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HIGHER-ORDER HYBRID-PATTERN SOLITONS ON THE n-PERIODIC BACKGROUND
FOR THE REVERSE-SPACE-TIME DERIVATIVE NONLINEAR SCHRODINGER EQUATION

HUIJUAN ZHOU, YONG CHEN*, XIAOYAN TANG, AND YUQI LI

ABSTRACT. The Darboux transformation formulae for the reverse-space-time derivative nonlinear Schrodinger equation
are given by using concise expressions. At the same time, the n-solitons, n-periodic solutions, higher-order hybrid-
pattern solitons and some mixed solutions are obtained through Darboux transformation formulae. It’s worth mention-
ing that the solution of reverse-space-time DNLS equation can be reduced to the solution of local DNLS equation by
symmetry relation. In the case of zero seed solution, the fact that solution ¢[N] at origin depends only on the spectral
parameters is proved. Also, the amplitudes of n-solitons, n-periodic solutions, higher-order solitons and mixed solutions
are derived. Moreover, many interesting new phenomena are discovered through detailed dynamic analysis of these
solutions. For example, interactions of n-periodic waves produce peaks with different amplitudes and size. Soliton on
the periodic background looks very similar to breathers due to the interception of the periodic background. Finally, the
modulational instability analysis for the reverse-space-time derivative nonlinear Schrodinger equation is studied. The
results are useful for describing the interaction process of solitons interference by n-periodic waves in the ocean and
other fields.

Keywords:Darboux transformation; Reverse-space-time derivative nonlinear Schréodinger equation; n-periodic solution;
High-order hybrid-pattern solitons on the n-periodic background.

1. INTRODUCTION

Starting from the Kaup-Newell system [155]:

iqt — Qeg — i(qzr)x =0,

iy + Ty — i(qu)I =0.

(1.1)

When r(x,t) = —¢*(x,t), the derivative nonlinear Schrodinger equation (DNLS) [619)
i = gz +1(°¢")2 = 0, (1.2)

is derived from the Kaup-Newell system and the integrability of DNLS was proved by Kaup and Newell in 1978.
The DNLS equations arise in the study of circular polarized Alfvén waves in plasma , propagating parallel to
the magnetic field , which is one of the most important integrable systems in mathematics and physics. Here in
Eq. the complex function ¢ = ¢(x,t) denotes the wave envelopes, the superscript * denotes complex conjugation
and the subscripts « and ¢ denote the partial derivatives with respect to x and ¢, respectively. In nonlinear optics, the
DNLS is gauge equivalent to the modified nonlinear Schrodinger equation, which has important physical significance
in the theory of ultrashort femtosecond nonlinear pulse . In addition, the filamentation of lower-hybrid waves can
be simulated by the DNLS which governs the asymptotic state of the filamentation, and it admits moving solitary
envelope solutions for the electric field . Ichikawa et al. obtained the peculiar structure of spiky modulation
of amplitude and phase, which arises from the derivative nonlinear coupling term. The equation is also used to
describe large-amplitude magnetohydrodynamic waves of plasmas 7 the sub-picosecond and femtosecond pulses
in single-mode optical fiber [17H19].

Due to generating many new physical phenomena and having important physical significance when nonlocal terms
are added to nonlinear equations, the nonlocal equations have been studied by many researchers from different view-
points and perspectives in recent years [20H22]. The PT-symmetric, reverse-time and reverse-space-time nonlocal
DNLS are three types nonlocal DNLS equations which were first proposed by Ablowitz and Musslimani .
Among them, the reverse-space-time DNLS equation is as follows

1qt — Qe + i(QQQ(_xa _t))a: =0, (13)

which is derived from the Kaup-Newell system with ¢(z,t) = —r(—z, —t). The symmetry reductions of reverse-space-
time DNLS equation are nonlocal both in space and time. Note that the Lax pair of Kaup-Newell systems is

U, =UU, U,=VU.

The eigenfunction ¥ = ( f,k ) associated with eigenvalue \;. U and V are functional matrices with spectral
E

parameters A;. Under the different reduction conditions, the symmetry relation of eigenfunctions are also different.
The reverse-space-time DNLS equation has the following property :

br (2, t; M) = or(—2, —t; M)
1
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For the DNLS equation, the eigenfunctions admit the following symmetry conditions:
(): A= —AL, 6F = ou:
(ii): A\ ==X\, ¢F = @1, pf = ¢, where k # 1.

