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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.
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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
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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.
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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
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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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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
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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.
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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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