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A general form of N-dark soliton solutions of the multi-component Mel’nikov system are presented. Taking the
coupled Mel’nikov system comprised of two-component short waves and one-component long wave as an example, its
general N-dark—dark soliton solutions in Gram determinant form are constructed through the KP hierarchy reduction
method. The dynamics of single dark—dark soliton and two dark—dark solitons are discussed in detail. It can be shown
that the collisions of dark—dark solitons are elastic and energies of the solitons in different components completely
transmit through. In addition, the dark—dark soliton bound states including both stationary and moving cases are also
investigated. An interesting feature for the coupled Mel’nikov system is that the stationary dark—dark soliton bound
states can exist for all possible combinations of nonlinearity coefficients including positive, negative and mixed types,
while the moving case are possible when nonlinearity coefficients take opposite signs or they are both negative.

1. Introduction

During the past decades, many studies have been done on
coupled systems describing the interaction of short wave
packets with long waves in nonlinear dispersive media as
they are frequently used in the fields of nonlinear optics,
plasma physics, fluid dynamics and solid state physics.!™
What’s more, the nonlinear interaction of multiple waves
results in several interesting new physical processes.*> On
the other hand, the studies of multi-component nonlinear
systems have received much attention in recent years.”
Of particular interest is the multi-component general-
ization of the nonlinear Schrodinger (NLS) equation.’'?
Another interesting example is the multi-component long-
wave-short-wave resonance interaction (LSRI) system,'!!?)
or the so called multi-component Yajima—Oikawa (YO)
system.13‘16)

In the current paper, we concentrate on the Mel nikov

system!7-2%
i®, = Oy + ud, (1)
Uy + Uy + 37 — 3ty + (@D, = 0, (2)

where 0 = +1, ® = ®(x,y,7) is the complex short wave
amplitude and u = u(x,y, ) is the real long wave amplitude,
the subscripts denote partial differentiation and the asterisk
means complex conjugate hereafter. This system is used to
describe the interaction of long waves with short wave
packets propagating on the x—y plane at an angle to each
other. It may be considered either as a generalization of the
Kadomtsev—Petviashvili (KP) equation with the addition of
a complex scalar field or as a generalization of the NLS
equation with a real scalar field. Its two-component general-
ization consisting of two short wave components and one
long wave component is given by

where o1,0, = +=1. The above coupled system can be
generalized to a multi-component system consisting of M
short wave components and one long wave component,
which is written in the following form

ol = 0% + ud®, k=1,2,....M, (6)

Uyt + Uypxx + 3(u2 )xx - 3”}'}’

M
+ (Z akcb(")cb“‘)*) =0, (7)

k=1
where oy = +1 fork=1,2,...,M.

The Mel’nikov system (1)—(2) admits boomeron type
solutions which can be realized from an asymptotic analysis
of the two soliton solutions.'” Its multi-soliton solutions
are derived in Ref. 20 via the theory of matrices. Soliton
solutions of bright- and dark-types have been obtained from
the Wronskian solutions of the KP hierarchy equations.??
Its Painlevé property and some exponentially localized
dromion type solutions are studied in Ref. 22. More recently,
its rogue wave solutions are also derived by virtue of the
Hirota’s bilinear method.?® However, as far as we know, the
general multi-dark soliton solutions of the multi-component
Mel’nikov system have not been reported so far. Actually,
general multi-dark soliton solutions of two-dimensional (2D)
multi-component integrable systems are rather rare excepted
that the multi-dark soliton solutions of the 2D multi-
component YO systems are reported in Ref. 14.

The KP hierarchy reduction method for deriving soliton
solutions of integrable systems is firstly developed by the
Kyoto school,>*?> and later used to get solutions of the NLS
equation, the modified KdV equation and the Davey-—
Stewartson (DS) equation. Indeed, the pseudo-reduction of
the two-dimensional Toda lattice hierarchy to constrained KP
systems with dark soliton solutions is established in Ref. 26,

i@;l) _ q)gc) + ud®, 3) wh.ile the rec.luction to constraine.:d KP systems with bright
soliton solutions from the multi-component KP hierarchy

id? = @ 4+ yp?@ (4) . . . . .
y xx ) is developed in Ref. 27. Using this reduction method, the
s + Upor + 32, — 3ty general N-dark—dark solitons of a two-coupled fozcsl)lsing-
defocusing NLS equations are obtained by Ohta et al.”™ Also

D Qp@*y = g ! y

(@ @TPT + 0, 0T ), =0, ) by virtue of this method, the general bright-dark N-soliton
074005-1 ©2017 The Physical Society of Japan
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solutions of the vector NLS equations with all possible
combinations of nonlinearities containing all focusing, all
defocusing and mixed types are constructed by Feng.?® More
recently, this method has been applied to derive the multi-
dark soliton'® and mixed multi-soliton'> solutions of multi-
component YO system. In addition, the KP hierarchy
reduction method has also been developed to construct
rational solutions (lump and rogue wave solutions) of soliton
equations,®*? see also Refs. 16 and 23.