From the symmetry relation between DNLS equation and reverse-space-time DNLS equation, it can be seen that
the solution of DNLS equation is also the solution of reverse-space-time DNLS equation. Therefore, in this paper, we
study reverse-space-time DNLS equation instead of DNLS or other types of nonlocal DNLS equation. The reverse-
space-time DNLS equation has many physical applications in optics, ocean water waves, quantum entanglement and
an unconventional system of magnetics and so on [25]. The solution of reverse-space-time DNLS equation can extend
the solution of the local equation to a more general case and deepen the physical research.

In 1965, Kruskal and Zabusky studied the entire process of the interaction between two soliton waves of the KdV
equation in detail and found that the solitary waves had the properties of elastic collision [30]. Except for the
elastic collision, resonance of solitons is also an important natural phenomenon which may lead to a disaster. Some
important results of soliton solutions of DNLS equation have been derived by different approaches. With the help
of the Hirota bilinear transformation method [31], the N-soliton formula of the DNLS was constructed by Nakamura
and Chen. Huang and Chen established the determinant form of N-soliton formula based on Darboux transform (DT)
technique [32]. Kamchatnov etc. studied the formation of solitons on the sharp front of optical pulse in an optical
fiber according to the DNLS equation [34]. The compact N-soliton formulae with both asymptotically vanishing and
nonvanishing amplitudes were obtained by iterating Backlund transformation of the DNLS equation [35]. High-order
solitons of DNLS equation were studied by the generalized DT [36]. Multi-solitons of three-component coupled DNLS
equation were constructed in [37].

In 1987, exact representations of double-periodic solutions were constructed in [39] by separating the variables and
reducing the NLS equation to the first-order quadratures. In 2012, Hu, Lou and Chen derived cnoidal periodic wave
solution by nonlocal symmetries [40]. He and Tao et.al obtained periodic background of variable coefficients integrable
equation in [41]. In 2014, Kedziora, Ankiewicz and Akhmedie constructed rogue waves and solitons on a cnoidal
background [42]. Huang and Ling constructed periodical solutions by PT symmetry in 2016 [43]. In 2017, Zhao and
Ling et al. studied rogue wave excitation pattern in a two-component Bose-Einstein condensate with pair-transition
effects. The results indicate that rogue wave excitation can exist on a stripe phase background for which there are
cosine and sine wave background in the two components respectively [44]. In [45], Chen and Pelinovsky constructed
two families of travelling periodic waves of the mKdV equation in the focusing case expressed by the Jacobian elliptic
functions dn and cn. In [46], Liu, Zhang and He constructed the rogue waves on the periodic background by using
generalized odd-order DT. Xue etc. studied breathers and breather-rogue waves on a periodic background for the
DNLS equation [47]. In [48], Zhou and Chen constructed the double-periodic by DT with a plane wave seed solution.

In the ocean, the surface of the ocean is usually in the form of quasi-periodic waves due to the motion of the ocean
and other factors. Obviously, pure soliton interactions only appear in the lab, in the complicated natural environment,
interaction process of solitons are often interference by other waves, such as: the periodic waves. European Space
Agency image of waves in Hudson Bay on July 18,1992. In addition to the most obvious grid soliton wave with periodic
waves, there are two newly generated bar solitary waves, a boat and its tail wave. SAR image of the Mediterranean
Sea near the Strait of Gibraltar taken by the European Space Agency on July 19, 1994. It shows a family of solitons
with a quasi-periodic background curve on the Mediterranean side of the Strait of Gibraltar, propagating in the
direction of the Alboran Sea. The large packet of solitons with quasi-periodic waves radiating eastward from the
Strait of Gibraltar, having been formed by intense westward tidal flow across the Camarinal Sill several hours earlier.
The ocean solitary waves in [38] are obviously not simple elastic collisions, but solitary wave motions under quasi-
periodic wave background interference, so studying the solitons on the n-periodic background can better reflect the
real situation.

