Nonlinear Dyn (2021) 104:2621-2638
https://doi.org/10.1007/s11071-021-06421-3

®

Check for
updates

ORIGINAL PAPER

Dynamic behaviors of general N-solitons for the nonlocal
generalized nonlinear Schrodinger equation

Minmin Wang - Yong Chen

Received: 4 December 2020 / Accepted: 29 March 2021 / Published online: 11 May 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract The general N-solitons of nonlocal gen-
eralized nonlinear Schrédinger equations with third-
order, fourth-order and fifth-order dispersion terms
and nonlinear terms (NGNLS) are studied. Firstly, the
Riemann—Hilbert problem and the general N-soliton
solutions of NGNLS equations were given. Then,
we study the symmetry relations of the eigenvalues
and eigenvectors related to the scattering data which
involve the reverse-space, reverse-time and reverse-
space-time reductions. Thirdly, some novel solitons
and the dynamic behaviors which corresponded to
novel eigenvalue configurations and the coefficients of
higher-order terms are given. In all the three NGNLS
equations, their solutions often collapse periodically,
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but can remain bounded or nonsingular for wide ranges
of soliton parameters as well. In addition, it is found
that the higher-order terms of the NGNLS equations
not only affect the amplitude variation of the soliton,
but also influence the singularity and the motion of the
soliton.

Keywords Nonlocal generalized nonlinear
Schrodinger equation - Riemann—Hilbert method -
General N-soliton solutions

1 Introduction

Inverse scattering transformation (IST) method was
first proposed by Garder, Greene, Kruskal and Miura
in 1967 [1]. The origin of the soliton theory was first
introduced by utilizing inverse scattering method to
solve the nonlinear partial differential equation with
initial value conditions. Then in 1972, Zakharov and
Shabat first solved the initial value problem for the
classical nonlinear Schrodinger equation (NLS) by
IST method [2]. IST method [3] started from the lin-
ear problem which is corresponded to the equation;
then combining the translation transformation and scat-
tering data, the problem was converted into solving
an integral Gelfand—Levitan—-Marchenko (GLM) equa-
tion [4]. However, solving the corresponding integral
GLM equation is a very cumbersome process. Then, a
more direct method: Riemann—Hilbert problem (RHP)
method, was introduced to replace the GLM integral
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equations [5]. With the help of RHP, the solving process
is greatly simplified rather than based on the GLM inte-
gral equation. RHP method was first used to get soliton
solutions of the NLS equation in 1984 by Zakharov et.
al [6], which is the modern version of RHP method.
From then on, RHP method began to become popular
and there are a growing number of advances in solving
soliton solutions by RHP method [10-14].

Parity-time (PT) symmetry plays a vital role in the
spectrum of the Hamiltonian, Bender and Boettcher
[7] proved that a wide class of non-Hermitian Hamil-
tonians with PT symmetry have real and positive spec-
trum. Then, a new integrable nonlocal NLS equation
is introduced by Ablowitz and Musslimani [8], where
they discuss the IST and scattering data with suitable
symmetries and they found an explicit breathing one-
soliton solution and then developed the inverse scat-
tering theory by using a novel left-right RHP and pre-
sented the explicit time-periodic one and two-soliton
solutions [9]. Then, a lot of nonlocal systems have been
researched by [15-18], and by Darboux transformation,
a variety of solutions were obtained [19-22]. However,
the previous research work only obtained the basic soli-
ton solution for the local system. The multi-soliton
solutions by Riemann-Hilbert problem for the local
system have been extensively explored in many papers.
There are not many studies on multi-soliton solutions of
nonlocal system by RHP method. In 2018, Yang [23]
obtained some new soliton solutions of the nonlocal
NLS equation by RHP method and found that multi-
soliton solutions can behave very differently from fun-
damental solitons and may not correspond to a nonlin-
ear superposition of fundamental solitons. Besides, in
addition to solitons of the reverse-space NLS equation,
Yang also obtained the solitons of the reverse-time and
reverse-space-time NLS equation which have not been
discussed in the previous work. In the framework of
IST and RHP, we can clearly see the novel symmetry
relations in their scattering data, which is completely
different from those in the corresponding local NLS
equation.

The standard NLS equation is a physics approxi-
mation of the evolution of waves in various systems.
To realize a more realistic approximation of the addi-
tional phenomena in real physical system, the effects
of higher-order terms had to been taken into consider-
ation, such as the self-steepening, self-frequency shift
and high-order dispersion [24-27]. Among them, with
increasing intensity of the optical field and further
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shortening of pulses up to attosecond durations in a gas
medium [25], the role of quintic terms is becoming ever
more important. In 2014, Chowdury et al. considered a
NLS equation with quintic terms [28], where they con-
cluded a new soliton with new structure which cannot
be exist for the standard NLS equation. The equation
in [28] with local potential had been researched exten-
sively and there have been many results. By Darboux
transformation, the rogue waves, rational solitons and
modulational instability of the fifth-order NLS equa-
tion in [28] had been studied by Yang in 2015 [32].
By Hirota method with two auxiliary functions, soliton
solutions and interaction of the dark solitons are illus-
trated graphically in [33]. In [34], Several classes of
N-solitons exhibiting elastic collisions and nonelastic
collisions that lead to the gain and the loss of amplitudes
after collision in a conservative system were presented.
Then in 2018, they consider the higher-order rational
solutions for a new nonlocal Eq. [35]. In this paper, we
will explore the N-soliton solutions of the following
coupled generalized NLS (GNLS) system in [28,35]
a9 = Fi(g) +iFa(q,r) +aF3(q,r) +iyFalq,r) + BFs(q.r),
re=Gi(r) —iGa(q.r) +aGs(q,r) —iyGalq.r) + BGs(q. r)

ey

where g, r are complex functions of (x, f) with their
modulus representing the envelope of the waves, «, y
and § are three arbitrary real parameters and F(g) and
G (r) are the expressions as follows:

Fi(g) = —id1q 4+ 82qx, G1(r) =id1r + Sory

with §1 and §; being arbitrary real parameters. The dif-
ferential polynomial

Fa(q.1) = 3qux + q°r

represents the NLS operator part beginning with the
second-order dispersion.

F3(q. 1) = qxxx +6rqqx

stands for the Hirota operator part beginning with the
third-order dispersion.

F4(61, r) = Gxxxx t+ 61’26]3 + Zqzrxx
+8qrqsx +4qqyry + 6rq§

denotes the Lakshmanan—Porsezian—Daniel (LPD)
operator part beginning with the fourth-order disper-
sion.

FS(q: r) = Gxxxxx + loqr%cxx + 3Oq2rZCIx
+20rqxqxx + 10(gryqgy)x
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is the quintic operator part beginning with the fifth-
order dispersion. Besides, G (g, r)(k = 2,3,4,5) are
expressions after swapping ¢ and r in Fy(g,r)(k =
2,3,4,5).