In the present paper, the general N-dark—dark soliton
solutions of Eqs. (3)-(5) are obtained through the KP
hierarchy reduction method and their dynamics are also
studied in detail. Following the KP theory, we derive the
general N-dark—dark soliton solutions in terms of Gram
determinants from the z-function solutions of the KP hierarchy.
For single dark—dark solitons, we show that the degrees of
“darkness” in the two components are different in general. For
the collisions of two dark—dark solitons, it can be shown that
there is no energy transfer in two components of each soliton,
hence they are elastic collisions. As a matter of fact, the soliton
bound state is a fascinating subject in the soliton theory. The
dark—dark soliton bound states in the 2D coupled YO system
and the coupled NLS equations have been reported in Refs. 14
and 28 respectively. For those two models, it has been shown
that the bound states exist only when the coefficients of
nonlinear terms take opposite signs. Different from Refs. 14
and 28, it can be shown that for the coupled Mel’nikov system
(3)—(5), the stationary dark—dark soliton bound states can exist
for all possible combinations of nonlinearity coefficients
including positive, negative and mixed types, while the
moving case are possible when nonlinearity coefficients take
opposite signs or they are both negative.

The rest of this paper is organized as follows. In Sect. 2, the
general N-dark—dark soliton solutions in the Gram determinant
form of the two-component Mel nikov system are obtained
via the KP hierarchy reduction method. Section 3 devotes to
analysis the dynamics of single and two dark—dark solitons. In
Sect. 4, the dark—dark soliton bound states including both the
stationary and the moving cases are investigated in detail. In
Sect. 5, the general N-dark soliton solutions of the multi-
component Mel’nikov system are presented without a detail
derivation. We summarize the paper in Sect. 6.

2. Dark-Dark Soliton Solutions of the Coupled
Mel’nikov System

By virtue of the dependent variable transformation

dW = p, et 5,
f

O = poe™ 2 = 2log N (B
where f= f(x,y,t) is a real function, g = g(x,y,7) and
h = h(x,y,t) are two complex functions, p; and p, are
constants. Meanwhile, 6; = a;x + aizy+ﬁ,~(t) for i=1,2,
where «a; are real constants and p;(r) are arbitrary real
functions. Then, Egs. (3)—(5) can be converted into the

following bilinear forms
(D? + 2ia\ Dy — iDy)g - f= 0, 9)

where D is Hirota’s bilinear differential operator defined
as
I pmpyn
D.DyDif(x,y,1) - g(x,y,1)

a a\/o a\"[/o a\"
—<aw) (a_y‘a_y> (a—t‘w) Je2.0

X g(x/9 y/’ ﬂ)lx:x’,y:y’,t:t" (12)
If a new independent variable s is introduced, Eq. (11) can
be decoupled into

(D} + DD, - 3D})f-f=0, (13)
(Dth - DxDv)ff
= o1pi(f* - g8") + oap3(f* — hiY). (14)

Following the KP theory, the equations under study are
considered as a reduction of the KP hierarchy, then their
soliton solutions in the Gram type or Wronski type
determinants can be derived directly from the z function of
the KP hierarchy under this reduction. To this end, the Gram
determinant solutions of the KP hierarchy are presented here.

