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We present exact multiparameter families of soliton solutions for two- and three-component Manakov equa-
tions in the defocusing regime. Existence diagrams for such solutions in the space of parameters are presented.
Fundamental soliton solutions exist only in finite areas on the plane of parameters. Within these areas, the
solutions demonstrate rich spatiotemporal dynamics. The complexity increases in the case of three-component
solutions. The fundamental solutions are dark solitons with complex oscillating patterns in the individual wave
components. At the boundaries of existence, the solutions are transformed into plain (nonoscillating) vector
dark solitons. The superposition of two dark solitons in the solution adds more frequencies in the patterns of
oscillating dynamics. These solutions admit degeneracy when the eigenvalues of fundamental solitons in the

superposition coincide.
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I. INTRODUCTION

Variety of oscillating localized structures associated with
the scalar nonlinear Schrodinger equation (NLSE) is enor-
mous [1-4]. Oscillating nonlinear solutions are commonly
dubbed as “breathers” [5,6]. They are multiparameter fam-
ilies of solutions that are periodic either in space or time
with periods being the free parameters of the families. More
general family of the lowest-order double-periodic solution is
periodic both in space and in time [7]. It contains particular
subsets such as Akhmediev breathers [8] and Kuznetsov-Ma
solitons [9]. Each of them is still a family of solutions with
a free parameter. Their limiting cases when each period is
infinite leads to a special solution known as Peregrine rogue
wave [10].

Periodic breathers do exist in the focusing regime of the
NLSE. They describe a variety of physical phenomena such
as modulation instability [8,11-13], rogue wave events [14],
Fermi-Pasta-Ulam recurrence [15-18], supercontinuum gen-
eration [19], and even turbulence [20]. Exact multiparameter
families of solutions also exist in the case of defocusing NLSE
[21]. These families also contain double-periodic solutions,
although they describe different sets of physical phenomena.
They involve dark solitons and their interactions.

Vector (two-component) generalization of the NLSE de-
scribes more complex systems such as nonlinear interaction of
two wave components in optical fibers [22], two-atom Bose-
Einstein condensates (BECs) [23,24], and two-way wave
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propagation in the ocean (crossing seas) [25]. The integrable
version of this system is known as the set of Manakov equa-
tions [26]. As mentioned, oscillating structures do exist in the
defocusing NLSE case as well [21]. Their investigation can be
naturally extended to the case of Manakov equations [27-34].
For example, vector defocusing rogue waves have been pre-
dicted in Ref. [29] and observed experimentally in fiber optics
[33,34]. Vector Akhmediev breathers also do exist in the de-
focusing regime [31,32] and they can exhibit unique “hidden”
dynamics in the nonlinear stage [31]. We can expect a variety
of other interesting phenomena when dealing with the whole
family of exact solutions of Manakov equations in the defo-
cusing regime.

Even fundamental (lowest-order) solutions of the Manakov
model are not as simple as we would initially expect. Clearly,
superposition of these solutions produces highly nontrivial
structures especially, when the number of components in the
model exceeds two. Among these phenomena are multisoliton
complexes [35-37], “beating solitons” [38—40], nondegener-
ate solitons [41-44], etc. Another physical phenomenon is the
multivalley dark structure that exists in the defocusing regime
when the number of components N > 3 [44]. Soliton on a
background is a type of structure that exists in these systems
[45,46]. In the defocusing media, solitons on a background
are dark solitons. The study of these objects for Manakov
equations is still incomplete. In this paper, we fill this gap in
the knowledge. In particular, we have found several new types
of dark solitons in the defocusing regime of the Manakov
system and revealed their properties.

The paper is organized as follows. Exact fundamental
(lowest-order) soliton solutions in the defocusing regime of

©2023 American Physical Society
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Manakov system and their symmetries are presented in Sec. I1.
Existence diagrams and characteristics of these solutions in
the two- and three-component cases of the Manakov system
are given in Secs. [l and IV, respectively. A special case when
all background amplitudes are equal a; = a is considered in
Sec. VII. Two other special cases when one (a; = a, = a,
a3 = 0) or two (a; = a, a, = a3 = 0) background amplitudes
are zero are considered in Secs. VIII and IX, respectively.
Finally, Sec. X contains our conclusions.

II. FUNDAMENTAL SOLITON SOLUTIONS
AND THEIR SYMMETRIES

We consider here the set of Manakov equations generally
consisting of N wave components. In dimensionless form,
they are given by

1 SR oo
j - : D=0, 1
i— =+ +a;(|¢ v (1)

where (¢, x) are the nonlinearly coupled wave compo-
nents of the vector wave field. The physical meaning of
independent variables x and ¢ depends on a particular physical
problem of interest. We have normalized Eqgs. (1) in a way
such that o = %1. Note that in the case o = 1, Egs. (1) refer
to either the focusing (or anomalous dispersion) regime in
optics or the attractive interaction between the atomic com-
ponents of BEC; in the case 0 = —1, Eqgs. (1) refer to either
the defocusing (or normal dispersion) regime in optics or the
repulsive interaction between the atomic components of BEC.

In our previous work [47], we have demonstrated the dy-
namics of vector solitons in the focusing regime o = 1 for the
basic Manakov system, when N = 2. In contrast, we present
here an exact multiparameter family of fundamental soliton
solutions in the defocusing regime o = —1 of N-component
Manakov equations when N =2 and N = 3. We reveal the
existence conditions and the exact dynamics of solitons sep-
arately for N =2 and N = 3. This is different from the
fundamental dark-dark and bright-dark soliton solutions of the
defocusing Manakov equations reported recently [48,49].

The applicability of Egs. (1) with N = 2 in physics has
been verified experimentally in optics [50-53] and for descrip-
tion of multicomponent BECs [54,55]. This task becomes
significantly more difficult when the number of components
in Egs. (1) increases. Nevertheless, recent experiments [56]
confirmed the physical relevance of Eqgs. (1) with N = 3 by
observing the bright-dark-bright solitons in BECs with re-
pulsive forces between the atomic components. Our present
theoretical results may provide a basis for observing more
complex wave patterns in such experiments.

A. Fundamental soliton solutions in general form

A fundamental (first-order) vector soliton solution of
Egs. (1) can be obtained using a Darboux transformation
scheme [57] with the seed in the form of a plane wave. In
compact form, it is given by:

v, %) = p Py @, P, ), 2)

where w(gj )(t, x) is the seed plane-wave solution:

=N

. ) 1

é]):ajexp i| Bix+o E a§+§:3]2' t|¢, 3
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with the real parameters a; and 8; being the amplitudes and
wave numbers, respectively, and

o0 = X 4B [OC+ BG+ By)
X+8i \ X+ B)X +8)

@

where
X=X+ic

with a(# 0) being a real parameter. One can readily confirm
that || = 1. Moreover,

() _ @ cosh(I' +1i8;) + cos (R + iy;)

, 5
wfx @ cosh T + cos 2 ©)
where
1 .
r=a@+nn+§m(ﬁiﬁ) 6)
o
Q=m=a6+m>. (7)

Subscripts r and i denote the real and imaginary parts of
the complex parameter x, respectively. The latter denotes
the eigenvalue of the Manakov system (1) which obeys the
relation:
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In principle, the N-component model can admit 2N roots for
Xx- The one-to-one correspondence between the eigenvalue
and the spectral parameter of the associated Lax pair is given
by:

r=xe ©)

The remaining notations in Eq. (5) are
8; = arg[(x* + Bj)(x + ia + B))1,

1 I:(X*_ia+ﬂj)(x+i0l+l3j)i|
yi=—z1In ,
2 (x*+ B)x+ B)j)

o — a2y [a+x
200+ 2, Xi

Clearly, the solution (2) depends on the background wave
parameters a;, 8, and the real parameter « (#0). For any
N-component Manakov system, the solution (2) describes
fundamental dark vector soliton with the plane-wave back-
ground (3) around it. The solution (2) is the direct analog
of the dark soliton of the single component NLSE in the
defocusing (o = —1) regime. At any 7, the deviation of the
soliton profile from the background is localized in x with the
width ~1/a. These solitons can move with the group velocity

Veo=—x,
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The new notable feature of the dark soliton of the Manakov
system is that its components may exchange energy and there-
fore may oscillate in . The period of these oscillations, as we
can see from (5), is 27 /€2. Additional oscillations may appear
when two dark solitons are superposed at the same location.
The frequency of these oscillations will be equal to the beating
frequency of two dark solitons. Such superpositions will be
considered below.

The choice of parameters a;, f; strongly influences the
dynamics of solitons. As there are several of them, the variety
of possible dynamics is very large. First, let us consider the
case of identical background amplitudes a; = a. Such a con-
dition (a; = a) has been used in experimental observations of
optical rogue waves in the two-component Manakov system
[33,34]. As particular cases, we consider the characteristics of
dark solitons when one or two of the background amplitudes
vanish. As for the wave numbers 8;, we set them as follows:

B1=—p =8,
Bi=—-B=8, B =0,

for N =2, (10)

for N =3. (1

B. Symmetries of the solutions

Before entering the details, let us consider the two main
symmetries of the fundamental soliton solution (2). Taking
them into account will simplify the analysis. The first one is
the symmetry of the solution (2) relative to the sign change of
B and simultaneous change of the wave component. For the
case of identical background amplitudes a; = a, we have

v V(B =P (-p),
Dy =y (-p),

The second symmetry involving the eigenvalue y, is not
that simple. Namely, if x; = —x; — «, then we have

U (G0 ) = NG = e (14)

where r; = 2arg(p;) denotes a constant phase, and x’ = x +
Ax,t' =t + At, with Ax and At fixed constant shifts along
the x and ¢ axes, respectively. They are given by

17 4 ,
Ar= _[ X +1n<““t)],
alo+2y; Xi

_ 4
a4 2ay;

when N = 2, (12)

when N = 3. (13)

At (15)

Thus, the symmetry (14) defines the periods in the oscillat-
ing patterns of dark soliton. The symmetries (12)—(14) provide
more insight in revealing the richness of soliton properties as
is demonstrated below. Let us start with the analysis of dark
solitons in the two-component Manakov system.