Since the corresponding terms ¢, r and its first-order
derivative in F1 and G are relevant phase and veloc-
ity transformations, the parameters 1, 6, are regarded
as zeros here. For convenience, resign the parameters
a, Band y asanarray C, ie., C = [a, y, B]. When
C = [0, 0, 0], the system (1) reduces to the coupled
standard NLS system. The coupled Hirota system and
LPD system can be obtained when C take [1, 0, 0]
and [0, 1, 0], respectively. In this paper, we will inves-
tigate the influence of the values of C on the solution,
especially when y # 0.

The reverse-space GNLS equation

qr(x, 1) = iF(q(x, 1), ¢*(=x,1))
+aF3(q(x, 1), " (=x, 1))
+iy Fa(q(x,1),q"(—x,1))
+BFs5(q(x, 1), q"(—x,1)), (2

reverse-time GNLS equation

qi(x, 1) =iF2(q(x,1), —q(x, —1))
+aF3(q(x, 1), —q(x, —1))
+iy Fa(q(x, 1), —q(x, —1))
+BFs5(q(x, 1), —q(x, —1)), (3)

as well as the reverse-space-time GNLS equation

qr(x, 1) = iFo(q(x, 1), q(—x, —1))
+aF3(g(x, 1), q(—x, —1))
+iy Fa(q(x, 1), g(—x, —1))
+BFs5(q(x, 1), q(—x, —1)) 4)

corresponding to the GNLS equation (1) can be
obtained by the reverse-space reduction

r(x,t) =q"(—x,1), )
the reverse-time reduction

r(x,1) = —q(x, —1), (6)
and the reverse-space-time reduction

rix,t) =q(—x, —1). @)

For the three kinds of NGNLS equations (2), (3) and (4)
above, there has been not much research on it as far as [
know. Inspired by the interesting discussions in [23] of
the novel solitons for the nonlocal NLS equations, we

expect that these phenomena might be also valid for the
NGNLS equations. In this paper, we will explore some
new soliton solutions for the NGNLS equations (2), (3)
and (4) above. We would like to be able to figure out the
correspondence of new spectrum configurations and
the solitons of new shapes when the potential function
under reduction (5), (6) and (7). Besides, we will focus
on the physical effects corresponding to the higher-
order terms which involve Hirota part, LPD part and the
quintic part, especially the quintic part, i.e., the value of
C is essential, and in what follows, we will investigate
this influence of the higher-order terms on the structures
of N-soliton solutions.

The structures of this work are as follows. At first,
the introduction mainly concerns the backgrounds and
the motivations. Then, we give the RHP for Eq.(1)
in Sect. 2. Then, we study the symmetry relations of
the scattering data and conclude the N-soliton solu-
tions for NGNLS (2), (3) and (4) in Sect. 3. In Sect. 4,
some novel soliton solutions and bound-state solitons
are given, and the corresponding dynamic behaviors of
the solitons for the NGNLS equations (2), (3) and (4)
are analyzed. The last section is the conclusion.

2 The Riemann-Hilbert problem

The Riemann—Hilbert problem and the N-soliton for-
mula of the NLS system have been considered in [10].
But system (1) has a quite different time evolution and
contains the effects of the higher-order terms. In this
section, we will give the corresponding N-soliton for-
mula for system (1) when the potential matrix Q decays
to zero.
The lax pair for (1) is

{ ®, = (A +iQ) D,

@, = (if()S+V) @, ®)

where £ (%) = 1682° =8y A% —4ar® + 22+ 81+ 161,
Y =diag(l, —1),

0Or 4. .
QZ[ ]V= M V;, 9
q0 = J ©)
with V; (j = 0, 1,2, 3,4) being polynomials of the
potential matrix Q and its derivative

V4 = 16iB0,

V3 =i(—8yQ +8if0,% — 860X,

Vy =4iy Q°T —4B(—Q0x + 0x0) + 8y

0:% —4iQa —4ifQrx — 4y Qx T — 8ipQ°,
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Vi=i [2aQ22 1680%S —2iy
(—Q0Qx + 0:0) +2B(QQxx + 0xx @ — 0T + 0
+4y 03 —2ix 0, T — 12ip
QZQXE + 2y Qxx — 2ifQxxx ):j| s

1
Vo =i [fEQQZ —3y0*Y —ia

(—00x + 0x0) — y(Q0xx + 0xx 0 — 0T
—6if(0x 0> — 0% Q) — iB(Quxx
O — Q0xxx — QxxQx + 0x0xx) + 620

3 s, L 2
+20Q” + 680 +51Qx2+6zyQ [
Y+ aQyxx +BRO0xx 0 +40x0:0
+6QxQQx+8Qxe2)+iVQxxx2 +I3Qxxxx]- (10)

The system (1) can be produced by the zero-curvature
equation with the Lax pair (8) above. The Lax pair was
first introduced by Chowdury et. al. [28] in 2014. In
[28], the elements of the matrix V and V; are expressed
as functions of the potential function ¢, r and their
derivatives. For the convenience of the analysis below,
here we rewrite V; as more compact forms generated by
the matrix Q and its derivatives. And we have verified
the expressions of V; are well defined.

In this work, our analysis is based on the initial con-
dition
q(x,0),r(x,0) € S(R), x > *o0. (11)

where S(R) represents the Schwartz space
SR) = {s € CP), lIslla,p = sup [x*8Ps(x)| <00, a,B € Z+}A
xeR

so the initial values of ¢, r at + = 0 decay to zero
sufficiently fast as x — o0, i.e.,

q(x,0) = 0,r(x,0) —> 0, x -> +o0. (12)

Thus, when x — 00, the potential matrix Q and the
matrix V which is a function of Q and the derivative of
Q all reduced to zero matrix quickly. Since the corre-
sponding terms of §; and 4, are related to the phase and
velocity transformations of the solutions, in this paper,
we take §; = 5, = 0.

For briefness, sign

O(1) = Ax + (1681° — 8yA* — 4ar® 4+ 1)1,

So, under the initial condition, we can conclude that
® o ¢!?* from Lax pair Eqgs. (8). Express ® as & =
Je!%% Tnsert it into the Lax pair Eqgs. (8). Then,

Jy = ir[Z,J]—iQJ, (13)
Ji=ifO)[Z, ]+ VJ. (14)
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where [X, J] = ¥ J — J X is the commutator.

Hereinafter, we only consider the first space scatter-
ing Eq. (13) and take 7 as a dummy variable. Introduce
the matrix J; 2 as the Jost solutions of Eq.(13)

Ji—= I, x > +0o0,
Jr—> I, x —> —0

15)

and sign
JIE=Q=(01,m), LE=Y = {1,¥2), (16)

where [ is the 2 x 2 identity matrix and E = e/*>*.
Since €2 and W are two matrix solutions of the same
linear ordinary differential equation, there should be a
matrix S(A) which is independent of x that satisfies

Q=wvSH), » eR, a7

so J| = JLHESE™!" and by the Abel’s identity and
tr(Q) = 0, we have det (J12)(x,A) = detS(A) =1
for any x and A € R.