Lemma 1. The following bilinear equations in the KP
hierarchy'#212%)
(D}, +2aD,, — D)tk + 1,0 - o(k,) =0,  (15)
1
(E DD, — l)T(k, D) - t(k, 1)
= —2(k+ 1,Dz(k — 1,1), (16)
(D}, +2bD,, — D.)e(k, 1+ 1) - 7k, 1) = 0, (17)
1
(5 DD, - I)T(k, D) - t(k, 1)
= —1(k, [ + Dk, - 1), (18)
(D} — 4D, D,, + 3D} )e(k,1) - 7(k,1) = 0, (19)

where a and b are are complex constants, k and | are
integers, have the Gram determinant solutions

7(k, D) = [my(k, D1 <; j<n>

where the entries of the determinant are given by

(20)

my(k, ) = c; + /(ﬂi(k, Dk, ) dxy,

@ik, 1) = (pi — &) (p: — b)' exp(8)),

1 \* 1\ -
yik, D) = <— s a) (— o+ b> exp(0)),

with
1 1 2 3
0; = X_1+ ———y_1 + pix1 + p;x2 + p;x3 + O,
pi—a pi—b
7 ! T - X+ qix + 0
.= X_ _ X1 — g X - X i0s
'j qj+a 1 qj+by 1 LIJ 1 6]_, 2 611 3 'j0

where cij, pi, g;, 00, and éjo, (i,j=1,2,...,N) are arbitrary
complex constants.

Proof.  Firstly, it is easy to verify that the ¢; and y; given in
Lemma 1 satisfy the following differential and difference

2 ; : —
(D? + 2iasD, — iDy)h - f= 0, (10)  jations
(D} +D,D, — 3D>)f - f O, ik, 1) = 07, ik, ), 1)
= 0191 (f* — 88") + o2p3(f> — hh"), (11) dw, @ik, 1) = 03 pi(k, ), (22)
074005-2 ©2017 The Physical Society of Japan
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pilk+ 1,1) = (0, — a)pi(k, D), (23) Or,mij(k, 1) = (0x, @i(k, D)yj(k, ) — ik, Doy, yj(k, D), (29)
Onyitk, ) = =03 yi(k, D), Q4)  dgmyitk, D) = (0% @ik, D)k, 1)
Ok, 1) = 03 wilk, D), (25) — (0, @ik, D),y (k, 1) + ik, D07 yi(k, D), (30)
wilk — 1,0) = —(0x, + a)yi(k, D). (26) mii(k + 1,1) = mj(k, 1) + @ik, Dy;(k + 1, D). (€2
Next, take the determinant Note that Eqgs. (15) and (16) are independent of the
wk, D)= det (my(k, 1)) = [mytk, Dl y<iicns variable x3, the differential and difference relations with
1<ij<n Y v I<ij<N respect to the variables x_;, x;, and x, are the same with the
with the matrix elements m;;(k, [) defined as Lemma 2.1 in Ref. 14 and the Lemma 1 in Ref. 28, hence
they hold true automatically. Here, we only need to prove
my(k,[) = ¢; + / @i(k, Dyi(k, 1) dx;. that the determinant (20) satisfies the bilinear KP equation
(19).
Then it is easy to verify that m(k, [) satisfy By virtue of the differential of determinant and the
3 expansion formula of bordered determinant,?® the derivatives
Duymij(k, D) = =itk = 1, Dy(k + 1,1), @7 of the 7 function can be expressed by the following bordered
0, mij(k, 1) = @i(k, Dy;(k, 1), (28)  determinants
mg(k, 1) @ik, 1)
oty =—| " , (32)
yi(k, [) 0
mij(k, 1) 0y, @i(k, ) m(k, ) @i(k, 1)
Oy =—| " ' + " (33)
yj(k, D) 0 oy, yi(k, 1) 0
mi(k, 1) 0% @ik, 1 mii(k, 1) 0y @i(k, D) mi(k, D) @ik, D)
dueth b = =| "D D ' ‘ -1, : (34)
yi(k, 1) 0 Oy ik, D) 0 9, wi(k, D) 0
mi'(k’ l) ¢i(k9 l) mi'(k, l) ax @i(k9 l)
Pk y=~| -7 ' : (35)
Oy i(k, 1) 0 wi(k, 1) 0
mi(k, D) pi(k, 1) mii(k, 1) 0y, @i(k, D) mj(k, 1) 0%, pi(k, 1)
ailf(k’l): -, b _ 7 X1 _ 7 l(p i (36)
9, wi(k, D) 0 Oy yi(k, ) 0 wi(k, D) 0
mi(k, 1) @ik, 1) 0x,pi(k, )
my(k, 1) 03 ik, 1) my(k, ) @ik, 1) ! !
Oy, 0y, T(k, [) = -1 4 — | ik, D) 0 0 , (37)
wi(k, 1) 0 9, wi(k, D) 0
O, yj(k, 1) 0 0
£ ok ) mii(k, 1) 0y, @ik, ) m(k, D) @ik, 1) myi(k, 1) 6)261 @ik, 1)
X K, = -
: 0 yitk, D 0 o wik D) 0 00, yi(k, 1) 0
5 mi(k, ) @ik, ) 0y @ik, D)
mij(k, D) 0y @i(k,])
- +2| yik, 1) 0 0 , (38)
wi(k, 1) 0
Ox, ik, 1) 0 0
ey mik, D) @ik D | | mye D) 0 ik, D myk, 1) 9y, @ik, )
X K, == - -
‘ Rk, 0 wik, ) 0 % ik, D 0
s mij(k,) @ik, ) Ox @ik, ])
mi(k, 1) 05, @i(k, D)
- +2| ik, 1) 0 0 , (39)
ox ik, 1) 0
Oy ik, 1) 0 0