III. DARK SOLITONS IN THE TWO-COMPONENT
MANAKOV SYSTEM

In the defocusing regime of the two-component Manakov
system (N = 2), Eq. (8) admits four roots for the eigenvalue
x. For the case of identical background amplitudes a; = a,
and for B = —B, = B, the explicit expressions for them are

given by

i i
Xi= 5o eI o= —gat ey

i i
X3:_§°‘_m’ Xa=—za+ K +.m, (16)

where k = 8% + a®> — «?/4 and n = a* + 4a* B> — «?B>.
It follows from (16) that

Xiit Xoi =~ X3+ Xa = . o))

Then, from (14), it also follows that the wave components
W, 977 ()b or {9 (xs), 917 (x4)) have the same
amplitude profiles. The only difference between them is the
shifts in x and ¢ equal to Ax, At.

A direct analysis shows that x3; = x4; = —«/2, implying
that £ = 0. This indicates that the period of 1//1(J )( X3) in ¢
(i.e., 2t /) becomes infinite (no oscillations). Moreover, the
solutions 1//1(j )( X3)s wl(j )(X4) reduce to the background level
everywhere on the (x, r) plane. Thus, these two eigenvalues
describe trivial background wave solutions. They can be ig-
nored in further analysis.

For illustration, Figs. 1(a) and 1(b) show the individual
and total component profiles of the fundamental dark soliton
on the (x,7) plane that corresponds to the eigenvalue ;.
Two different relative wave numbers 8§ = 0.3 and 8 = 1.0 are
used. The individual components are periodic in ¢ due to the
energy exchange between them. Figure 1(a) shows a “four-
petal” pattern in each period of oscillations with two areas
of depressed and two areas of elevated amplitudes diagonally
located relative to the center. The central point in this pattern
is a saddle. Figure 1(b) displays a similar pattern but with the
amplitude at the central point being transformed from a saddle
to a minimum. The two areas with depressed amplitudes are
now combined into a single one. With further increase of 3,
the oscillations disappear and each component is gradually
transformed into a plain (nonperiodic) dark soliton.

The total amplitudes of the dark soliton |y|=

VIP P2 4+ 1912 shown in the right-hand-side columns

of Fig. 1 are also oscillating. The minima are located at the
centres of each four-petal patterns in (a) or coincide with the
minima of the two components in (b). Thus, the solution (2)
generally describes oscillating dark solitons.

Clearly, the choice of the parameters o and S is not arbi-
trary. We need to analyze a Hessian matrix for (2) in order
to find the regions of existence of these solutions. Using the
technique presented in Ref. [47], we constructed the existence
diagrams for the solutions for each of the eigenvalues.

Figure 2 shows these diagrams on the (¢, B) plane. For
the first two eigenvalues x; and x,, the solutions are confined
to the elliptical regions bounded by the red solid curves in
Figs. 2(a) and 2(b). Dark solitons do exist in the pink and
cyan areas which correspond to the two types of structures
shown in Fig. 1. The black dashed curve corresponds to the
transition from the saddle point at the center of each periodic
pattern to a minimum. Dark soliton solutions do not exist in
gray areas. The existence diagrams for x, and x, are identical.
In the limiting case of o = 0, dark solitons are transformed
into vector rogue waves [29]. As mentioned, the eigenvalues
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FIG. 1. Individual | (x,)| and the total [/| = v |2 + [y®

amplitude profiles of the two-component dark soliton (2) on the (x, 7)

plane for two relative wave numbers (a) 8 = 0.3 and (b) § = 1. Parameters a = 1 and @ = 0.5.

X3 and x, describe only trivial solutions. Thus, the diagrams
corresponding to these eigenvalues are fully gray in Fig. 2.

The analytical expression for the boundary of the dark soli-
ton existence in Fig. 2 (the red solid curves) can be extracted
from the conditions

Xii=—a or Xy =0. (18)

@ % (b) Y x2

=2 0 2 =2 0 2
(13
(© 2[xs (d) 2[xa
xQ 0 X 0
-23 0 2 -23 0 2
(13 (13

FIG. 2. Existence diagrams for the two-component dark solitons
on the («, B) plane for four eigenvalues x; given by Egs. (16). Cyan
and pink areas correspond to dark solitons with two types of patterns
shown in Fig. 1. The blue and orange solid circles correspond to
specific solutions shown in Figs. 1(a) and 1(b), respectively. The red
solid lines correspond to the plain dark solitons (no oscillations).
The black solid lines (8 = 0) correspond to dark solitons with the
oscillating components but no oscillations in the total amplitude. The
red and black solid circles correspond to specific solutions shown
below in Figs. 3(a) and 3(b), respectively. Parameter a = 1.

Namely, from Eqs. (16) we obtain
B2 =2d> —a?, (19)

where S. denotes the critical wave number. Dark solitons do
exist in the region confined by the condition 8% < 2. When
this is the case, the two eigenvalues yx; and x, are purely
imaginary (x, = 0). This implies that these dark solitons have
zero velocity (v, = 0). Two examples are shown in Fig. 1.

When 8% = 2, the solution is converted into a plain dark
soiton (no oscillations). The explicit expressions for the com-
ponents of this dark soliton follow from Eq. (2):

B;

ﬂj—i()l ﬂj—i()l

YY) = 1//5”[ tanh (ax)i|. (20)
This dark soliton has zero velocity. The solution (20) is re-
duced to the plane wave w(gj ) when @ = 0. One example of the
amplitude profiles of the dark soliton (20) is shown in Fig. 3(a)
with the choice of parameters « = 0.5, 8 = B, = V7/2. The
amplitude profiles of the two components of the dark soliton
are identical:

o2 tanh?(ax) + B2
Vs | = [¥ps =a\/ .o

a? + B2

Consequently, the total amplitude vV |[$J|> + [¥52|? of the
dark soliton also has a dark-soliton shape.

When g = 0, dark solitons are located on the black solid
line in Figs. 2(a) and 2(b). They are confined by the condi-
tion a? < 2a” (a # 0). Analytical expression for these dark
solitons can be found from Eq. (2):

Fas 1) = ¥ (Wps F ¥ss), (22)
Yips(X2) = g’ (ps F Vss), (23)
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FIG. 3. Amplitude distributions of individual components || and the total amplitude || = V |1//1( D24 |1//](2) | of the two-component
dark solitons. (a) Dark soliton given by (20) with B = B. = +/2a* — &2 [red solid circle in Fig. 2(a)]. (b) Dark soliton with oscillating
components given by (22) with 8 = 0 [black solid circle in Fig. 2(a)]. (¢) Moving dark soliton with oscillating components given by (28)

with i = f, = 0.5. Parameters a = 1 and @ = 0.5.

where
_ (4a® — &?) sinh (ax) — o? cosh (ax)
Vs = (4a? — a?) cosh (ax) — o2 sinh (ax)’ @4
B —2(2a* — o) exp (%ia*t)
Ves = (4a®> — a?) cosh (ax) — 2 sinh (ax)’ 25)
and
Yps = Yps(—x),  ¥Bs = —YBs(—X). (26)

The solution (23) is the same as (22) but reversed in space.
The two components of the dark soliton are oscillating in #
with the frequency «?/2. This follows from Eq. (25). The
soliton profiles for this case are shown in Fig. 3(b). The two
components are oscillating in the opposite phases. The ele-
vations (depressions) in 1//\(,13)s correspond to the depressions

(elevations) in w%s' This allows the total amplitude profile

vV |1p1“)|2 + |1ﬁ1(2) |2 of the dark soliton to be constant in 7. The

explicit expression for it is given by:

27

\/W{/IBESP N |’»”\(/213)s 2 _ a\/zaz tanh?(cex) +ﬂz‘

a? + B2

This is the same profile as for the dark soliton (20). Indeed,
Egs. (21) and (27)] are the same. This can also be seen from
the comparison of Figs. 3(a) and 3(b).

When g; = B, # 0, the dark soliton acquires nonzero ve-
locity. The solution can be derived either directly from Eq. (2)
or obtained from the expressions (22) and (23) using Galilean
transformation. For the absolute values of the components, we
have

W01 = [Ys (s 1.6 = Bir)
W90 = (s (s 1,5 — Bin)].

The amplitude profiles of this solution is shown in Fig. 3(c).
This dark soliton propagates with the velocity 8;. Two of its
components remain oscillating. The shape of the total ampli-
tude remains fixed in ¢. It coincides with the shape of dark
solitons in Figs. 3(a) and 3(b).

’

(28)

IV. DARK SOLITONS IN THE THREE-COMPONENT
MANAKOYV SYSTEM

Now we explore the properties of three-component (N =
3) vector dark solitons in the defocusing regime. There are six
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FIG. 4. Individual |1/I1(j )| and the total amplitude distributions || = \/ Ilﬂfl)lz + Ilﬁfz)lz + |1//1(3)|2 of the three-component dark solitons (2)
corresponding to the eigenvalues x;, and x5, given by Egs. (29). Parameters a = 1, § = 0.3, and « = 0.5.

eigenvalues x; in this case. The explicit expressions for them
whena; =a, i = —f3 = B, and B, = 0 are given by

X = é(—a — VD).t = %(—a + i),

X5 = 5(—0 = Vi), X = (o + VKD,
Xs=5(-a— Vi) Xe=g(—a+ k). (29)
Here
4 213¢ iB
K1 =a2+§l(./4 B —m)
4 (i+V3)C  (—+3)B
Ky = o? + §l|:.A - (22/3)8 24/3 :|’
4 (i—~3)C  (i+~/3)B
K3 = (Xz + §l|:A - (22/3)3 24/3 i|’

with
A=i(3a®+28%), B=D+/4C* + 12,
C = —9a* — 124*B% + 3a°B* — B*,
D = —54a° — 1084* B> — 72a*B* + 180> B* + 2°.

Similarly to the case N = 2 considered above, here not all
eigenvalues describe a soliton. We have found that x5 and
X correspond to the trivial background solutions, while four
other eigenvalues do correspond to dark solitons. They obey
the relations:

XiitXoi=—a X3+ X =~ (30)

Xir = Xor = —X3r = — X4+ (31)

The corresponding amplitude profiles satisfy the symmetry
(14):

10 05 ] = 971 10 o)
106l = e o 33

; (32)

This means that xpf”(xl) and wl(j)(xz) [or wl(j)(x3) and
wl(j )( X4)] have the same amplitude distributions. However,

[t il # e il G

This means that for given values of a, 8, and o, we have
two different dark solitons with opposite group velocities
(X]r = _X3r)' )

The amplitude profiles of these two solitons, Wl(] )(X1)|,
|w1(’ )( X3)|, are shown in Figs. 4(a) and 4(b), respectively.
Oscillations are now due to the energy exchange between the
three wave components. The first two components in Fig. 4(a)
show the four-petal patterns in each period with a saddle point
at the center. The third component has a minimum at the
center. The total amplitude (right-hand side panel) is still an
oscillating dark soliton. The two solitons shown in Figs. 4(a)
and 4(b) have the same oscillating period. The patterns in the
second case are reversed as well as the direction of propaga-
tion. Nonlinear superposition of these two dark vector solitons
is a second-order “nondegenerate” dark soliton (see Sec. VII).