Imposing the boundary conditions (15)), the scatter-

ing Eq. (13) for Ji 2 can be resigned as Volterra-type
integral equations of the form

X ) .
Jio=1+ / PECTN O (y) Iy (v, e FEE gy (18)
—00

+oo | .
P / FEE () (v, e FEE gy (19)
X

Expanding the element of the matrix, the first column
of Jj can be analytically extended to A € C_ and the
second column of J; can be analytically extended to
A € Cy. Similarly, the first column of J> can be ana-
lytically extended to A € C4 and the other column of
J can be analytically extended to A € C_. Resign

hi=0 I,
Sy = (‘]2,1’ Jz_,z)»

where the superscript £ of J;fk G=12 k=12
represents the analyticity on the upper or lower half of
the A complex plane, the subscript j is same as the sub-
script of J;(j = 1, 2), and k represents the k—column
of the matrix J;(j = 1, 2). Thus, introducing the Jost
solution

(20)

P+=(Jf2, Jfl) = JiH, + JhH
- —1p—1
=J1H —I: J]OES E™"H; @1
= JIE [f” } E™!
So1 1
is analytic in A € C4 and
R™ = . ) =J1Hi + 1 H, (22)

is analytic in & € C_, where H; = diag(1,0) and
Hy =diag(0, 1).
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Implement the limit A — oo on the Volterra integral
Egs. (18), and we can get the large-A asymptotic
PT(x,\) = I, e Cy — oo. (23)
By direct calculation, we can get that det(P+) = §;;.

Considering the adjoint eigenvalue problem of equa-
tion (13)

Ky =iAr[2,K]+iKQ, (24)
we can notice that J;] (j = 1, 2) satisfy Eq. (24). Com-
bining (16) and taking the notations

ol == (@6 v =b= () . (29
then we can conclude that the first row of J;~ 'and the
second rows of J, are analytic in A € C,.. Besides,
the second row of J;~ ! and the first row of Jy ! are
analyticin A € C_, i.e.,
IV =EQ=1J=0I)T.
L'=EV=0h=;,. )T,
where the superscript + and the subscript j, k of
f].jfk (j = 1,2, k = 1,2) represent the same messages
as in in’k(j = 1,2, k = 1,2). So, the adjoint Jost
solution can be constructed as
P = (Vi fzj])r = HyJi ' + HyJy !
= HyJ; ' + HIESE~' ! 27)

. S11 8521 | eq 4—1
_E[O 1]E J

the large A-asymptotic behavior is

(26)

P —>I1,12eC.—>
and the determinant
det(P7) = s11.
Similarly, we can see that the Jost solution Rt =
Hljl_l + H2J2_1 — I,» € C4 — oo is analytic
inA e C+.

In conclusion, the analytical properties of the Jost
solutions can be shown as

2=(or,0f), @' = (@) .
n AT
v=(vg), = (007
and by Eq. (17), the analytical properties of the scat-
tering matrix can be obtained

A+ A —
s=—Qly= (f“ f”), S = (s“ Slﬁ), (29)
8§21 S5y 521 $7p

where the superscript &+ represents the analytical prop-
erties on the complex A-plane. So, the RHP of the spec-
tral Eq. (13) can be constructed as follows:

(28)

Riemann-Hilbert Problem 1 For (x,t) € R2, solve
the find a 2 x 2 matrix-valued function P(x, t, A) in the
complex L—plane such that

— The matrix function PY = Jy Hy+ J, Hy is analytic
inhe€Cyand P~ = Hle_1 + H Jz_] is analytic
inieC_.

— The RHP

P (x, )PT(x,)) =G(x,A),L e R (30)
is well defined on the real line, where the jump
matrix can be obtained by (21) and (27) as

_ I si2) -1
G(x,2) _E<s§1 | )E .

— The canonical normalization condition is PT — 1
as . — oo.

It can be concluded by the previous analysis that P* are
the matrix solutions of the scattering Eq. (13) and the
adjoint scattering Eq. (24), respectively. Take the fol-
lowing expansions in (13) and (24) P* = [4+A~! Pli—i—
O(L72), L, — oo, and collect the same power of A°

0=-[z.p]=[zr] (3D

Thus, the potential function g and r can be represented
as

q =2[P; o1, r = =2[P] 11a. (32)

In order to get ¢ and r, we just need to get the P1+ ;in
the next section, we need to solve P and P~ from the
RHP (30).

3 Solution to the RHP and the symmetry relations

In this section, we will discuss the solution to the RHP
1. Besides, we will give the corresponding symmetry
relations under three different nonlocal reduction (5),
(6) and (7).

3.1 Solution to the RHP 1

Firstly, we begin from det(P*) # 0, i.e., the RHP 1
is regular; under this circumstance, the matrix solution
P is nonsingular, so Eq. (30) can be rewritten as

(PHT— P =GPH 0, (33)
where
G:I—G:E[AO SIZ}E_I.

521 0

@ Springer



2626

M. Wang, Y. Chen

Utilizing the Plemel;j formula and the canonical bound-

ary condition and then implementing the similar pro-

cess in [10], the unique solution to this regular RHP
(33) takes the following form

L[ 6PH'w

Zﬁﬁw ¢

But in most cases, det(PT) and det(P ) are zeros

at Ax € Ct and A, € C™, i.e., the RHP (30) is non-

regular. We consider the simple zeros here. Suppose

det(P™T) has N simple zeros A;(j = 1...,N)inC*

and det(P ™) has N simple zeros )_Lj(j =1...,N)in

C™, v; and v; are the corresponding nonzero column

and row vectors, i.e., v; and v; are the solutions of the

following equations

P+()Lj)vj()nj) =0, (35)
0;(k)P~ =0. (36)

PH =1+ (34)

By Theorem 2.1 in [29], the solution of the nonregular
RHP can be represented by the solution of the regu-
lar RHP, where the solution contains the integral part;
when G = I, the scattering data are zero and the scat-
tering process is reflectionless.

Theorem 1 The N-soliton solutions of system (1) can
be written as

det M, det M»
- rx, ) =2—F,
det M det M
where My and My are the (N + 1) x (N + 1) matrices
as follows:

0 bre ™ ... bye
6_11691 myp ... mMN
My = ,
- 9;V
ane myi ... MmMNN
(33)
0 a;e? . ayedN
b1€791 miy ... mMIN
M, = .
s g
bNe mpyp ... MNN

where Oy = Ax + ()t and O = —hex — f(t,
ak, bk, aj, bj are arbitrary complex constants.