where the bordered determinants are defined as

mpp mip miy @1
myy Ny nay - @2
mi @i
wi 0
myy  Mp2 MyNN PN
vy yv O

By virtue of the above expresses and the Jacobi formula of
determinants, it is easy to verify that the 7 function satisfies
the bilinear KP equation (19)

(Dil - 4DX1DX3 + 3D§2)T(k, D) -t(k, 1)

40
(40) = 2[(0}, 7k, 1) — 40y, 0,,7(k, ) + 307 7(k, D))z(k, ])
= 4(03 t(k, 1) — 0y, 7(k, 1))y, 7(k, 1)
074005-3 ©2017 The Physical Society of Japan
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2 2
+ 308 100D = 007k, D), 7k D + 017k, )] I Tai
mi(k, ) @ik, 1) 0x,pi(k, ) pitp; NxN
=24 |ml](k, DI-| ik, D 0 0 P pi — iy 1 e
. 8= ij - % . ¥ e / s
O, yj(k, I) 0 0 J pi +iar | pi+p; e
my(k, D) @ik, D) ‘ _ ‘mij(k, D 0x ik, ‘ ‘
Oy, ik, ) 0 wi(k, 1) 0 h=5;+ (- pi — l.az 1 _ 5ty
p; +iay ) pi+p; .
wi(k, 1) 0 0y ik, 1) 0 L/ o o002
& =pjx— ipfy + = ( 1p.1 2/1.2 - 8pj3>t+ Eios
=0. 41) 2 \pj—iay  pj—im
This completes the proof of Lemma 1. [0  where p; and Ejp are complex constants, ;; is the Kronecker

Now we perform a reduction of the above bilinear
equations to derive the general formulae for N-dark—dark
soliton solutions of Egs. (3)—(5). Assuming x_j,y_1,X],X3
are real, xp,a(= ia;),b(= ia,) are pure imaginary and g; =
J2 éjo = 0%, cji = c;; = 0, then we can get

J
0=6;.
i, 1) = i (—k, D),

t(k, 1) = 7°(—k, =1). (42)
Moreover, by defining
f=1(0,0), g=1(1,0), h=10,1),
g =1(-1,0), h"=10,-1), (43)
the bilinear equations (15)—(19) can be recast into
(D%, + 2iay Dy, — Dy,)g - f= 0, (44)
1 *
(EDxlel - 1)f'f= -88", (45)
(D}, + 2iay Dy, — D) - f= 0, (46)
1 .
<§D)61Dy1 —1>f-f= —hh*, 47)
(D}, = 4D, Dy, + 3D} )f-f= 0. (48)

By virtue of the following independent variable trans-
formation

x3 = —4(t+s),

_ L 2
y-1= 202p2,

X1 =X,

1 2
X_1 = 5"1/’1t’

the bilinear equations (44)—(48) are recast into the bilinear
form (9)—(10) and (13)—(14). Thus, applying the independent
variable transformation (49) to the f, g, & in (43) and
neglecting the s dependence, the following theorem for the
general N-dark—dark soliton solutions of Egs. (3)—(5) is
immediately obtained.

Xy = —1y,

(49)

Theorem 1. The N-dark—dark soliton solutions of the
coupled Mel’nikov system (3)—(5) are

symbol (6; is 1 when i = j and 0 otherwise).