Figure 5 shows the existence diagrams of dark vector soli-
ton components on the («, B) plane for three eigenvalues y,,
X3» and xs. Dark solitons do exist only for the case of the
eigenvalues x; and x3. In these two cases, solitons are con-
fined to the eye-shape areas bounded by the red solid curves.
Due to the symmetry (12), the existence regions of wl(l) and
1//1(3) components of dark solitons are symmetric around the
line B = 0. Further comparison of the cases x; and 3 shows
that the existence region of wl(l)( X;) lor 1p1(3)( X1)] coincides
with that of 1//1(3 )( Xx3) [or wl(l)( X3)]. Dark solitons do not exist
in the gray areas.

The regions of dark soliton existence for case N = 3 are
limited by the red solid curves obtained from the condition:

Xii= X3 =—a OF Xz = X4 =0. (35)

At this boundary, the vector dark soitons have the form:

i = (gf'){’;":’; + tanh [a(x+x,z)]}. (36)
J

Bi+x
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FIG. 5. Existence diagrams of the three-components of dark solitons with eigenvalues x;, x3, and x5, given by Egs. (29) on the (o, B)
plane. Cyan areas correspond to the components with the four-petal patterns in each period and saddle point at the center. The pink areas
correspond to the patterns with the minimum at the center. The red solid lines correspond to the plain dark solitons (no oscillations). The black
solid lines correspond to the dark solitons with the oscillating components but not oscillating total amplitude. The blue and orange solid circles
correspond to dark solitons shown in Figs. 4(a) and 4(b), respectively. The red and black solid circles correspond to dark solitons shown below

in Figs. 6(a) and 6(b), respectively. Parameter a = 1.

The difference from the dark solitons in the case N =2,
Eq. (20), is that the group velocity —, is not zero. The
amplitude profiles for these solitons is shown in Fig. 6(a).

Inside the red solid lines, the dark soliton components are
oscillating. Taking 8 = 0 (i.e., 8; =0, j = 1, 2, 3), we obtain
the soliton solution from (2). The explicit expressions can be
represented in the following forms:

Y = v (xa) = v [wos + viY],
Yims(X1) = Vaons (X2) = ¥ [¥os + Vg |-
Yins(X1) = Yins(X2) = ¥ [Yps + V], 37

and
Pis(X3) = Yins (Xa) = ¥ [Ys + Ve,

Yims () = vias ) = v [wos + vis .
Yams(X3) = Vyps (Xa) = (()3)[st + Iﬁéls)]. (38)

Here we separated the solutions into a “bright,” ](3’5), and

“dark,” ¥rps, parts:

_ JF cosh (ax)—F sinh (ox)
wDS =1+ T cosh (ax)+J sinh (ax) ’ (39)
1 2 3 2
bs = 1S Vs = Vi (40)
@ _ Fexp (%iazt) 41
BS — 7 Zcosh(ax)+J sinh (ax)’ D

where

F = (6a*> = 2a%)a,
J = —a[az(—Z +ci+ c%) + az],

1= —aza(4 + c% + c%) +a?

with ¢; = —1.366, ¢, = 0.366.

Oscillations in Egs. (37) and (38) are caused by the
“bright” parts. The corresponding wave profiles in each com-
ponent together with the total soliton amplitude are shown in
Figs. 6(b) and 6(c), respectively. These can be considered as
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FIG. 6. Individual |1//|(j )| and the total amplitude distributions || of the three-component dark solitons. (a) Plain dark solitons (36). (b) Dark
solitons with three oscillating components (37) with 8 = 0. (c) Dark solitons with three oscillating components (38) with 8 = 0. (d) Moving
dark solitons with two oscillating components (46) with 8, = B, = 3 = 0.5. Parameters ¢ = 1, and « = 0.5.

the special cases of the solutions shown in Figs. 4(a) and 4(b)
but with 8 = 0.
Also, from Egs. (37) and (38), we find that

Wi X 0| = [Woms (xas =) (42)

This means that the components of W\(/Jgs( X1)| are reversed in
space components of |1ﬂ\(,‘§sj )( X3)|- On the other hand, in each
case, all three components are different. Like in the case N =
2, the total amplitude always has the shape of a dark soliton
that does not change in .

When g; = 0, solitons (37) and (38) have zero velocity.
Using a Galilean transformation, we obtain the moving dark
soliton solution for the case 81 = f, = B3 # 0. It is given by

Y, x) = Yas s £.x — Pit), (43)
YO, x) = Yias(xss 1,x — Bir). (44)

In contrast to the case N = 2, the three-component Man-
akov equations have additional degree of freedom influencing
the dynamics of components. For the same case §; = 5, =
B3 # 0, performing the Darboux transformation with a Lax

spectral parameter

3a?
=X+ , (45)
l 1 X1+ B
where x; = —f; — i, we can obtain another family of dark
soliton solutions given by:
Uas = WP (Wps + Ves),
Bs = U8 (s — Vas),
ves = ¥ (¥ms), (46)
where
(> — 3a®)exp [a(x — Bit) — d]
=1 , 47
Yos + 2a2a? cosh [a(x — Bit) +d] “7
i(a?® —3a*) exp (1/2ia’t — d)
Vps = p/ L @®

a?a cosh [a(x — Bit) +d]

andd = %ln(% — ﬁ).

In contrast to the dark soliton solutions [Eqgs. (37) and
(38)], the oscillations in the solution (46) occur only in Y
and ¥ ® components. The /) component is a plain dark soli-
ton. This solution is shown in Fig. 6(d). The soliton propagates

with the group velocity v, = 8. Only the components I/I\(,IB)S

054206-8



FUNDAMENTAL AND SECOND-ORDER DARK SOLITON ...

PHYSICAL REVIEW E 107, 054206 (2023)

and 1//5,23)5 periodically exchange energy. The total amplitude
profile is the same as in Fig. 6(c).
The solutions (46) satisfy a simple transformation. Namely,

the solution obtained by swapping the components w\(,zB)s &

(3)
VBS>

w\(,‘és = Wél)(l/st + ¥Bs),
Yims = Vo (Yps),
iNs = i (s — Ves). (49)

is still the solution of Eqgs. (1). The nonlinear superposition of
(46) and (49) with different o produces the second-order dark
soliton. It is presented below.

V. SECOND-ORDER DARK SOLITONS
FORN =2WITHa; =a #0

Each of the fundamental dark solitons can be part of the
nonlinear superposition of more complex structures. As in
the previous works related to the scalar NLSE case [5,58,59],
the nonlinear superposition of fundamental dark solitons in
the Manakov system can be constructed using next steps
in the Darboux transformation (see Appendix A 1). For the
two-component Manakov system, the fundamental solution
on a constant background can be obtained by using the vector
eigenfunctions of the transformed Lax pair with the coeffi-
cients {1, 1, 0} (see Appendix A 1). A particular case is a dark
soliton solution (2) for N = 2.

First, we consider the case with equal background ampli-
tudes a; = a. Two types of second-order dark solitons are
obtained below: (i) when the wave numbers are unequal 8; =
— B> = B # 0 and (ii) when the wave numbers are equal | =
B>. In each case, the solitons have the same (zero) velocity.
Then the second-order solution is a bound state of two dark
solitons.

A. Second-order dark soliton with ; = -8, = #0

The two components of the fundamental dark soliton (2)
for the cases @ = 0.5 and o = 0.4 are shown in Figs. 7(a)
and 7(b), respectively. These components are periodic with
“four-petal” type patterns in each period of oscillations. The
average velocity of the dark soliton is zero. The nonlinear
superposition of these two fundamental solitons is shown
in Fig. 7(c). The result of the superposition is the soliton
structure oscillating with two periods. From the fundamental
solution (2), the beating period of the bound state is given by

27
S-2|(oz=011) - Q|(oz=otz)

D, . (50)
where o) = 0.5 and «p = 0.4. The average velocity of this
combined structure is also zero.

B. Second-order dark solitons with 8; = 8,

When B, = B,, the exact solution is given by Egs. (22)
and (23). The two components and the total amplitude for
two different values of « are illustrated in Figs. 8(a) and
8(b), respectively. The nonlinear superposition of these two
dark solitons again produces “double-beating” soliton pattern

[y

FIG. 7. Fundamental dark soliton components |1//1(j ( X1)| given
by (2) on the (x,7) plane when (a) « =0.5 and (b) o =0.4.
(c) The two components of the nonlinear superposition |1//2(j ) (Xl
of dark solitons shown in (a) and (b). Parameters a; =1 and
B =—B=0.3.

with two frequencies of oscillation. It is shown in Fig. 8(c).
However, the total amplitude profile (right-hand side panel)
shows only a single beating frequency.

VI. SECOND-ORDER DARK SOLITONS
FORN =2WITHa; #0,a, =0

Let us now consider higher-order dark solitons for N = 2
when one of the background amplitudes vanishes, e.g., a; #
0, a; = 0. For the defocusing Manakov systems, all back-
ground components cannot be simultaneously equal to zero.

We can use two approaches to investigate the properties of
these solutions. The first one is to consider the limit a, — 0 in
the solution presented above. The second one is to construct
directly the new exact solution with a, = 0. Here, we use the
second technique and present the new exact solution although
both of them lead to the same result. We first consider the
valid eigenvalues of the soliton from the general relation (8).
The associated Lax spectral parameters follow from Eq. (9).
Finally, the corresponding soliton solutions can be constructed
by performing the Darboux transformation with these spectral
parameters.