If the scattering process is reflectionless, combining
the formula (32), the so-called N-soliton formulas of
system (1) can be written as

N
Q(x,f)=2< > vj(M_l)jkl_)k> ; (39)
21

J.k=1
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N
r(x,t) = —2( > u,-(M—l)jkak> : (40)
Jok=1 12

where M is a N x N matrix, (M_l)jk is the element
of the inverse matrix of M. The (j, k)-th element of M
ismj(j,k=1,2,..., N) with

mip= % k=12, N A1)

jk )_»j—)»k’]’ s Ly eaey IV,

where A, Xj are spectral parameters of the original
problem and the adjoint problem, respectively. v and
v are column vector and row vector of length two.
Recall Egs. (35) and (36) and take the derivative of x
and ¢, respectively. Combining the Lax pair (13)-(14),
we can get that

C— T = 5. ,—if;%
v =e* vy, v =vje " (42)

_ - AT
where vg, = [ag, b¢] and vj, = [aj,bj] are two

constant vectors with ay, by, aj, b; are complex con-
stants.

Remark Similar to the determinant representation tech-
nique in [31] and [30], the N-soliton solutions (39) and
(40) can be rewritten as the determination form (37).

3.2 Symmetry relation for the NGNLS equations

Under different nonlocal reductions (5), (6) and (7),
the eigenvalues and eigenvectors satisfy different sym-
metry relations. In this section, we will investigate the
symmetry relations of the scattering data, the eigenval-
ues and the corresponding eigenvectors for the three
NGNLS equations (2), (3) and (4). For simplicity,
denoting Ay = & + inx and e = ék + ing, k =
1,2,..., N, where &, ék and ng, 0y are the real and
imaginary parts of A and Ay.

The potential matrix Q(x, ) has the following initial
condition:

0 r(x,0)

Qm=Qm®:<MLm 0 )
where ¢ (x, 0), r(x, 0) are the initial value of functions
q(x,t)andr(x,t)att = 0. Considering the eigenvalue
problem

Jy =ir[2,J]—iQo/,

and its adjoint eigenvalue problem

Ky =ir[2,K]+iKQyp.

Here, the eigenvalue problem (13) and (24) are different

from which in [23] and with some complicated proofs,
we get the following theorems.
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Theorem 2 For the reverse-space NGNLS equation
(2), the eigenvalues appear in pairs (Ag, —A}).

1. For the eigenvalue A = & + iy of the scattering
equation (13) in C4, i.e., ngy > 0 and & € R, we
consider the following two cases:

(1). If & # 0, then ) = —A; is also the eigen-
value for the scattering equation (13) and the
corresponding parameters in vy, = [ax, bi] and
Ok, = lax, l;k] satisfy ay = b;:, l;k = a,’:.

(2). If & = 0, then Ay = —A}, so the corresponding
eigenvectors are vy, = [1, e"e"].

2. For the eigenvalue Ay = &, — iy of the scattering
equation 24)inC_, i.e., nx > 0and ék is any real
constant, we consic{er the following two cases:

(1. If & # 0, then A = —& — iy is also the
eigenvalue and the corresponding parameters in
Uy = law. bi)" and vy = lax. bl” satisfy

Cilk = 5;:, l;k = a]t
(2). If& =0, then A = ) = —if)y, the corresponding
eigenvectors are vy, = [1, eiek]'

Proof When the potential matrix satisfies the reduction
condition (5), the potential matrix Q¢ becomes

_ 0 q*(_-xvo)
Qo= [q(x, 0) 0 :| : (43)

It is easy to get that the Q¢ above meets the following
symmetry relationship

Qo(—x) = 0 Qo, (44)

where

o= 0 1

|10
is the Pauli spin matrix. For the scattering equation (13),
replacing x by —x,
J(=x)x = —iAZJ(=x) +iMJ (—x)Z +iQp(—x)J (—x)  (45)
and taking conjugate matrix on both sides of the equa-
tion, then we can get that
JH(=x)y = iIMTT (—x) — AT (=x)XZ

—i Q3 (—x)J*(—x). (46)

Multiplying the Pauli matrix o from left and right to
the both sides of the equation, then by the symmetry
relation (44), we have the following equation
[oJ*(=x)o]y = iX*oZT*(—x)o

—iAM*0J*(=x)Z0 —iQpo J*(—x)o, @7

and by 0 ¥ = —Xo, we have

[eJ*(—=x)o ]y = —iA*[Z, 0 (—x)o] —iQp
oJ*(—x)o. (48)

Thus, A = —A* and J = o J*(—x)o also satisfy equa-
tion (13). We can infer that J and J have the same
boundary condition at x — 00, so they are the same
solution of equation (13), i.e., we can get that

Jy =0l (=x)o, k=1,2. (49)

By the definition (21), (27) and the symmetry relation
(49), we have

P* = o P (—x)0. (50)

Taking the reverse-space transformation and imple-
ment conjugation of equation (35),

P (—x)vi(—x) = 0. (51)
and then multiplying o and by (50), we have

aP'*"‘(—x)v,if(—x) = o Pt (—x)o0ovi(—x) = 13+dv;‘(—x) =0.

(52)

A

The solution of the equation ﬁ*ﬁk = 0is v =
o v (—x). So, by the

0 1][are brett
0 = *(_— = k= * = k c
vk—O’Uk( )C)—|:] 0i||:b;§€le/" :| [a;e_’ek} 53
ﬁkem" ( )
= [5k87i9k ’

s ay = b}, by = af'.

Implementing the similar process on the adjoint scat-
tering problem (24), then the second rule of Theorem 2
can be proved. The process is easy to get according to
the proof above; we omit it here. O

However, for the reverse-time GNLS equation (3)
and reverse-space-time GNLS equation (4), the sym-
metry relations are quite different. O

Theorem 3 For the reverse-time NGNLS equation (3),
if . = Ay is the eigenvalue of the scattering equation
(13), then » = —\y is the eigenvalue of the adjoint
scattering problem (24) and the corresponding param-
eters in vg, = [ak, byl and vy, = [ax, bi]T satisfy
ay = ay, l;k = by.

Proof With the reduction condition (6), the potential
matrix Qg becomes

_ 0 —q(x,0)
Qo—[q(x’o) 0 } (54)
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so Qo satisfies the following symmetry relation

0o =-0}. (55)

Taking transpose on both sides of the scattering equa-
tion (13) and substituting the relation (55), then we
have

JI=ingTs —iazg? —igTQf

=—iA[Z, JT1+iJTQo, (56)

so A = —A, K = JT is a solution of the adjoint scat-
tering equation (24). Since J ! also satisfies equation
(24). Therefore, JT and J~! are linearly dependent on
each other. Similarly, combining the boundary condi-
tions at x — 00, we get

J =0l k=12 (57)
By (21), (27) and the symmetry relation (49), we have
p~=ptT, (58)

Taking the reverse-space transformation and imple-
menting the transpose of the equation (36) and by (66),

P~T5] = PTi] =0. (59)

soby PTv; = 0,0; = va and then combined with
(42), we have

T
- T %> j —i
vj=v; = (e’ k vk0> = [ake’ek, bye 19"]

= vje "% = [age’™, bre % ]. (60)
so we have a; = ag, by = by. O
Theorem 4 For the reverse-space-time NGNLS equa-
tion (4), there are not any restrictions and relation-
ships between the eigenvalues in Cy. and C_, but the

eigenvalues vi, = [1, wi] and vg, = [1, o] where
wr = =*1, o = 1.