3. Dynamics of Dark-Dark Solitons

3.1 Single dark—dark solitons
To get single dark—dark soliton solution of Egs. (1)—(3),

we take N=1 in the formula (50)—(52). The Gram
determinants read
f=1+ b1t (53)
P11+
g=1- DT (54)
p1+pipjt+iog
1 —1i .
h=1- DL e, (55)

p1+pipitio
and the single dark—dark soliton solution can be written as

o) = PL jilax+ady+pi(0)]

i +E+ 0]
x [1+K" 4+ K" - 1)tanh<§1§+l) , (56)
O = P2 ilarcrady+p0)
2
I +&+01Y]
x[1+ K+ (K? - 1)tanh<§]§211) . (57)
1 +£&+0
u=—(p1 +p})*sech? A+ , (58)
2 2
with
o1 _ 1
pr+pi 2a
kO _ _P1- iar _ _aitiby —a1)
! pi + i ay —i(by —ay)’
k@ __pimim _ aitilb —a)
: pi+ i ar —i(by —a)’
&+ & =2a1x+ 4abyy
|: c1a1p] c2a1p3
@+ (b —a)? @+ (b —a)?

M) = pellartai /] § (50) — 8a;(aj — 3b§)} +2£10r,

o? = pzei[a2x+a§y+ﬂz(z)] h (51) where p; = a; + iby, and ay, by, &jog are real constants, £jog
f’ is the real part of &jg.
u = 2(10gf)» (52) From (56)—(58), it is easy to know that the intensity
. . functions |®V],|®®| of the short wave components
where f, g, and h are Gram determinants given by . .

and the long wave component u moving at velocity
074005-4 ©2017 The Physical Society of Japan
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2
o1p
_%( 17

Uzl)g 2 _ 2 i _
pT— ) + 4(ai — 3b7) along the x-direc

7t at+(bi—a

tion. In addition, |®V| = |pi], |[®®| = |p2|, u = 0 when
X,y = +o00.

Taking K" = expi¢{") and K = expip{), ie.,
2¢(11) and 24)(12) are the phases of the constants K il) and K iz)
respectively. As x and y vary from —oo to +o0, the phases of
the short wave components @) and ®® acquire shifts in the
amount of 2(,15(11) and 2¢(12) while the long wave component u
phase shifts is zero. Without loss of generality, we can restrict
-z < 2(1)(11),24)(12) <rmie,—7< ¢(1),¢(12) < 7. Then at the
center of the solitons where &; + £ + © = 0, intensities of
the components are |V | ey = |p1] cos ¢, [D@| e, =
lp2l cos ¢, u = 2a?. For the short wave components (!
and ®?, the fact that the center intensities are lower than the
background intensities p; and p;, thus these solitons are
dark—dark solitons. Further more, the intensity dips at the
centers of the @V and ®® components are controlled by the
phase shifts 2(/5(11) and 2¢(12) respectively, hence these phase
shifts dictate how “dark” the center is.

According to the values of a; and a5, there exist the
following two different cases:

(1) a1 = ay, then K" = K®, therefor ¢'" = ¢®. For
this case, the short wave components ®) and ®® are
proportional to each other, and they have the same degrees of
darkness at the center. In this situation, the dark—dark solitons
of the coupled Mel’nikov system is equivalent to a scalar
dark soliton of the single-component Mel nikov system, thus
it is viewed as a degenerate case similar to the coupled YO
system'® and the coupled NLS equations.?® These degener-
ate solitons are illustrated in Fig. 1, from which it can be seen
that both the @ and ®® components are zero intensity at
the soliton center.

(2) a1 # ay, then KV #KP, thus ¢'" # 4. This
suggests that the @ and ®® components in these solitons
are not proportional to each other, thus can not be reducible
to scalar single dark soliton. In this non-degenerate case, the
@D and ®? components have different degrees of darkness
at the center. As is shown in Fig. 2, the intensity of the
component ®V is zero intensity, while the intensity of the
component ®® is nonzero intensity at its center.

3.2 Two dark—dark solitons
Two dark—dark solitons of Egs. (1)—(3) correspond to
N = 2 in the formula (50)—(52). In this case, we have

(@ (b)

Fig. 1. (Color online) Single dark—dark solitons (degenerate) at the fixed
time = 0 with the parameters p; =1, pp =2, aj = =1, py =141,
Eior = 0.

