)?

T 2k — k)t + kD2 —

L)k + L)
l*)a(l)* 2) (1) Ry

o itky — ko) (ki — L) (ky — b)(ky + L) (kf — I a, "o, e

2k + k(K — k) (k] + ko 2(k} + ) (ki — ) (ki + 52 (ky + 15)
o ilki — kol (ki — b)(ka — L)ty Age®

20k — k) (ki + kpPlky — K3 Plky + K314 — )k + B2k + 1)

A1=(012|a D24 lgla(2)|2), A2=(Q12|)712|2|05 D12 4 0% 1yl |0l()|2),
As = (lenP 17l + 105 Py Ple®?).  As = (lenlley”? + 167, ™).
Ao = (I72Plef" P + lynlPle”1P), A7 = (7ola")? + vila{? 1),

= (lenlrelel"” + 105 vile?P).  on=(k — k). o= (k —k?).
vo=(k—=05), vi=(k -15>.
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