Proof For equation (4), the potential matrix Qg is

_ 0 —q(—x,0)
Qo= [q(x’o) 0 } (1)
so we have
Qo(—x) = —o Qqo. (62)

Replacing x by —x in the scattering equation (13), then
we obtain

[J(=x)]x = —iAZJ(=x) +irJ (=x)Z +i Q¢ (—x)J (—x), (63)

and multiplying o on both sides of equation (64) and
substituting the relation (62), then we have

[cJ(—x)o ]y = —idoXJ(—x)o +iloJ(—x)Z
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o +iocQo(—x)ooJ(—x)o
= —idoZJ(—x)o +iroJ(—x)X
o —iQpoJ(—x)o
=iAX,0J(—x)o] —iQopoJ(—x)o. (64)

So, o J(—x)o is also a solution of the scattering equa-
tion (13); combining the boundary conditions at x —
00, we get

A

Jy=0J(—x)o, k=1,2. (65)
By (21), (27) and the symmetry relation (49), we have
PT(—x) = PT(x)o. (66)
Take x by —x in (35) and by (66),

PH(—x)0j(—x) = PTod;(—x) =0, (67)

soby Ptv; = 0, we have 0;(—x) = wjov; with w;
is arbitrary constant, and then combined with (42), we
have

ax = wiby, by = wiay (68)

so we have oy = =£1. Taking a; = 1, then the corre-
sponding vector is vy, = [1, @;]”. Implementing the
similar process, we can get that the corresponding vec-
tor is vk, = [1, ax]. O

4 Dynamics behaviors of NGNLS equations

The symmetry relations of scattering data in Theorem
2, 3 and 4 determine the structures of soliton solutions
for different NGNLS equations (2), (3) and (4). In order
to investigate the difference between them, in this sec-
tion, we exhibit different dynamic behaviors of the one-
soliton and two-soliton solutions for the three NGNLS
equations.

4.1 Dynamics behaviors of reverse-space GNLS
equation (2)

Firstly, we consider the reverse-space GNLS equation
(2). For 1x € C4 and A4 € C_, by Theorem 2, we con-
sider the following one-soliton and two-soliton solu-
tions.

4.1.1 One-soliton solution for equation (2)

When N = 1 in (37), we can get the expression of
one-soliton solution. By Theorem 2, without loss of
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Fig. 1 One-soliton solutions of the reverse-space GNLS equation (2) and the corresponding configuration of the eigenvalues with

parameters C = [10*2, 5x1072,5 x 10’2]

generality, taking a; = @y = 1, by = €1, by = €'/,
then the one-soliton solution of equation (2) can be
obtained

g=2 (5»1 _ )»1) 651—91+%(01—51)

sech (—0'1 — 01+ (o1 + m) , (69)
where 6 and 6 contains two spectral parameters A; €
Cy, A1 € C_ and p; and p; are any real constants.

By equation (69), when 6) +0; = & (p1 + 1 — 1),
the solution (69) is singular, and when 0; + 61 #
% (p1 + p1 — ), the one-soliton solution is nonsingu-
lar. Under this case, the spectral parameters A1 € C
and A; € C_ can be arranged as the following three
configurations.

Case I M(A1) = R(A1) = 0 and J(Ay) # I(A)).
In this case, the single soliton behaves as a
breathing soliton collapses to a peak period-
ically. Figure 1-(a;) and (ap) shows the map
and the corresponding spectral configuration.
For convenience, in Fig.1 the other parame-
ters are taken as

o1 = %, 51=0, C=[10"25%x10"2,5 x 10~2].
(70)

For 61 and 6; are fifth-order quintic poly-
nomials of Ay and Aj, we will investigate
the influence of the coefficients of high-order

Case 2

terms. When the coefficients of odd pow-
ers for the function f(A) are greater than
0, the amplitude increases along the direc-
tion of wave propagation. And conversely,
when this coefficient is less than 0, the ampli-
tude decreases. Here, we take C as different
values to illustrate. When C = [0.05, 0, 0],
the height of the breathing soliton gradu-
ally increases to infinity from ¢t = 400 to
t = —oo which is shown in Fig.2-(a), and
when C = [0, 0, —0.05] in Fig.2-(c), the
amplitude of the breathing soliton behaves
as the opposite trend. Besides, the trajectory
also deflects when coefficients of odd orders
for the function f (i) change. However, if C
takes [0, 0.05, 0] in Fig.2-(b), the elements
of breathing-soliton are all in same heights
and do not increase as time 7 changes and the
trajectory stays parallel to the time axis no
matter how 8 changes.

If A =A%

Under this case, for any (x,?) € R%, 0, +
0, — %(,01 + p1) is real and this formula
cannot be equal to —57”, so the solution is
nonsingular for any (x, ) € R?. Under this
case, the solution |g| is a constant-amplitude
soliton; this is not different with the local
case. The propagation trajectory of the soli-
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Fig. 2 One-soliton solution of the reverse-space GNLS equation (2) with different C

ton is 1(207a— 615+180y1 8 _ = x, so when C

changes, the sohton will deflect some angles
but never parallel to the x axis. We take
A =A% = 4+ L toillustrate in Fig.1-(by)
and (by).

Case 3 If J(A1) = —J(X1) and R(A1) # R(Ap).
In this case, the soliton did not collapse
but propagate forward with a varying ampli-
tude which is due to ®(r1) # R(A1). And
when R(A1) > N(A1), the amplitude grows
along the propagation direction, and the fig-
ure and the spectral configuration are shown
in Fig.1-(c1) and (c;) where (A1) = % and
R(A1) = 75. When R(hi) < R(A), the
amplitude drops along the propagation direc-
tion, and the figure and the spectral configu-
ration are shown in Fig.1-(d) and (d) where
ROp) = 15 and R(Ap) = 5.

4.1.2 Two-soliton solutions for equation (2)

Next, we consider the dynamic behaviors of two-
soliton solutions. Taking N = 2 in the solution (37)and
by Theorem 2, the two-soliton solutions for equation
(2) can be obtained. The expression of the two-soliton
solution is tremendous; we omit it here. In this case,
together with the free parameters C in the function f,
there are still 15 free parameters in total in this two-
soliton solution A, )_Lk, a, ar, b, Ek, k=1,2and C.
By Theorem 2, Ay € C4 and € C_,k=1,2are
four eigenvalues which can be irrelevant to each other.
Combining the symmetry relations of eigenvalues for
the reverse-space system in Theorem 2, the values of
the four independent eigenvalues can be listed as the
following configurations.