(b)

Fig. 2. (Color online) Single dark—dark solitons (non-degenerate) at the
fixed time t=0 with the parameters p; =1, po =2, a; =1, ap =2,
p1 =141, &or=0.

and
% = b = L’
pi+p;  2q
a;j + l(bj - O!])

k- _Piim
aj - l(bj - al) ’

/ p;-k +ia;

4 + i(bj —az)

K- _Pi~ iy
aj — i(bj - (,12) ’

J p;-k +iay

P (@ —a) + (b= b’
(a1 + a)* + (b1 — by)*’
Ulp%aj

ajz + (bj —_ 01)2

P1— D2
P11+ D5

Qip =

fj + 5]* = Zajx + 4Cljbjy + |:

2
0234 2 2
Y g — 362 |1+ 2¢;
T S ])] Eor
= kx,jx + ky,jy + wjt + Zé:joR

where p; = a; + ibj, a;, bj, &jor, (j = 1,2) are real constants.

o — plei[“1x+“fy+ﬂ‘(t)] 82 (59 In thp case of aj =-a and b, =.b1, .i.e., p2= —-pj}, the
A’ denominator of Qj, is zero. The soliton interaction possess
) ) , hy Y-shape on this particular wave number. This Y-shape type
DB = pyellrtatiil ]T’ (60)  soliton solution is found in the KP equation and is also
: known as the resonant soliton solution. Analogous to the
u = 2(10g f2) (61)  two-soliton solution of the KP equation, the above two
with soliton interaction solutions are classified into two different
+ . .34-37)
Hh=1+ EITETTO1 4 L0540 types:

b Qb 010, 62) (1) If'ala% <0, then Qin > 1.. Th.ls case is called the Q-
12 ’ type soliton interaction. In this situation, the two asymptotic
=1+ K51)651+5T+@1 + K§‘>652+53+®2 soliton amplitudes 2a? and 243 (in the long wave component
+ Q1 KV e +E 4645540, 40, 63) u) are equivalent v.vhen a; = —ay. The interaction peak (the
12581 M2 ’ maximum of u) is always greater than the sum of the

hy = 14 KPeb+eit0r 4 g2 peati+0: asymptotic soliton amplitudes.
+ QL KOKD e atE 10,40, (64) (2) If ajay > 0, then 0 < Qy, < 1. This case is known as
e ’ the P-type soliton interaction. In this situation, the two
074005-5 ©2017 The Physical Society of Japan
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Fig. 3. (Color online) Two dark—dark solitons at the fixed time ¢ = 0 with
the parameters p; =1, po =2, a1 =1, ap =2, p1 =14+2i, pr = 2+%i,
Eior = &a0r = 0.

asymptotic soliton amplitudes 2a? and 243 (also in u) cannot
be equivalent. The interaction peak (the maximum of u)
is always less than the sum of the asymptotic soliton
amplitudes.

It is obvious that the types of soliton interaction do not
depend on the parameters b; and b, (the imaginary parts of
p1 and p»). The resonant Y-shape soliton solution can be
obtained via taking the limit b, — b; in the equal-amplitude
O-type two-soliton solution (a; = —ap). In addition, the
interaction coefficient Q, in the two-soliton solution of the
coupled Mel’nikov system is always non-negative while it
can be negative in the two-soliton solution of the KP
equation.

The collision of two dark—dark solitons is illustrated in
Fig. 3. It can be seen that after collision, the two solitons pass
through each other without any change of shape, darkness or
velocity in both components. Therefor, there is no energy
exchange between the two solitons or between the ®" and
®® components after collision. This complete transmission
of energy of dark—dark solitons in both components after
collision is a common phenomenon of the coupled Mel nikov
system which occurs for all possible combinations of ¢; and
o, values (all-positive, all-negative and mixed types).

The reason of the complete energy transmission in dark—
dark soliton collisions is that the intensity profile of each
dark—dark soliton is completely determined by the back-
ground parameters p;, a; and the soliton parameters a;, b;. For
the colliding solitons, these parameters are the same, hence
do not change through collisions. Therefor, the intensity
profile of each dark—dark soliton does not change before and
after collision.

4. Dark-Dark Soliton Bound States

In the study of dark solitons, multi-dark-soliton bound
states is a fascinating subject. To get two dark—dark soliton
bound states of the coupled Mel’nikov system, the two
solitons should have the same velocity in both short and long
wave components, so that the two constituent dark solitons
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Fig. 4.
the condition ’,:‘—: #* :‘—; with the parameters p; =1, po =2, 61 =02 = —1,
a =1, = l;pl =1.6658 + 1, P2 = 1.7057 — i, flOR = 520R =0.