The spectral parameter for the case a; # 0, a, = 0 follows
from (9). It is given by:

2
ai

xX+B’
where y = B — i« is the only valid eigenvalue obtained from

(8). Using the Darboux transformation with the spectral pa-
rameter (51), we obtain the higher-order dark soliton. The

A=x+

(D
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FIG. 8. Dark soliton with oscillating components (22) when (a) @ = 0.5 and (b) @ = 0.4. (c) Nonlinear superposition of dark solitons

shown in (a) and (b). Parameters a; = 1 and g; = B, = 0.

explicit form of this solution is given by:

W _ o, Yo OF =) explate + fir) — d]
DS 0 (2B — ia)2sinh [a(x + Bit) + d]’
@) (= n)exp(1/2ia*t —d)
= 9 N 52
Bs = CXP (02— e+ Bit) - d] (52)
where d = %ln (4’3 4';2‘1 2“' ). Figures 9(a) and 9(b) show this

soliton for two different values of «. As we can see, when
a; # 0 and a, = 0, the fundamental two-component solution
is a dark-bright soliton pair. The velocity of the soliton pair
is —B;. The nonlinear superposition of these two solutions is
shown in Fig. 9(c). It is a dark-bright soliton solution beating
with a single frequency. These solutions can be considered
as the limiting cases of the corresponding solutions shown in
Figs. 7(a)-7(c) when a; — 0.

Figures 10(a) and 10(b) show the similar dark-bright soli-
ton pairs when 8; = 0. Parameters ¢ = 0.5 and o« = 0.4 are
the same as before. The soliton pairs have zero velocity since
B1 = 0. The nonlinear superposition of these two solitons is
shown in Fig. 10(c). The second-order soliton oscillates but its
average velocity is zero. The solutions shown in Figs. 10 can
be considered as the limiting cases of the solutions in Figs. 8
when a, — 0.

VIL. SECOND-ORDER DARK SOLITONS
FORN =3 WITHa; =a # 0

In contrast to the case N = 2, the three-component Man-
akov system admits more eigenvalues. This has been shown
in Sec. IV. Then the number of possibilities in construct-

ing higher-order dark solitons increases. On the other hand,
there are two combinations of the vector eigenfunctions of
the transformed Lax pair to generate different fundamental

(1) 2
™| Ol
Io.4
I—o
0 40
X
Io.as
I—o
0 40
b &
lo.s
© 9 \
-0.56 —160 I-O
-40 0 40 —-40 0 40
X X

FIG. 9. Dark-bright soliton (52) with nonzero velocity when
(a) @ = 0.5 and (b) @ = 0.4. (c) Nonlinear superposition of the two
solitons shown in (a) and (b). Parameters §; = 0.3, a; = 1, and
a; = 0.
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FIG. 10. Dark-bright soliton (52) with zero velocity when
(a) @ = 0.5 and (b) « = 0.4. (c¢) Nonlinear superposition of the two
solitons shown in (a) and (b). Parameters 8 = 0,a; = 1,and a, = 0.

solutions for N = 3. Namely, using the combination with the
coefficients of vector eigenfunctions {1, 1, 0, 0}, we obtain
the fundamental dark soliton which coincides with (2). The
alternative combination with the coefficients {1, 0, 1, 0} yields
the fundamental solution describing the dynamics of general
breathers (see Appendix B 1 a). Nonlinear superposition of
these two fundamental solutions can produce new wave for-
mation.

Like in the case N = 2, we present below two different
types of nondegenerate second-order solitons for the case

L\

[y
80 1.5 801ﬁ|
’ L
\ o
ol > :
> " 2
_po e I .
-20 0 20 -20
80 = L5 SON—W
o [\ 4l
% # W

7
\'0

N = 3 with the equal background amplitudes a; = a. (i) Non-
degenerate second-order solitons with unequal wave numbers
B1=—B3 =B #0 B, =0. (ii) Nondegenerate second-order
solitons with equal wave numbers 8; = B, = Bs.

A. Second-order solutions with ; = —; =8 #0and 8, =0

We first consider the second-order solutions formed by
the nonlinear superposition of two fundamental dark solitons
corresponding to two different eigenvalues x; and x;. These
superpositions also depend on the set of initial parameters a,
B, and «. The details of derivation of exact solutions are given
in Appendix (B 1 a).

Figure 11(a) shows the nonlinear superposition of two fun-
damental dark solitons shown in Fig. 4. As the two original
dark solitons have velocities of opposite sign (x;, = —X3,)s
the two dark solitons cross each other at ¢+ = 0. This superpo-
sition exhibits a typical X shape. The first, 1 (), and the third,
3, wave components are mirror images of each other. The
second wave component, /?), is symmetric relative to the ¢
and x axes. Moreover, the superposition of two dark solitons
shows a typical elastic collision. This can be proved strictly
by the asymptotic analysis shown in Appendix C.

In order to confirm the accuracy of exact solutions, we
used direct numerical simulations of Manakov equations.
Figure 11(b) shows the results of numerical simulations with
the initial conditions extracted from the exact solution at t =
0, namely /) (x, t = 0). Comparison of the upper half of the
solution in Fig. 11(a) with the results of numerical simulations
in Fig. 11(b) shows that the exact solutions are indeed correct.

Let us now consider the nonlinear superposition of two
fundamental solutions corresponding to different combina-
tions of the vector eigenfunctions of the transformed Lax pair,
ie., {1,1,0,0} and {1,0, 1,0}. The first combination pro-
duces fundamental dark soliton while the latter combination
{1, 0, 1, 0} produces fundamental general breather. It is given
by:

y 0 =9 @ 0w e, oY

]

&

i/

L 0
-20 0 20 -20

0 L
20 -20 0 20

FIG. 11. (a) Nondegenerate soliton formed by nonlinear superposition |1/I2(j )( X1 X3)| of two dark solitons with eigenvalues x; and x; shown
in Fig. 4. (b) Numerical simulations of the solution shown in (a) starting with the initial condition generated by the exact solution at t = 0.
These simulations confirm the exact results. Parameters a; = 1, 8 = 0.3, and o« = 0.5.
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FIG. 12. (a) Fundamental dark soliton (2) with & = 0.5. (b) Fundamental general breather (53) with « = 0.4. (c) Nonlinear superposition
of the solutions shown in (a) and (b). Parameters a; = 1 and 8 = 0.3.

where and

; Gicosh(A +v;)+ H;cos (Il + v;) ;
w;x)z J j J (54 M. — exp (d) U. — exp (ir)

Mjcosh A+ Ujcos T /_(’X*_’i)’ J_(X*—j(\)‘

(62)
with The values x = x, or x5, and X can be found by solving
A== x)x+ XA — xx)t +d, (35) Eq. (B2) numerically. Here we use ¥ = X1.c- Due to the con-
dition x, # X,, this solution describes general breather rather
= (x, —X)x+ %(Xf — if - Xi2 4 'i?)t +r. (56) than a dark soliton (2).

The dark soliton (2) and the general breather (53), each
with the eigenvalue x = yx; are shown in Figs. 12(a) and 12(b)
1 X —x 1 X=X for the cases @ = 0.5 and o = 0.4 respectively. The nonlinear

d=—-1In , r=—In|= , (57) .. . . -
2 ( X — X) 2i ( X — X) superposition of these two solutions is shown in Fig. 12(c).

Here d and r are

while

o 1 | (x* + ,3/')(/)? +B8)) 55) B. Second-order solutions with §; = 8, = 3
Y n X+ B +B)] ( When N = 3, the number of possible higher-order combi-
s R nations is larger than in the case N = 2. First, we consider
B = lln [(X TAIX+B) i| (59) the nonlinear superposition of solitons with two different
2i x*+B)x+Bj) eigenvalues given by Eqgs. (46) and (49). The details of

The coefficients G;, H;, M;, and U; are respectively: derivation are .presented in Appendix. B1b. Figure 13(a)
G+ B) shows the amplitude profiles of dark soliton (46) with ¢ = 0.5
J

= exp(v; +d), (60) while Fig. 13(b) shows the amplitude profiles of the dark
X+B)H)X —X) soliton (49) with o = 0.4. These two dark solitons have the
X"+ B)) G1) same velocity B;. Their superposition is shown in Fig. 13(c). It

exp (ivt; +ir),

i= X+B)Hx*—%) shows complex beating pattern in each component. The total
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FIG. 13. (a) Dark soliton with two oscillating components (46) with @ = 0.5, (b) Dark soliton with two oscillating components (49) with
a = 0.4. (c) Second-order nondegenerate solution formed by nonlinear superposition of solutions shown in (a) and (b). Parameters a; = 1 and

Br=pB=pB=023.

amplitude is a bound state of two dark solitons with weakly
attractive interaction around the center (¢, x) = (0, 0).

Now let us consider the nonlinear superposition of solu-
tions given by Eqs. (37) and (38) that satisfy the condition
B1 = Bo = B3 = 0. Their amplitude profiles are shown in
Figs. 6(b) and 6(c), respectively. The eigenvalues x; = x3 =
—ia of these solutions are identical. Thus, for any «, the
nonlinear superposition of these solutions is degenerate. This
solution is shown in Fig. 14(a). Due to the degeneracy, in ev-

)]

]

X X
2
(b) —oact &
----- numerical
0 0
-50 0 50 -50 0 50
X X

ery component, the two localized waves are well separated in
x despite the zero shifts of individual solitons in the solution.
The ¥V and v components consist of two oscillating soli-
tons while the y*) component is a combination of oscillating
and nonoscillating dark soliton. Moreover, the amplitudes of
the right-hand side solitons in (") and ¥ components are
complementary. As the total amplitude should be dark solitons
without oscillation, the right-hand side soliton in the
component exhibits a pure dark structure. The total amplitude

)] 4]

-50 0 50 250 0 50
X X

FIG. 14. (a) Amplitude distributions of second-order degenerate beating soliton formed by nonlinear superposition of two beating solitons
shown in Figs. 6(b) and 6(c). (b) Comparison of amplitude profiles between numerical simulations and exact solutions at ¢ = 40. The

parameters are a; = 1, B = 0, and o = 0.5.
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also shows two well-separated dark solitons. This is in sharp
contrast to the nondegenerate case shown in Fig. 13(c).

In order to confirm the validity of the exact solution, we
performed numerical simulations starting from the initial con-
dition which is the exact solution at # = 0. The resulting wave
profiles (dotted lines) after propagation of 40 units (¢ = 40)
are presented in Fig. 14(b). The wave profiles according to the
exact solutions are shown on the same plots by solid lines. As
expected, the two profiles in each plot coincide.