@ Springer

Case | IfR(y) =R =0,k=1,2.

In this case, the spectral parameters A, Ak
are all pure imaginary numbers. Without loss
of generality, we take ay = ax = 1, by =
ek, by = e'P, (k = 1,2); then the two-
soliton solution contains four real parameters
Pk> Pk (k = 1,2) and four complex eigenval-
ues. When I(Ax) = JI(h) (k = 1,2), the
two-soliton solution behaves as a new soli-
ton collapse periodically. But with different
choices of the spectral parameter, this new
type of two-soliton solution behaves differ-
ent nonlinearity. The plots of this new two-
soliton solution are shown in Fig.3-(a;) and
(az) where the parameters are taken as

N RI o
1 57 1_ 57
PV .
2_ 3 3’
= = =0 =1,
P1—47pl P2 p2 3
=[10"2,5%x1072,5 x 1072]. (71)

We can see that the two-soliton solution
exhibits periodic singularities, but the two
solitons included are entangled and with dif-
ferent heights on both sides. Besides, differ-
ent from the case in [23] where the soliton
does not move, the trajectory of the solution
is deflected over time and is no longer par-
allel to the r-axis. However, when we take
the cubic and quintic terms zero, i.e., take
C =[0,5x 1072, 0], the wave will not move
as time changes which is similar to the case
in [23]. The deflection is due to the cubic and
quintic terms.
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Fig. 3 Two-soliton solutions of the reverse-space equation (2) and the corresponding configuration of the eigenvalues with C =
[1072,5 x 1072,5 x 1072]

Case2 Ay € Cy, hp € C_and Ay =

Case 3

—)»T, )_»2 =
—A7.

In this case, the solution |g]| is a periodically
singular two-solitary wave. It consists of
two crossed singular solitary waves. And the
amplitude of singular solitary waves changes
exponentially with time. Here, we take the
parameters

e e L
T A
- .2 T
)\,]:—)\, = = - —,

96
a=a=by=b=1, aa=>b =21,
ay = b= -, (72)

to explain. The corresponding figure and the
spectral configuration are shown in Fig.3-
(b1) and (b>). We can see that the amplitudes
of the two solitons both increase exponen-
tially with time. The directions of the move-
ment of two singular solitons are also differ-
ent. But the solution is not a simple nonlinear
superposition of two singular solitons.

If A\y = =43 # 0 and R =0 (k=1,2).
By Theorem 1, when A, = —AT, the eigen-
vectors a; = by and by = aj. In this case, the
solution behaves as a new two-soliton waves

Case 4

which consisted of three waves that collapse
repeatedly. We take

A =—Az*=i+fi, e =—%i,
10 5 5

T, =

2 10°

alzc_llzbz:—l;z:&z:l,

- 2
ap=by =1-1i, b]:%(l—i). (73)

to declare. The spectral configuration and
the corresponding figure are shown in Fig.3-
(c1) and (c2). We can see that there is a sin-
gular wave near x = 0 and two traveling
waves crossed with the standing wave. It is
mentioned that the amplitude of the middle
wave did not change, but the amplitudes of
the other two traveling waves increase expo-
nentially and decrease exponentially, respec-
tively. Different from the classical NLS equa-
tion [23], the singular wave in the middle
deflects some angle under the influence of
the high-order terms.

If ") = 0k = 1,2) and &y = —1% # 0.

The spectral configuration and the corre-
sponding figure are shown in Fig.3-(d;) and
(d»), where the spectral parameters are

A=A =g = =3 o = {5(74)
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We can see that the changing trend of ampli-
tudes is opposite with other parameters being
same as Case 3. The two-soliton solution is
similar to the solution of Case 3.

4.1.3 Bound state two-soliton solutions for equation

2)

In fact, for Case 2, when A; = A}, Ay = A3 or
A = A3, A2 = A%, the two-soliton solution is non-
singular and remains bounded with time. Due to the
diversity of parameter values, we exhibit the case A1 =
)_»’lk, Ay = )_\3. With different values of C, the bound
state is quite different with the case in [23]. It is inter-
esting that when the coefficients of the cubic or quintic
terms are not 0, the bounded soliton degenerates to the
ordinary two soliton, but the situation is completely dif-
ferent from the ordinary two solitons when two solitons
collide. When C = [1072, 5x 1072, 5x 1072], the cor-
responding figure is shown in Fig. 4-(a;), and the mag-
nification detailed plots of the intersection are shown
in Fig. 4-(ay), the peaks in the middle are deflected
as time changes which differ from the bound state for
the reverse-space NLS equation [23]. However, when
the coefficients of the cubic and quintic terms are O in
Fig. 4-(b1) and (by), the bounded soliton is similar to
the corresponding case in [23]. Without loss of gener-
ality, the other parameters in Fig. 4-(a) and (b) are

_ T _
pL=—p1=—7, p2=p2=0,
A= —A _ !
1_ 1_5’
Az=—,‘\2=’§. (75)

For Case 3,if S(A1) = —J (A1) and R(A1) # R(Ap),
when C = [10_2, 5% 1072,5 x 10_2], we can get the
nonsingular solution as shown in Fig. 4-(c1), where the
two-solitary wave stay bounded at the beginning, but
ast — 00, the amplitudes tend to infinity with differ-
ent directions. Besides, when two solitons collide, the
intersection is breathing but is not symmetric about the
zero point with the changing amplitudes. The enlarged
view of collision is shown in Fig. 4-(¢). The increase
of the amplitudes is due to the difference of the real
part N(Ay) # R(A1). The parameters of Fig. 4-(c1) and
(cp) are

7 i - 9 i

)»1:—)»;=E+1, )»1:—5»;:———
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la1,b1] = —[a1.b1] = [1.1+1]
[a2. b2]
= [az. by] = [—-1,—1]. (76)

Besides, when (A1) = M), the two solitary waves
collide elastically and the amplitudes do not change
with time. The wave will always be bounded. Taking the
same C as in Fig. 4-(c1), Fig. 4-(d1) and (d») shows the
plot and the enlarged view of intersection with param-
eters

- - 2 i
)\.=)\.*=—)\‘*=—)\‘ = — =,
e 2= =51y

[a1.b1] = [b2. a2l = [-1, =2 + 1],

la1, b1] = = [b2, 2] = [1,2+]. (77)

4.2 Dynamics behaviors of reverse-time equation (3)

By Theorem 3, when A is the eigenvalues of the scat-
tering equation (13), Ay = —A is the eigenvalues of
the adjoining scattering equation (24). Without loss of
generality, take ay = ar = 1,k =1,2,..., N, and by
the corresponding parameters by = by.