(Color online) The stationary dark—dark soliton bound states under

can stay together for all times. This means that the parameters
isfy @L — @2 o1 o
need to satisfy = e and T
4.1 The stationary dark—dark soliton bound states
The stationary dark—dark soliton bound states suggest that
the common velocity is zero. This requires the coefficients of
t in the solution (59)-(61) to be zero, i.c.,

Gzp%
a? + (b — ar)?

2
o1P1

- 8(a?-3b7)=0
@+ (bi - a1’ (=300

fori=1,2. (65)
These constraints can be satisfied for all possible combina-
tions of o1 and o, values. However, for the coupled YO
system'® and the coupled NLS system,”® the corresponding
constraints are possible only when nonlinearity coefficients
take opposite signs. Hence, for the coupled Mel nikov
system, the stationary dark—dark soliton bound states are
expected to exist for all possible combinations of nonlinearity
coefficients including positive, negative and mixed types.
Two different types of bound states are illustratekd in
y.2

Figs. 4 and 5 respectively. A nontrivial case of 2—1 # is
displayed in Fig. 4, which corresponds to an oblique bound
state. Meanwhile, a trivial case of i: = l,i:—z is displayed in
Fig. 5, which corresponds to a quasi-one-dimensional one.

4.2 The moving dark—dark soliton bound states

If the common velocity being nonzero, i.e., @; # 0 and
@, #0, we can get the moving dark—dark soliton bound
states. Thus the parameters need to satisfy the following
conditions:

by = b, (66)
01/’% 020% 842
A+ b —a))?  d+ (b —ar)? :
2 2
21P) 2P _8ad. (67)

T2+ r- ) Bt (b - )

These constraints are not possible when ¢; and o, are both
positive. The reason is that when ¢; = 0, = 1, the function

©2017 The Physical Society of Japan
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Fig. 5. (Color online) The stationary dark—dark soliton bound states under
the condition & k = 1]: with the parameters n=1,p=2,01=0,=-1,
ar=1lay=4p = ﬁ+-ll72 JI_Q 24, E1or = Eaor = 0.

©

Fig. 7. (Color online) The moving dark—dark soliton bound states with the
parameters (68) at time 7 = 0, (c) is the profile of u component with y = 0.

08

0.6+

0.4

02

-15 -10 5 0 5 10 15

(©)
Fig. 6. (Color online) The moving dark—dark soliton bound states with the
parameters (68) at time ¢ = — 3 2, (c) is the profile of u component with y = 0.

on the left-hand (also right -hand) side of Eq. (67) is a
decreasing function of a] thus it can not be satisfied for two
different positive values a; and a, for the same values
b; = b,. However, when o) and o, take opposite signs or
they are both negative, the function on the left-hand (also
right -hand) side of Eq. (67) may become non-monotone in
J, hence it becomes possible for Eq. (67) to admit two
different positive values a; and a, for the same values
by = b,. For the coupled NLS equations and the coupled YO
system, the corresponding constraints can be satisfied only
when the coefficients of nonlinear terms take opposite signs.
To demonstrate these moving dark—dark soliton bound states,
the following parameters are chosen

ocr=0c0=-1, p1=1, pr=2,

074005-7

©

Fig. 8. (Color online) The moving dark—dark soliton bound states with the
parameters (68) at time 7 = %, (c) is the profile of u component with y = 0.

1

ar =1, =7, pr=1+1,

p2=0.6012 414, &jor = &20r =0 (68)

and the corresponding profiles are illustrated in Figs. 6-8 at
different times.

An important feature of the bound states is that, for both
stationary and moving bound states, as x and y move from
—oo to +o0, the short wave components acquire non-zero
phase shifts while the long wave component admits no phase
shift. Actually, let 2¢(1) and 2¢(2) are the phases of constants
K; M and K; @ respectlvely, then the phase shifts of the
COI’HpOIlCIltS are q)phase shift = 2¢(1) + 2¢(1) (D](ai)ase shift =

(]5(2) + 2¢(2) and Uphase shife = 0. It can be seen that the total
phase shifts of each short wave component are equal to the
sum of the individual phase shifts of the two constituent dark

©2017 The Physical Society of Japan
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solitons, and are generally non-zero, while the phase shifts of
the long wave component are always zero. For instance, the
total phase shift of the ®") component is 27z, and the total
phase shift of the ®® component is —3.9684, as can be
calculated from the above formula.