VIII. SECOND-ORDER SOLUTIONS WITH a; = a, # 0,
a3 =0FORN =3

Next, we consider the cases when one or two of the back-
ground amplitudes vanish, namely (i) a; =a; #0, a3 =0
and (i) a; # 0, a; = a3 = 0. The case when all a; = 0 is not
allowed in the defocusing Manakov systems. Each of the two
cases produces new nonlinear superposition. In this section,
let us focus our attention on the case a; = a, # 0, az = 0.
The corresponding spectral parameter (9) reduces to

=X+ G, 4 (63)
B X+B  x+pB’

where x denotes the valid eigenvalue determined below.

A. Higher-order solitons with ; = —;=8#0,8, =0

The explicit expressions for the eigenvalues x; can be
obtained from Eq. (8). Namely,

1 1
Xi = ~5ite + Vi =) — 56,

2
1 1
X2 = _Ei(a — WK1 —K2) — 55,
X3=p—ia, x4s=8. (64)

where k) = a® —4a> — 2, Ky = 2\/4a’ + 4a2 B2 — a2 2.
Only complex eigenvalues x;, x,, and x3 are valid. They are
related to each other as follows:

Xir = Xor- (65)

This means that the two eigenvalues x;, x, in vector soliton
formation play the same role. If we use x; or x, as the eigen-
value, then we obtain vector solitons in " and ¥® wave
components and a zero solution in ¥*> wave component. The
derivation is given in Appendix B 2 a. However, if we use the
eigenvalue x; = B — ia, then we obtain the solution in the
form of dark-dark-bright solitons. Its explicit form is given
by:

X1+ X2 = —a,

v D(x,) = (A" — A)expla(x + Br) — o] } )
! (B1 + x)2sinh[a(x + Bt) + o170
A= Mexpla(x+ Bt) — ol o
2) _ 2)
VO = M T et £ B + o] } 0
(W = A)exp(1/2ia’t — o) )
3) _
V00 =\ T sinhla G+ B o] }eXp(l€3)' (66)
where o = %ln[l — m — X“—;*], and A is given by
Eq. (63).

The nonlinear superposition of ¥ (x;) and ¥ (x3)
produces new higher-order solution ¥ )(x,; x3). Figure 15
shows the amplitude profiles of the fundamental dark solitons
WD)l 19 (x3)l, and their superposition [ (x,; x3)l.
The solution )(x,) shows a periodic four-petal pattern in
¥ and ¢ wave components while ¥ is zero. The solu-
tion ¥ /)(x3) is a dark-dark-bright soliton with velocity —p.
Their superposition is the interaction of two dark solitons in
¥ and ¥® wave components. This interaction is visible in
13 component as a phase shift of a bright soliton due to the
nonlinear coupling of wave components. The velocities of the
two fundamental solitons in this example are opposite. The
solution shown in Fig. 15(c) is a particular case of that shown
in Fig. 11 when az — 0.

In analogy with the case shown in Fig. 12, we also
consider the solitons corresponding to two different combi-
nations of the coefficients of the vector eigenfunctions of
the transformed Lax pair, i.e., {1, 1,0, 0} and {1, 0, 1, 0}. In
each combination, we use x; = —%i(oz + K1 — K2) — %;3 in
Eq. (64) as the eigenvalue. The first combination {1, 1, 0, 0}
produces the oscillations in the ¥ and ¥® wave compo-
nents, while ¥ wave component is zero. The corresponding
amplitude profiles are shown in Fig. 16(a) for « = 0.5. The
second combination {1,0, 1,0} produces dark-dark-bright
soliton solution (66). It is illustrated in Fig. 16(b), for ¢ = 0.4.

Velocities of fundamental solutions shown in Figs. 16(a)
and 16(b) are unequal but very close. As a result, their in-
teraction shows complex oscillations of a quasibound state of
two solitons shown in Fig. 16(c). The first two components
¥ and @ are oscillating dark solitons on the plane-wave
background while the component ¥ is an oscillating bright
soliton. It has a two-peak wave profile.

B. Higher-order solutions with 8; = 8, = 3

Here we consider the limiting cases of solutions presented
in Sec. VIIB when a; = a; # 0, az = 0. These results are
analogs of the solutions shown in Figs. 13 and 14 when a3 =
0. These are solutions (46) and (49) for the case a; = 0. The
eigenvalues (8) for equal wave numbers 8; whena; = a, # 0,
and a; = 0 are given by:

X2 = Xa =P (67)

Only two of them x; and x; are valid eigenvalues. They
are consistent with (46) in the case a; = a. The Lax spectral
parameter (63) is

X1 =Xz =—B1 —ia,

2a}
X+B8°

This is different from Eq. (45). Using this spectral parameter,
we obtain two types of fundamental solitons for two com-
binations of coefficients of the eigenfunctions: (1,1,0,0) and
(1,0,1,0). The first combination (1,1,0,0) with the eigenvalue
X1 = —pB1 — i gives:

vV (x) = él)(l/st + ¥Bs)
v = Wéz)(l/st — ¥Bs)
v (x) =0, (69)

A=x+ (68)
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FIG. 15. (a) Dark soliton with two oscillating components and zero in 1/® component when a = 0.5. (b) Dark-dark-bright soliton (66)
when o = 0.4. (c) Second-order nondegenerate solution formed by the nonlinear superposition of solitons shown in (a) and (b). Parameters
/3 =0.3,a1 =da; = l,anda3 =0.

FIG. 16. (a) Oscillating dark soliton solution with one zero component ¥® when a = 0.5. (b) Dark-dark-bright soliton (66) when o =
0.4. (c) Second-order nondegenerate solution formed by nonlinear superposition of two solitons shown in (a) and (b). Parameters g = 0.3,
ay =dap; = l,anda3 =0.
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FIG. 17. (a) Oscillating dark soliton solution (69) with zero component in ¥ when a = 0.5. (b) Dark-dark-bright soliton (66) with
a = 0.4. (c) Second-order nondegenerate solution formed by nonlinear superposition of (a) and (b). Parameters g; = 0.3, a; = a, = 1, and
az = 0.
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FIG. 18. (a) Oscillating dark soliton solution (69) with the third zero component when @ = 0.5. (b) Dark-dark-bright soliton (66) with
o = 0.5. (c) Second-order degenerate solution formed by nonlinear superposition of solutions in (a) and (b). Parameters 8 = 0, and a3 = 0.
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FIG. 19. (a) Dark-bright soliton (73) with the third zero component when o = 0.5. (b) Dark-bright soliton (75) with the second zero
component when « = 0.5. (¢) Second-order nondegenerate solution formed by nonlinear superposition of solitons shown in (a) and (b).
(d) Amplitude profiles in (c) at # = 40 obtained from the exact solutions (solid curves) and numerical simulations (dashed curve). Parameters

ﬁ=0.3,(l1 = l,anda2=a3 =0.

where
B (a? —2a®)exp [a(x — Bit) — d]
Yos = 14 = cosh [a(x — Bit) +d] (70)
2 n 2 S 2
Vps = i(a 2a”)exp (1/2ia"t — d) 1)

2a%a cosh [ae(x — Bit) +d]

and d = %ln(al2 — #). In this case, the two wave com-
ponents ¥ and @ are oscillating while the third wave
component ¥ ® is zero. Velocity of this soliton is 8;. The
solution is shown in Fig. 17(a) for o = 0.5. The difference
from the solution shown in Fig. 13 is that it has oscillations
in (1 and v ®’ wave components. The > wave component
is zero. The second combination {1, 0, 1, 0} yields the vector
dark-dark-bright soliton solution (66) where x; = —p; — ix.
It is shown in Fig. 17(b). Velocity of this soliton is also 8.

The nonlinear superposition of these two fundamental so-
lutions is shown in Fig. 17(c). It reveals complex oscillating
patterns in ¥ and ¥® wave components. The third wave
component 3 is the two-hump bright soliton also with os-
cillating structure. This result is a limiting case of the solution
shown in Fig. 13 when a3 — 0.

Let us now consider the fundamental dark solitons (37) and
(38) and their nonlinear superposition when a3 = 0. Similarly
to the case shown in Fig. 17, the solution (37) reduces to
(69) with zero velocity, 8; = 0. It is shown in Fig. 18(a).
This solution oscillates in " and ¥ wave components
and has zero third component. The solution (38) becomes a
dark-dark-bright soliton (66) with zero velocity. It is shown
in Fig. 18(b). For a given «, these two solitons have identical
eigenvalues. Thus, their nonlinear superposition is a degen-
erate second-order soliton. It is shown in Fig. 18(c). Due to
the degeneracy, the two solitons are separated in space. They
have the same period in . However, their phases are shifted
relative to each other. Oscillations are observed only in v
and ¥ wave components. The /> component shows two
well-separated bright solitons. These solutions are the limiting
cases of those shown in Fig. 14 when a3 — 0.

IX. SECOND-ORDER SOLUTIONS
FORN =3 WHENa; # 0,a, =a; =0

Now we consider the case when two background com-
ponents are zero a; = az = 0 but a; # 0. In this case, the
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FIG. 20. (a) Dark-bright vector soliton (73) with zero third component when o = 0.5. (b) Dark-bright vector soliton (75) with the second
zero component when o = 0.4. (¢) Second-order nondegenerate solution formed by nonlinear superposition of vector solitons shown in (a) and
(b). (d) Amplitude profiles at + = 80 of the second-order solution shown in (c) obtained from the exact solutions (solid curves) and from
numerical simulations (dashed curves). Parameters 8 = 0.3,a; = 1, and a; = a3 = 0.

resulting Lax spectral parameter becomes

aZ

x+B°

X+

(72)

where x is determined below. Second-order exact soliton
solution is constructed at the second step of Darboux trans-
formation using the spectral parameter (72). As in Sec. VIII,
two different combinations of the coefficients of the vector
eigenfunctions of the transformed Lax pair are used, i.e.,
{1,1,0,0} and {1, 0, 1, 0}.

In the first case, {1, 1, 0, 0}, the explicit form of the soliton
solution is given by:

M _ a{ Q*_XNHWNW+Lﬂ—E)}
v =y 1+ . ,
(B1 + x)2sinh(a(x + x,1) + £)
1/[(2) _ ()"* - )\)CXP (_é(2er + (X% - az)t) - 5)
- 2 sinh(a(x + x,t) + &) exp (—if>)
v =0 (73)

where

—al + (B + X)(B1 + x*)

5= @ B1+ 0)(B1 + x)

(74)

1
—In .
2
This solution describes dark and bright solitons in (" and
¥ ® wave components, respectively. The third component is
Zero.