4.2.1 One-soliton solutions for equation (3)

When N = 1 in (37) and by Theorem 2, b; = b,
and A = Aj, take a; = a; = 1, then the one-soliton
solution of equation (2) can be obtained where 6 and
g contain two spectral parameters 1| € Cy, X eC_
and p1 and p; are any real constants.
eé] —60;
q = —4r; —, (78)
ble§1+91 + (ble0_1+01>

By equation (78), when b1e?1t%1 = | the soliton is
singular. So if R(x1) = 0 and b, is a real number, the
soliton (78) solution has no singularity and behaves
as a fundamental soliton. Next, we study the situation
when 9N(A1) # 0. We mainly consider the influence of
the fifth-order term of the reverse-time GNLS equation
(3), so we only consider the situation when 8 # 0 and
other parameters are zeros. Other situations can also be
studied in a similar way.

When the absolute value of g8 is small, the soli-
ton solution behaves as a amplitude-varying wave and
it does not collapse and move as time go on. How-
ever, with the value of B growing, wave packets start
to appear where the amplitude of the soliton is small.
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Fig. 4 Bound states of two-soliton solutions of the reverse-space equation (2) and the corresponding magnification detail plots

As the value of B increases, more wave packets begin
to appear and a soliton that periodically collapses is
formed. This phenomenon is absent in classical equa-
tions in [23]. Besides, the trajectory of the wave also
begins to deflect as the value of 8 increases.

The amplitude of the soliton increases or decreases
with time which is depended by the sign of 9i(Ay).
When 9i(A1) > 0, the amplitude grows with time, and
when M(A;) < 0, the amplitude decays with time. In
Fig. 5-(a) and (c) with R(r1) = 10~1, their heights
are increasing along the propagation direction, and in
Fig. 5-(b) and (d) with R(r1) = —1071, the amplitude
shows the opposite trend. Fig. 5-(a) and (b) shows the
amplitude increasing and decreasing solitons where the
parameter 8 = 5 x 10~!. When the coefficient of the
fifth-order term S grows to 1, we can get the periodic
collapsed solitons with varying amplitude which are
shown in Fig. 5-(c) and (d). The other parameters in
Fig. 5 are same with J(11) = % andb; =1+ %

By the analysis above, we can see that the nonlo-
cal fifth-order terms play an important role in the evo-
lutionary behavior of soliton; compared to the clas-
sical reverse-time NLS equation in [23], the nonlo-
cal reverse-time GNLS equations has a richer dynamic
behavior for the solitons.

4.2.2 Two-soliton solutions for equation (3)

When we take N = 2 in the N-soliton solutions, we can
get the two-soliton solutions for the (3). By Theorem

§

(c,)

3, we can get that Xk = —ix and for the sake of conve-
nience, set ay = ax = 1, by = by (k = 1, 2). Through
our analysis, in this case, the higher-order term coef-
ficients do not affect the basic classification of eigen-
values configurations. So, we consider the following
eigenvalues configurations.

Firstly, when J(A1) # I(A2), R(r1) # NR(X2) and
SR AE) # 0,k = 1,2. With various values of
br(k = 1, 2), the two-soliton solution is singular wave
consisted by two amplitude-changing singular solitary
wave. Fig. 6-(a1) and (a») shows the corresponding plot
and configuration, where the parameters are

_ 1 _
AM=—Al=—4+—, A= —A

1 1 10-1-4 2 2
S B S (79)
T T Ty T

Secondly, when J(A1) = J(A2), R(r1) # NR(r2) and
SR (Ak) # 0,k = 1, 2. In this case, |g]| is a non-
singular wave consisted by crossed two amplitude-
changing solitary waves. The changing trend is also
determined by the difference between |[R(Ax)|(k =
1,2). And when [R(X1)| > [R(X2)|, the amplitude
grows with time; we take

_ 1 _
M=—A =+ A=—A

5710
_ L, ] (80)
T A AR

to illustrate, the figure and the corresponding spec-
tral configuration are shown in Fig. 6-(b1) and ().
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(b)

Fig. 5 One-soliton solutions of the reverse-time equation (2)

Besides, when |[R(A1)| < |9(A2)|, the amplitude of
two waves decreases with time. Changing the value of
Az only in 80 and taking Ao = —1/4 + %, we can get
the decreasing wave and the spectral configuration in
Fig. 6-(c1) and (c2).

Thirdly, if A = —A} and the eigenvectors vjp =
V3, the amplitude of two waves will not change with
time, the plot and the corresponding spectral configu-
ration with

_ 1 i _
)\.Z—)\, = — —,)\, :—)\‘
1 1 10+3 2 2
1 I I
=——4 -, b1 =bl=1+—. 81
10+3, 1 b +2 (81)

which are exhibited in Fig. 6-(d;) and (d>).

4.3 Dynamics behaviors of reverse-space-time
equation (4)

By Theorem 4, when N=1, we can get the one-soliton
solution for the reverse-time equation (4)

—2w) (—X| + }\,1) e*ZMI(lGﬁMAJrM)thMlx

= - - . 82
lq| 1+wlwle—zi(mﬁm—16ﬁl\§+,\12—,\{)r—2i(—AH—AI)X’ ( )

where w1 and w; can be 1. The velocity is
B 1683I(M° — X)) + 312 =)
R ()» 1 — )»1)
The amplitude of |g| changes when x = vz, and the
expression can be exhibited as

eAt

1 4+ wieiB?

lg ()] = 2[x1 — A1l (83)

where

A =2300)v +3283(3) +23(AD),

B = =200 — ADv — 32BRGT — A7) — 2003 — A,
Substituting the v into the above equations, we have

A —43(ADI(A)Ag

301 =) .,
Z[S(M—M) +9 (A =) ]BO
a Sy = A1) '
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with
Ao = [83 ()" = 803 (1) 9t (11)° + 400 (110)* — 8
SD* +803 (A)2 R (A2
—4om(xl)4]ﬂ 9 (0 — A1),
By = [64% (1) 9 (R1) + 163 (11)* i (a)
+483 (11)7 9 (A1) 3 ()
+323 (11)2 S ) R (Ap) — 643 (A1) 9 ()
—483 (A1) % (R1)2 9N (A1)
+323 (A1) % (A1) S (p? =323 (A1) % (1)
R ()2 +483 (11) S )2 R (Ap)
—163 (110) 9 (A1) — 169 (11)* 3 (1)
—329 (11)*
SR (A1)
F16% (A1) S (h1) — 48% (A1)
I () (F (e1))? + 64 (1) % (1)
—643 (L) N (11)3] B—5(h1+2).

IfA #0,i.e., Ag # 0, the amplitude changes exponen-
tially with time, and when A = 0, the amplitude will be
a constant. Moreover, if B # 0, this soliton is singular
at some time, i.e., it collapses periodically with period
%. The soliton will not be singular and ww = 1 and
B = 0. Here, we take the following sets of values.