5. General N Dark Soliton Solutions of the Multi-
component Mel’nikov System

In this section, the previous analysis is extended to the
Multi-component Mel’nikov system (6)—(7) to get its general
N dark soliton solutions. As is known that the multi-bright
soliton solutions can be obtained through the reduction of
multi-component KP hierarchy, and the multi-dark soliton
solutions can be derived from the reduction of single KP
hierarchy but with multiple copies of shifted singular points.
Consequently, the general N dark soliton solutions of the
multi-component Mel’nikov system can be obtained in the
same manner as the two-component Mel nikov system. Here,
only the results are presented without a detail calculation.

The multi-component Mel’nikov system (6)—(7) consisting
of M short wave components and one long wave component
can be converted to the following bilinear form

(D? + 2iyDy — iD))gi - f=0, k=1,2,....M, (69)
(D} + DD, = 3D})f - f = f oupp(f = hit"), (70)
k=1
by virtue of the dependent variable transformations
W) = pellantaiythi(] %, k=1,2,....M, (71
u = 2(10g f) (72)

where f= f(x,y,f) is a real function, g; = gi(x,y,t) are
complex functions, P are constants, a; are real constants and
Pi(t) are arbitrary real functions for k = 1,2,..., M.

Also consider the Gram determinant solutions of the KP
hierarchy, in the similar way, we can get the following N-
dark soliton solutions of Egs. (6)-(7),

f= 105+ — A
iTP NxN

i —la 1 e
8k = 6l'j+ (— pfk ; k) *€§’+§.f s

p; T iax | pi+p; N

with

£ ‘2+1§:0"p’% 8p> )i+ ¢&
= pix — ip? Z _OkPk g3 0,
=P p;y 2\ & pj— i P JjO

where p; and &j are complex constants, o;; is the Kronecker
symbol.

6. Conclusions

In this paper, the N-dark—dark soliton solutions of the
coupled Mel’nikov system containing two short wave
components and one long wave component are constructed
in Gram determinant form by virtue of the KP hierarchy
reduction method. The derivation of N-dark—dark soliton
solutions relies on the connections of the Mel nikov system
with other integrable equations in the KP hierarchy. In
addition, the similar expression of general N-dark soliton
solutions of multi-component Mel’nikov system comprised

074005-8

of M short wave components and one long wave component
are also obtained by simply inserting more copies of the
shifts of singular points. As far as we know, general N-dark
soliton solutions of two-dimensional (2D) multi-component
soliton equations are rather rare except that the N-dark soliton
solutions of the 2D multi-component YO systems are studied
by Chen et al.!¥

The dynamics of single and two dark—dark solitons of the
coupled Mel’nikov system with two short wave components
are studied in detail, and several interesting structures of the
solutions have been illustrated through some figures. For
single dark—dark solitons, we have shown that the degrees of
“darkness” in the two components are different in general.
For two dark—dark solitons, in contrast with bright—bright
solitons, it has been shown that the collisions of dark—dark
solitons are elastic and there is no energy transfer in two
components of each soliton. What’s more, the dark—dark
soliton bound states including both stationary and moving
cases are also discussed. For the stationary case, the
constraints can be satisfied for all possible combinations of
nonlinearity coefficients including positive, negative and
mixed types. For the moving case, the corresponding
constraints can be satisfied when nonlinearity coefficients
take opposite signs or they are both negative. Whereas, for
the 2D coupled YO system'# and the coupled NLS system,?®
the dark—dark soliton bound states are possible only under
the condition that the coefficients of nonlinear terms take
opposite signs.

Recently, the general mixed N-soliton solutions of the 1D
multi-component YO system and the vector NLS equations
are obtained in Refs. 15 and 29 respectively. Motivated by
the remarkable work in Refs. 15 and 29, the general N-bright
and N-bright-dark solitons of the multi-component Mel nikov
system may also be obtained by the KP hierarchy reduction
method. However, the reductions for bright and bright-dark
solitons are different from the ones for dark solitons in the
current paper. On the other hand, as mentioned in Sect. 1, the
KP hierarchy reduction method can also be applied to derive
lump and rogue wave solutions of soliton equations.
Although the rogue waves of the Mel’nikov system (1)—(2)
have been investigated,?® the general rational solutions (lump
and rogue wave solutions) of the multi-component Mel’nikov
system (6)—(7) have not been reported so far (to our
knowledge). These questions are interesting and meaningful,

we will study them in our future papers.
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