The second combination, {1, 0, 1, 0}, provides a similar
solution but with zero in the second component:

(75)

(W — 1) explalx + x,t) — €]
(B1 + x)2sinh[a(x + x,1) + £]

A

v =0,
(A — A)exp(1/2ia’t — &)

O =
2sinh[a(x + x,t) + £]

exp (i63).

Below, we consider these two solitons for specific
eigenvalues.
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FIG. 21. (a) Dark-bright vector soliton (73) with zero third component when o = 0.5. (b) Dark-bright vector soliton (75) with zero second
component when o = 0.4. (c) Second-order nondegenerate solution formed by nonlinear superposition of vector solitons shown in (a) and
(b). (d) Amplitude profiles of the second-order solution shown in (c) at # = 40 obtained from the exact solutions (solid curves) and numerical
simulations (dashed curves). Parameters 8; = 0.3, 4, = 1, and a, = a3 = 0.

A. Second-order solutions when ; = —; =8 #0and 8, =0

The four eigenvalues in this case are given by:

= —ia,

X2 =0,
_la+ﬂa X4=:B

X1
X3

(76)

As discussed, only complex eigenvalues x,;, x5 are valid.

Figure 19(a) shows the evolution of amplitude profiles of
the vector soliton (73) corresponding to the eigenvalue x; =
—io. The solution is a zero velocity dark soliton in the first
component ") and a bright soliton in the second component
¥ @), The third component ¥ ® is zero. The amplitude profiles
of the vector soliton (75) with the eigenvalue, y; = —ix + B,
are shown in Fig. 19(b). This soliton has a nonzero velocity
—pB. It is a dark soliton in the first component, 1//(1), and bright
soliton in the third component, ¥*. The second component,
Y@ is zero.

The nonlinear superposition of these two solitons is shown
in Fig. 19(c). The plot shows an elastic collision of two vector
solitons with a phase shift at + = 0. The phase shift can be
clearly seen also in the second and third components of the

wave field. These results are the limiting cases of those shown
in Fig. 11 when a; — 0, a3 — 0.

In order to confirm the validity of the exact solutions, we
performed numerical simulations of this higher-order solution
starting from the initial conditions provided by the exact so-
lution at = 0. The amplitude profiles of the exact solution
(solid curves) and the numerical simulations (dashed curves)
att = 40 are shown in Fig. 19(d). There is an excellent agree-
ment between them, as expected.

Another type of a higher-order solution is formed by the
nonlinear superposition of solutions (73) and (75) correspond-
ing to a single eigenvalue (either x; or x3) but with different «.
To be specific, we chosen the eigenvalue y;. The correspond-
ing fundamental soliton solutions are shown in Figs. 20(a)
and 20(b). These two solitons have zero velocity due to the
condition y;, = 0. Their superposition results in a new form
of bound state of two solitons. It is shown in Fig. 20(c). The
first component, w(l), is an asymmetric bound state of two
dark solitons with the profile that has two unequal dips. The
¥ @ and @ components are the asymmetric bound states of
two bright solitons with two unequal humps.
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FIG. 22. (a) Dark-bright vector soliton (73) with zero third component when « = 0.5. (b) Dark-bright vector soliton (75) with zero second
component when o = 0.5. (c) Second-order degenerate solution formed by nonlinear superposition of vector solitons shown in (a) and (b).
(d) Amplitude profiles of the second-order solution shown in (c) at + = 40 obtained from the exact solutions (solid curves) and numerical

simulations (dashed curves). Parameters § = 0 and a; = a3 = 0.

These results are limiting cases of those shown in Fig. 12
when a; — 0, az — 0. Namely, the moving vector solitons
shown in Fig. 12(c) reduce to the ones shown in Fig. 20(c)
when a; — 0 and a3 — 0. Validity of the results shown in
Fig. 20(c) are confirmed using numerical simulations starting
from the initial conditions provided by the exact solution at
t = 0. Figure 20(d) shows the wave profiles at = 80 obtained
from the exact solutions (solid curves) and from the numerical
simulations (dashed curves). As expected, the two profiles
coincide.

B. Second-order solutions when g; = 8, = 3

In the case of equal wave numbers B; = B, = B3, the
eigenvalues are given by

Xi=x=-Bi—ia, X,=xs=—h1. 77

Here, only one of the complex eigenvalues (either x; or x3) is
valid. Using x,, we construct the fundamental vector soliton
solutions for different combinations of the eigenfunctions.
These solutions are given by (73) and (75). They are shown
in Figs. 21(a) and 21(b), respectively. These two fundamental

solitons have the same velocity B;. The soliton in Fig. 21(a)
has the ") component in the form of a dark soliton and
the ¥® component in the form of a bright soliton while the
third component ¥ is zero. The soliton in Fig. 21(b) has
the /") component in the form of a dark soliton and the
component in the form of a bright soliton while the second
component /) is zero. The nonlinear superposition of these
two fundamental vector solitons is shown in Fig. 21(c). Simi-
larly to the case shown in Fig. 20, the superposition is a bound
state of two solitons but with finite velocity §; = 0.3. The
¥ component is a bound state of two equal dark solitons.
On the other hand, the @ (®)) component is a bound state
of two unequal in-phase (out-of-phase) bright solitons. These
results are the limiting case of those shown in Fig. 13 when
a; — 0, and a3 — 0. Figure 21(d) shows the comparison of
the wave profiles at t = 40 obtained from the exact solutions
and numerical simulations. This way, we confirmed that the
exact solutions shown here are indeed correct.

We finally consider the second-order vector solitons cor-
responding to the solution shown in Fig. 14(a) when a3 — 0
(or the solution shown in Fig. 18(c) when both a, — 0, and
a;z — 0). Figures 22(a) and 22(b) show the fundamental vec-
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tor solitons used for obtaining the second-order solution. The
nonlinear superposition of these two vector solitons results in
a second-order soliton. It is shown in Fig. 22(c). It is a degen-
erate solution because the eigenvalues of the two fundamental
solutions coincide. The situation is similar to the one shown
in Fig. 18(c). The resulting second-order solution consists of
two equal well-separated dark-bright solitons propagating in
parallel. Each of the wave profiles shown in Fig. 22(d) is sym-
metric in x. The parallel solitons shown in Figs. 20(c), 21(c),
and 22(c), come from the nonlinear superposition between
two fundamental dark-bright solitons with the same velocity,
each associated with a zero solution in different components.

X. CONCLUSIONS

In conclusion, we have studied fundamental vector soli-
tons and their interaction in the defocusing regime of
Manakov equations. We derived multiparameter family of
fundamental vector soliton solutions in analytic form and
presented the existence diagrams of these solitons for the
two- and three-component Manakov equations. We have
found that vector solitons exist only in finite areas of
the (o, B) plane. Within these areas, the dark soliton
components oscillate. At the boundaries of the existence di-
agrams, vector solitons are transformed into plain vector dark
solitons.

We have also provided exact solutions for the interaction
of fundamental solitons. These are nonlinear superpositions
of fundamental vector dark solitons. We found a rich variety
of interaction patterns of two solitons each with it own eigen-
value. The two eigenvalues may differ or they can coincide.
The corresponding solutions are nondegenerate or degen-
erate second-order solutions, respectively. We confirmed
the correctness of our theoretical results using numerical
simulations.

Because of the widespread fundamental and practical
interest to physical systems described by the set of Man-
akov equations in the defocusing regime, we believe that
our results may have a significant impact on experimental
physics.
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APPENDIX A: VECTOR SOLITON SOLUTIONS FORN =2
1. Vector solitons for N = 2 witha; =a # 0
a. Vector solitons when 8, = -, =B #0

We represent Egs. (1) as the condition of compatibility of
two linear equations:

v, =UW, ¥, =VV, (A1)

with the matrices

U= i[%(a—i—l)—f-Q},

a2 A 1 5 5
V=i Z(U+I)+§Q—§G(Q +iQy) +a’l| (A2)
where

0o -y 1
= s o =
Q <¢ oNxN> (()M
Here, the vector function ¥=(y ", v @ .. . )T + de-
notes the matrix transpose and complex conjugate, I is
an identity matrix, A is the spectral parameter, and a’ =
ijllv(a?). The system of Manakov equations (1) follows

from the compatibility condition
U —-V,+[U,V]=0.

01><N >. (A3)

_IN><N

(A4)

For N = 2, using a diagonal matrix § = diag(1, e=®, ¢=2),
the Lax pair can be rewritten as:

B A —d t?) . i
U=ilagz - 0 |, V= —EUZ +2ia*1. (A5)
a 0 —pB

The linear eigenvalue problem in terms of the transformed Lax
pair (AS) is given by

det(U—ix) = 0. (A6)

Equation (A6) admits three eigenvalues x,,;, (I = a, b, ). To
obtain thcz soluti~0n of Eq. (A2), we further diagonalize the
matrices U and V. Namely, we have

0. =Up, o =Vo, ¢=H'SY, (A7)
where the transformation matrix H is
1 1 1
aj a) a)
H=| 5+x. Bit+Xun Bit+Xn.e (A8)
ay ay ay
Bt Xna Bt Xus BotXuc
Solving Eq. (A7), we have
©n,i = Cpn,1 EXP [an,l'x + %(4‘12 + Xﬁ,l)t]’ (A9)

where ¢,,; (I = a, b, ¢) are arbitrary constants corresponding
to the vector eigenfunctions of the transformed Lax pair ¢, ;.
Finally, the eigenfunctions ¥,, = (R, S,, W,,) are given by

Rn = ®n.a + @n.b + @Pn,cs

- ©n,l
g — : 7
! 0 Z ﬂl + Xn,l

l=a

W, = 2) @n,1 .
w() (Z :32 + Xl

l=a

(A10)

The fundamental (first-order, n = 1) vector solution of the
two-component Manakov equations can be obtained through
the Darboux transformation [57]. Namely

(AT = ADRTS,
R[> = IS1]* = Wi |2
(AT = ADRTW,
IRi12 = IS11> — W1 >

1 _ o (1)
I — Y0

@ _ @)
1 =7 70

(Al1)

054206-21



CHE, LIU, AND AKHMEDIEV

PHYSICAL REVIEW E 107, 054206 (2023)

If one of the c;; is zero, then we obtain exact solutions that
describe the dynamics of a single soliton. However, for the
defocusing case, we have to set ¢ =0 so that ¢; . =0.
Below we clarify this point.