We take the values in Table 1 to illustrate. Among
them, the values of set [m] (m = 1, 2, ...5) are related
to the evolution plots and the eigenvalue configurations
of |¢g| in Fig. (7)-(a), (b)...(d), respectively. When the
real and imaginary parts of the two sets of eigenval-
ues are not equal, i.e., the eigenvalues and the corre-
sponding eigenvectors A1, (a1, b1), 1 and (&1, 51) take
the values of group [1] and [2] in Table 1, we can get
the periodically collapse one-soliton solution for the
reverse-time Eq. (4) when the amplitude is increasing
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Fig. 6 Two-soliton solutions and the corresponding spectral configurations of the reverse-time equation (2)

Table 1 Values under reverse-space-time reduction

Number A (ax, by) Mk (ax, bx)
(1] S+ i (D -1-%i  (1L-D
2] 2+ 4 (1,1) -3 (L-D
3] 244 (1,1 -3 (1,1
[4] &2 1,1 w5—3 (LD
(5] L+ (1, 1) -1-4 (LD

and decreasing, respectively, in Fig. (7)-(a), (b). Figure
(7)-(c) shows the evolution plot the eigenvalue config-
uration of the fundamental one soliton when A; = A;.
Besides, Fig. (7)-(d) and (e) shows the evolution plots
the eigenvalue configurations of the nonsingular one
solitons with changing amplitudes.

Next, we consider the nonlinear superposition of
one-soliton in Fig. 7. We found that the direct nonlinear
superpositions of the values directly lead to the overlay
of the evolutionary behaviors. This is a very interesting
phenomenon, and the reverse-space and reverse-time
equations do not maintain.

According to this phenomenon, we can get some
new two two-solitary solutions by the superpositions
directly of two set values of single-soliton solutions
which is shown in Fig. 8. In order to express conve-
niently, we sign [m, ma] (my,my = 1,2..5) as Ay,

(a1, b1), A and (a, by ) take the values of group [m ] in
table 1 and 2, (a2, b2), A2 and (a2, by) take the values
of group [m3] in table 1. When the values are taken as
[1, 2], the periodically collapsed two-soliton solution
is consisted of two periodically collapsed single soli-
tons. It can be seen from Fig. 8-(a) that it is completely
a nonlinear superposition of the (a) and (b) of Fig. 7.
Besides, we can get the two-soliton solution containing
a singular periodically collapsed soliton and a constant-
amplitude soliton in Fig. 8-(b) with the values [1, 3].
The two-soliton solution consisted of a periodically
collapsed singular soliton and amplitude-decreasing
soliton in Fig. 8-(c) with the values [1, 4] and two-
soliton solution consisted of a constant-amplitude soli-
ton and a amplitude-decreasing soliton in Fig. 8-(d)
with the values [3, 4]. Furthermore, with changing g,
the fifth-order terms did not influence the property
of nonlinear superposition for the reverse-space-time
equation (4) via a wide range of parameter values.

5 Conclusion

In conclusion, we have constructed the RHP of the
GNLS system (1) and exhibited the general new N-
soliton solutions for NGNLS (2), (3) and (4). In [28],
they only investigated the influences of the highest
order terms for the dynamic behaviors of solitons; here,
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Fig. 8 Two-soliton solutions of the reverse-space-time equation (4)

we analyzed the third-, fourth- and fifth-order terms and
their mixed effects. In [35], by Darboux transformation,
some new structures of solutions were obtained, but the
distribution of the spectrum to the structures of the solu-
tions could not be analyzed. However, by Riemann—
Hilbert problem, we not only found the influence of
the distribution of the spectrum and the coefficients of
higher-order terms but also obtained some novel fea-
tures of the dynamic behaviors of the one-soliton and
two-soliton solutions for the NGNLS system.

By the various symmetry relations of the scattering
data for the reverse-space, reverse-time and reverse-
space-time NGNLS Egq. (2), (3) and (4), some novel
soliton solutions for the NGNLS equations which are
quite different with the local ones are obtained. Besides,
there are great differences of the soliton behaviors
between the NGNLS equations and the GNLS equa-
tion. The dynamic behaviors of the one-soliton and two-
soliton solutions have been analyzed for the NGNLS
equations.

For the reverse-space NGNLS equation (2), we
found some novel features of the dynamic behaviors of
the one-soliton and two-soliton solutions. Firstly, as for
the singular one-soliton solution, the sign of the coeffi-
cients of the cubic and quintic terms « and 8 determines
the amplitude-changing trend for singular one-soliton

@ Springer

solution. If @ > 0, the amplitude of the singular one-
soliton solution that collapses periodically grows with
time. On the contrary, it decreases with time. Besides,
new two-soliton solutions under four different spectral
configurations for equation (2) were obtained. Some
of the two-soliton solutions are similar to the result of
the classical nonlocal NLS equation in [23]; however,
the solutions of Case 1 and Case 2 are quite different,
the higher-order terms bring stronger deformations and
deflections of the solutions which lead to the different
shapes and transmissions over time. When referring
to the bound states of the two-soliton solution, in Fig.
4-(ay), when C # 0, the intersection of two solitons
behaves as a breathing waves whose crest is deflected.
But when C = 0, the solution keeps breathing over
time.

For the reverse-time NGNLS equation (3), there is
an interesting phenomenon of the one-soliton solution.
When the parameter § is small, the soliton behaves
as a amplitude-changing soliton. As the value of B
increases, the soliton began to become singular. The
changing trend of the soliton is affected by the sign
of M(A1). For two-soliton solutions, we get three new
kinds of solutions of equation (3) that is quite different
with the reverse-space equation (2). The three solu-
tions are shown in Fig.6-(a), (b) and (c), respectively.
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However, the two-soliton solutions do not describe a
nonlinear superposition of fundamental solitons both
in NGNLS equations (2) and (3).

For the reverse-space-time NGNLS equation (4),
through direct parameter superposition, the corre-
sponding two-soliton solutions were also a direct non-
linear superposition of the two one-soliton waves. By
this particular property, we found some new structures
of the two-soliton solutions. Three novel two-soliton
solutions for the equation (4) that the previous two
NGNLS equations (2) (3) did not possess are shown
in Fig.8. They are the two-soliton waves composed of
a singular single soliton with variable amplitude and
a nonsingular single soliton with constant amplitude,
the two-soliton waves composed of a singular single
soliton with variable amplitude and a nonsingular sin-
gle soliton with variable amplitude and the two-soliton
waves composed of a nonsingular single soliton with
variable amplitude and a nonsingular single soliton
with constant amplitude, respectively.

These findings reveal the novel and rich soliton
structures of the three nonlocal equations (2), (3) and
(4) and allow further research of multi-solitons in the
other nonlocal equations. It also has some significance
for studying other solutions of various nonlocal sys-
tems and avoiding some situations in the future.
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