Let us focus on the linear eigenvalue problem (A6). The
latter directly leads to

(A12)

where the eigenvalue x is given by Eq. (8). However, not
all these eigenvalues are valid, as shown in Sec. III. Sub-
stituting one of the valid eigenvalues [e.g., x; (or x,) given
by (16)] into (A12), we obtain the corresponding Lax spec-
trum A;. Using this spectrum and solving (A6), we obtain
three eigenvalues (X .. X1 X1..)- We find that x; , = x;,
X1y = X2 =X +ic,and x; . # X1.4 X1~ Clearly, x; 4. X15
are valid eigenvalues. However, x; . cannot be used to gen-
erate any valid solution. Without loss of generality, we use
the coefficients: (c1 4, €15, €1.c) = (1, 1, 0). Using this set of
the coefficients, we obtain the fundamental soliton solution of
the two-component Manakov equations. The explicit form of
(A11) is given by (2).

b. Vector solitons when B, = f3,

The general soliton solution derived above reduces to the
soliton solution with zero velocity when 8 = 0. The moving
soliton can be obtained by employing a Galilean transforma-
tion. Below, we show how to obtain the general vector soliton
solution via the Darboux transformation. When 8, = §,, the
eigenvalue x, , = —B1 — ia, X,,, = —B1. The transformation
matrix H can be rewritten as:

1 0 1
a a
H=|550 49 5. (A13)
ay —a ay
Bt Xna 2 BatXue

The corresponding eigenfunctions (R,, S,, W,) are given by

Rn = @n,a + Pn,cs
S — (1)( (pn,a + ¢ b + (pn,c >’
" 0 :31 + Xn,a " ﬂl + Xn,c
$n,a @n,c
W, = 1//(2)(—’ — Py ) (Al4)
" O\ Bt Xua 7 Bt Xue

Here, we still use the coefficients: {c; 4, c15, c1.c} = {1, 1, 0}.
Substituting (A14) into (Al1) yields the fundamental vector
soliton solutions for N = 2. The explicit form coincides with
Eq. (28).

2. Vector solitons for N = 2 witha; # 0,a;, =0

When a, = 0, the spectral parameter is given by (51). The
transformation matrix H takes the form:

1 0 1
H= ﬁliIXn,a ﬁlzIXrL,c (ALS)
0 1 0

Using (51) and solving the associated Lax pair, we have the
eigenfunctions:

Rn = ®n,a + Dn,cs
Pn.a Dn,c
Sy = W”( S )
0 ﬂl + Xn,a 131 + Xn,c
Wy, = @n.pexp (i62).

Substituting (A16) into (All) with the coefficients:
{c1.a, c16, C1.c} = {1, 1, 0} yields the fundamental dark-bright
soliton solution (52).

(A16)

3. Second-order solutions for N = 2

The second-order solutions can be obtained in the next
iteration of the Darboux transformation. They are

v =9+ 05 =)@,

2) _
y =

(A17)

@5 = ) P)s. (A1)

Here wl(j ) denote the fundamental vector solution obtained
above. (P); represents the element of the matrix (P) in the
first row and ith column, and

A — AT WA
A N1
p_ \Ilzl[l]\Itz[l]A’

W [1]AW,[1]

T=1-

(A19)

W,[1]=TV,, (A20)

where A = diag(1, —1, —1). When the two eigenvalues are
different, these solutions describe the second-order nondegen-
erate solitons on the same vector background.

APPENDIX B: VECTOR SOLITON SOLUTIONS FORN =3
1. Vector solitons for N = 3 witha; =a # 0
a. Vector solitons when B = —B3=8#0, =0
For N = 3, the Lax pair can be rewritten as:
A —ay —ap —as
a —pi 0 0

a 0 =B 0
as 0 0 —ﬂ3

U= R _%ﬁz +2ia’l,

(BD)

by using a diagonal matrix S = diag(1, =1, e~ ¢~i%) The
linear eigenvalue problem of the transformed Lax pair (B1) is
given by

det(U —ix)=0. (B2)

There are four eigenvalues x,,; (I = a, b, ¢, d). The transfor-
mation matrix in this case is

1 1 1 1
ay aj [ aj
FXna +Xn e X,
H — Bi aZX . /31 a2X b /Sl azX /SI a2X d (B3)
BotXna  Brtdup  PotXue  PotXua
as as as as
Bit+Xna B3+ Xnp BitXne Bit+Xna
The vector solution of the transformed Lax pair is
; 1
@i = cagexp {ix, x + 5 (4a® + xi )t} (B4)
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where [ =a,b,c,d. The -corresponding eigenfunctions
(an Snv an Xn) are giVen by

Rn = @n,a + ©On,b + Pn,c + Pn.d>
d
s — 40 Z Dn.1
" 0 I—a :31 + Xn,l ’
d
W, — 1/f(2) Z ©On,l
" e A
d
X, =y (S ). (B5)
; B3 + Xni

The fundamental vector soliton solution (n = 1) can be ob-
tained at the first step of the Darboux transformation:

(1) — oy 4 (AT — ADRTS,
ORI = IS1P = W2 — X P
AF — ARTW,
@ _ g0 . (A} . 1) 121 . (®6)
[Ri|?> = [S1> = Wi ]* — |1Xi]
(3) 1/f(3) (AT — ADRTX,
[Ri 12— |81 — [Wi]* — |Xi|?

To obtain the solution describing a single soliton, two of the
coefficients c¢;; (I =a, b, c,d) should be zero. Below, we
show that three combinations of the coefficients can be used
to generate valid solution.

The linear eigenvalue problem (B2) directly leads to

A—x+zx+ﬂ] (B7)

where the eigenvalue yx is given by Eq. (8). Substituting one
valid eigenvalue yx; given by (29) into (B7), we obtain the cor-
responding Lax spectrum A;. Using this spectrum and solving
(B2), we have four different eigenvalues x| ,, X p» X1.c» and
X1.4- The valid ones are: x; , = X1, X1, = Xo = X + io. One
of the eigenvalues is invalid. Without loss of generality, we let
X1.4 to be invalid.

There are three combinations of the coefficients that can
be used to generate fundamental soliton solutions. These
are {C1,4, C1,p, C1,e» C1,.a) = {1,1,0,0}, {c1.4, C1,s C1.0r Cla} =
{1,0, 1,0}, and {c1 4,15, 1,6, 1.4} = {0, 1, 1, 0}. The non-
trivial finding is that the case {1,1,0,0} leads to the
three-component soliton solution. The explicit form of (B6) is
given by Eq. (2) with N = 3. The two other cases {1, 0, 1, 0}
and {0, 1, 1, 0} lead to the solutions describing the dynamics
of general breathers. Without loss of generality, we use the
combination {1, 0, 1, 0}. The explicit form of the solution is
given by (53).

b. Vector solitons when f, = 8, = B3
Here, using Darboux transformations, we derive the solu-
tions (46) and (49). When 8, = B, = B3, the eigenvalues (29),
reduce to
X1 = X3 = —p1 —ia,

(BY)
X2 = Xs=—h1.

In this case, only one eigenvalue (either x; or x5) is valid. The
transformation matrix (B3) can be rewritten as:

1 0 0 1
ap a
—ay —as
Bi+Xna BitXu
H=|"4a" a 0 o . (B9)

BatXn.a ! BatXn.a

as 0 a as
/33“"X;x,u ! B3 +Xnd

The corresponding eigenfunctions are

Ry = ¢na+ Pna,
Sy = (% — WPnbp — A3Pnc + %) exp (i61),
W, = ( ﬁz‘i— +a1pns + %) exp (i62).
X, = ( mi— +a1gne + %) exp (ifs).
(B10)

Substituting (R, S,, W, X,,) into (B6) with the coefficients
(1,1,0,0) or (1,0,1,0) yields the fundamental soliton solutions
for N = 3. The case (1,1,0,0) yields the solution defined by
Eq. (46) while the case (1,0,1,0) produces the solution (49).
As shown above, the solutions are connected through a simple
transformation w\(/zB)S & ¢£,3B)S. The nonlinear superposition
of these two solutions with different o is a nondegenerate
second-order solution. It is shown in Fig. 13(c).

The soliton solutions (37) and (38) are derived using the
condition 81 = B, = B3 = 0. These are different from the so-
lutions (46) and (49). The transformation matrix (B3) in this
case is

B3+ Xua BatXup Bit+Xn.c 1
as ap ap
ai(B3txna)  a(BotXus) 1 a
H= a3(Bi+Xna)  @Bir+Xup) Bit+Xna
= | @B3+x..) 1 a(Bi+X,..) ay
a3(B2+Xna) ar(BrtXne)  BotXua
1 az(BotXup) az(Bi+X.c) as
a(Bstxnp)  aB3HXne)  BstXaa
(B11)
When a; = a, the eigenfunctions are given by:
Xn, Xn.b
Rn :ﬂ(pn,a'i_ wnb"i_ wnc +‘pnd7

Dn.a +Al(pnb+§0nc+

a .
@na | exp (i6),
n,d

a .
%A,d) exp (i0,),
n,d

n ( n a + (pn,b +A2(pn,b +

a .
Dn,a + A3(pn b + A4(pn c + X_(pn,d> exp (193)s
n,d
(B12)

where A;, A, Az, A4 are real constants to be deter-
mined. Here, for the case of solution (37), we have
{A1, Ay, A3, Ay} = {—1.366, 2.732, 0.366, —3.732}. For
the case of solution (38), we have {A;,A;, A3, Ay} =
{0.366, —0.732, —1.366, —0.268}.

Substituting (R, S,, Wy, X,,) into (B6) with the coeffi-
cients {cy 4, C1.p, C1.cs €1.4} = {1, 1, 0, 0} yields the fundamen-
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tal soliton solutions (37) and (38). For a given «, solutions (37)
and (38) correspond to the same eigenvalue (or Lax spectral
parameter). Therefore, their nonlinear superposition forms a
degenerate second-order solution. It is shown in Fig. 14.

2. Vector solitons for N = 3 witha; = a, # 0,a; =0
a. Vector solitons when By = —f3=8#£0,8,=0

The soliton solution with one zero component in 1 and
dark-dark-bright solution (66) are derived below.
When a3 = 0, the valid eigenvalues (29) reduce to

1 1
X1 = _Ei(a + VK1 —Kk2) — =B,

2
1. 1
X2 = —51(05 — WK1 —K2) — Eﬂ’
X3=B—ia, x4=45. (B13)

Among them, the eigenvalues x;, x,, and x5 are valid. The
transformation matrix H takes the form:

1 1 0 1
ap ay a)
H= BitXna BitXus BitXna (B14)
a) a O az
Bt Xna Bt Xus Bt Xna
0 0 1 0
The corresponding eigenfunctions are
Rn = ®n,a + Dn,b + DOn,d>»
Pn.a Dn.b Dn.d
Sy = <1>< i e >
" 0 ﬂl + Xn,a ,31 + Xnb :31 + Xn,d
Wn — I/[(52)< Dn,a Dn,b Dn,d )’
/32 + Xn,a :82 + Xn,b 132 + Xn,d
Xy = @ncexp (i63). (B15)

Substituting (R,, S,, W,, X;) into (B6) with the coefficients
(1,1,0,0) yields the soliton solution with one zero com-
ponent in ¥®. It is illustrated in Figs. 15(a) and 16(a).
The case (1,0,1,0) produces the dark-dark-bright soliton
solution (66).

b. Vector solitons when B, = B, = B3

The soliton solution (69) with one zero component in )
is derived below.
When a3 = 0, the eigenvalues (29) reduce to

X1 = X3 = —P1 —ia,
X2 = X4 = —Pu. (B16)

Among them, only one eigenvalue (either x; or x3) is valid.
The transformation matrix H takes the form:

1 0 0 1
aj _a2 O aj
H — /31'22Xn.a ﬂl‘:zXn.d (B17)
BartXna a 0 BatXna
0 0 a 0

The corresponding eigenfunctions are

Rn = ®n,a + Dn,ds

a1Pn,a a1Pn,d .
Sn = (— — @Pnp + —) exp (i61),
ﬂl + Xn.a :31 + Xn,d
Dn,a B Pn.d .
W, = (02—' + a1pnp + —> exp (i62),
/32 + Xn.a .82 + Xn,d
Xy = (a19n.c) exp (i65). (B18)

Substituting (R,, S,, W,,, X,,) into (B6) with the coefficients
(1,1,0,0) yields the soliton solution with one zero component
in @ (69). The case (1,0,1,0) produces the dark-dark-bright
solution (66). For a given «, the two solutions (69) and
(66) have identical eigenvalues (or Lax spectral parameter).
Therefore, their nonlinear superposition forms a degenerate
second-order solution. It is shown in Fig. 18.

3. Vector solitons for N = 3 witha; # 0,a;, =a; =0

The solutions (73) and (75) with a; = a3 = 0 are derived
below. The spectral parameter, A, in this case is given by

at
A=x+——, (B19)
x+ 5
while the transformation matrix, H, is
1 0 O 1
aj 0 0 aj
H=| ftXa BitXna B20
0 1 0 ( )
0 0 1 0
The components of the eigenfunction are
Rn = ®n,a + ©On,d»
DPn,a @n.d
S = (1) ( : + - ) )
! 0 ﬁl + Xn,a :31 + Xn,d
Wn = Qn,p EXP (192),
Xi = @n.c €xp (i63). (B21)

Substituting (R,, S, W,, X,,) into (B6) with the coefficients
{c1aC1b, C1c, c1.a} = {1, 1,0, 0} yields the dark-bright-zero
soliton solution (73). The case {1, 0, 1, 0} produces the dark-
zero-bright soliton solution (75). For a given «, the solutions
(73) and (75) have identical eigenvalues (or Lax spectral
parameter). Thus, their nonlinear superposition forms a de-
generate second-order solution. It is shown in Fig. 22.

4. Second-order solutions for N = 3

The second-order solutions of the three-component Man-
akov equations are given by:

O =y 4 3 — )P, (B22)
v =y 4 (03— )P, (B23)
P =y ® 4 05— )P (B24)
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Here (P);; is the matrix element of P in the first row and ith
column, and

A — AW WTA

T=1- , (B25)
Ay — AT AW,
W[ 11W[1]A
_ DU wi—te, 326)
W, [1]AW;[1]

where A = diag(l, —1, —1, —1) and { denotes the matrix
transpose and complex conjugate.

APPENDIX C: ASYMPTOTIC ANALYSIS

We show here the asymptotic behavior of two solitons
described by the second-order soliton solution 1//2(”(t,x).
Namely, when t — Fo00, we have

. M
) YRE)) I}
= WQ Fa r — —09,
1
+
o wé” N+, t > +oo, (Cl)

where the subscript (=1, 2) represents the single soliton 1
and 2. Moreover,

M7 =z£3 exp (wi,) + zéz exp (—wy,) + zés exp (Ay)
+ 2z exp (= Ay),

M =z, exp (@1,) + 2y exp (—o1,) + 25, exp (A))
+ zég exp (—Ay),

M3 =zJ,exp (@2,) + 20, exp (—w2,) + 2], exp (A)
+2jg exp (= A2),

MF = zél exp (wy,) + zé3 exp (—wa,) + zgg exp (Az)
+ 2], exp (—Ay),

N =my; exp (w1,) + mp exp (—wy,) + moz exp (A;)
+ mos exp (—Ay),

NiF =mos exp (w1,) + mos exp (—w1,) + mo7 exp (Ay)
+ mog exp (—Ay),

NS =mps exp (w2,) + Moz exp (—wa,) + mog exp (Az)
+ myo exp (—Az),

N5F =mos exp (w2,) + mo1 exp (—wa,) + myy exp (Az)
+ myz exp (—Ay).

Here w;r = (xj; — Xx31)x + O X0 — X0, 000 A = il(xg; —
X5 x + (D7 = O + (x))* = (x7,)%)/2t]. Note that x;
(k = m, n) are the valid elgenvalues of the soliton solutions

we have analyzed. For the case N = 2, we let x]" = x,, X' =
Xp» Where x, , are the complex roots of Eq. (A6). For the case
N =3, we must have x;" = x,, X' = X, O X, with x, ;.
being the complex roots of Eq. (B2). Complex parameters
(2, ~ 21, mo1 ~ myy) are given at the end of the Appendix.

On the other hand, we shall rewrite the single soliton solu-
tion as

M,

) _ w(j)
N

P = (€2)

where
_ (xj™ + B;) exp (@) (xp* + Bj) exp (A))
B = O+ B (0 = xp)
(x4 B;)exp(—A)  (x1* + B;) exp (—awyy)

O +8) 00 = xi)  (a+B8) (i = xi)
i S S0 S0l sy
X — X X — X X X X — X

By comparing (C1) with (C2), we have
vy =exp () v £ £, £A, £},
t —> —00,
vyl = exp (o) | £ o 5™, A £0),
t — +o0. (C3)

Here ¢Z(k) (k = m, n) denote the additional phase of vector

plane wave, s;k) and 01(]‘) are the position and phase shifts,
respectively. Their expressions are given by

I [(x’{‘ —x5) (s -
20| (= x5 (8 - x)(
@=L [(x’f —x8) (" — 8 (o —

2 ( ]f )(X]f_xz )(X]f_xz)

’ [ (= x8) (= x4
O =T | G }
K
(xi

E(* xﬂ
)
)

(xi - X2:|

X (e — x5

RONS
X7 — x5 )

51

* m

- X5 X=X

— |~ /\\—/

=iarg

05"

=iarg

(= x) (6 — x5

3. . kx
¢§k) _ iarg .31+X2 :|, ¢(k)_iarg[ﬂj+)(1k ]

_/3j+X2 ﬁj+X1

Equation (C3) clearly shows that the second-order solution
lpz(f)(t,x) at t — o0 turns out to be the elastic collision
between two single solitons with position shift s}k)
Q(k)
l . .« .
example, we have shown the elastic collision for

, phase shift

, and additional phase of vector plane wave ¢l(k). As an
N =3in
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Fig. 11(a). Finally, the remaining complex parameters are

i = (B; + 1) O — x5 (i — xa) (B + x3) |
(B + 1) O — ) (e — x3) (B + x) (e — x3) (3 — x5™)
i = (85 + xi7) (xf — x3) (xi” — x37) (B + x3") |
(’Bj + le)(xl )(Xn* ) Bj+ Xz) (X1 e )(XZ - Xg*)

(
X3) (X = x57) (B + x5
—x5) (B + x5) (X — x57) (x5 — x57)

_ (,31 + Xrln*)(X1
P ) (e - X (i
(

Bi+ xi*) (i — x5) (xi* — x5%) (B + x5™)
(x

_ 3)
B )00 — ) n*_Xz)(ﬁ/‘f'Xz)X X5 (e — xa)”

(
Jo_ (Bi + xi) (xi' — x5) (xi" — x5°) (B + x5°)
(B O = x) ( —xﬁ)(ﬂﬁxz)(x - x5 (x5 — x5%)
e B X =)
0 (B +x1) O = x) (= = x5) (B + x5) () — x5%) (x5 — x57)
j (B + x1) (' = x3) (™ = x57) (B + x57)
T (B ) O = x) (e = x3) (B + ) (= ) (o = x8)
J (B + x1) (xi — x5) O™ — x37) (B + x57)
o (B +x1) O = x) (i = x5) (B + x5) (xi — x57) (x5 — x5)
L e e ) )
” (:31+X1)( - X )( —XE”)(ﬂ,—l-Xz)(Xl _Xg*)(xz _Xg*)
o= (B + x1) (xi* = x57) (B + x57) (X} — x3)
OB+ D) (= x) ( — X (o — xa) (i — x3) (85 + x3)
(8; + xﬁ”*)( = x5%) (B + x5) (x7' = x5)
U+ a) (= x) (= xn) (= xa) ( — x) (85 + x3)
g (B + xi) (= x3) (™ = x57) (85 + x57)
B+ ) (=) (=) (B + ) (= x) O — x8)
1 1 1 1
nmoy; = - ) my = - ’
P - - ) O - x) (e — 1) (= x)) (s —x3)  (xi* — x3) 6" — xi)
1 1 1 1
moz = - , mo4 = - ,
P a0 - ) O ) - 1) (= xn) e —x3) (4™ —x3) 06" — xi)
1 1 1
mos = — , Mo = - s
R Y ) R () | O e (7 ) | P ) W TR | )
1 1 1
my; = - ., meg = - ;
O —a) (= x3) (= x3) (™ — x7) (= x) s —x3) (™ = x6) (6™ = xi)
1 1 1 1
moy = - , my = - ,
(= x)0G —x3) () = x6) (6" - xi) (= x) 0" = x3) (6™ = x3)(xi — x3)
" 1 _ 1 " 1 _ 1
T e ) el ) T e - (- - x)
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