In this investigation, the DT formulae are given by using concise expressions. Then giving a zero seed solution, the
solution ¢g[N] obtained by N-fold DT at origin is equal to —2¢ Zf;l A;j, which depends only on the spectral parameters
is proved. Solitons(including elastic collision and velocity resonance solitons), periodic solution and multi-soliton on
the n-periodic background are constructed by the even-fold DT. Higher-order soliton and higher-order soliton on
the n-periodic background are constructed by degenerate DT and semi-degenerate DT. The higher-order hybrid-
pattern solitons and higher-order hybrid-pattern solitons on the n-periodic background are constructed by generalized
degenerate and semi-degenerate DT. Also the amplitudes of m-solitons, n-periodic solutions, higher-order solitons and
mixed solutions are derived. Moreover, many interesting new phenomena are discovered through dynamic analysis
of these solutions and the analysis for these phenomena are given in detail. In particular, the periodic solutions and
soliton solutions can be transformed into zero solution when Eévzl Aj = 0. We also give the Modulation instability (MI)
for the Reverse-space-time DNLS equation. These results would also be useful for understanding the corresponding
soliton phenomena in many fields of local and nonlocal nonlinear dynamical systems such as ocean, nonlinear optics,
Bose-Einstein condensates and other relevant fields [49-54).

The organizational structure of this paper is as follows. In Section 2, multi-solitons on the n-periodic background are
given by N-fold DT formula. Higher-order solitons on the n-periodic backgrounds are obtained by the semi-degenerate
DT formula in Section 3. In Section 4, we construct high-order hybrid-pattern solitons on the n-periodic background
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by generalized semi-degenerate DT formula. In Section 5, modulation instability analysis of reverse-space-time DNLS
equation is given. The final section is devoted to conclusion.

2. MULTI-SOLITONS ON THE n-PERIODIC BACKGROUND

The Lax pair of reverse-space-time DNLS equation is shown as follows.
U, = (icA> + QA\) ¥ = U, (2.1)

Uy = (210" + VA2 + Vo024 VIA) U = VT, (2.2)

‘I’:(z)’ ":((1) —01>’ Q:(_Q(_Omv_t) g)’

V3=2Q, V2=iQ* Vi=Q’+iQq0.
The spectral parameter A is an arbitrary complex number, ¥ is the eigenfunction corresponds to A. The symmetric
relation of the eigenfunction corresponding to the spectrum problem Eq.(2.1)) and Eq.(2.2)) given in the form of lemma.

with

Lemma 1. Introducing ¥; = ( ?; ) = ( 05 (@1, 25) ) ,j = 1,2,..., which is the eigenfunction of the Lax pair

([2.1) and (2.2)) associated with X = X;. The eigenfunction admit the following symmetry condition:
( oz, t; 7)) ) _ ( o=z, —t; \;) > . (2.3)
cp(x,t; >‘]) ¢(—$7 _t;>\j)

The eigenfunctions admit the following symmetry condition:

(Sl ) = (o).

A7)

J

A7)

where ( z((i’ i’ : ) is an eigenfunction associated with A = A;.

Proof. Form the z part of the Lax pair Eq.(2.1)) and Eq.(2.2), one has

( j’iﬁiiiﬁ > = —q(—??—tm q(f%i?j )( iiiiii)) )
Let x = —x, t = —t then
(o)) = Gy, ) (0.
(s ) = ( o, e )Ty
So
(5on i) Jma (400 00))

satisfy the same spectral problem. Taking a similar procedure, the symmetry proper also holds for the ¢ part of the

Lax pair. That means, if ( Z((f:’ i’ ij)) ) is the eigenfunction of Eq.(2.1)) and Eq.(2.2)) corresponding to A;, then so is
s Uy Ag

(o). 0

Considering the gauge transformation
U[N]|=TY, (2.4)
the spectral problem (2.1)) and (2.2)) are transformed to

\I/[N]x = U[N]\II[NL U[N] = U|q(w,t)—>q[N](ac,t),q(—w,—t)—)q[N](—a:,—t) ’

2.5
U[N], = VINJYIN],  VIN] = V| 00 —alNi@6)a(—z—t)—a[N)(—a,—1) - 25)
Based on the Eq. (2.5, the following conclusions are given
T, =U[N|T — TU, (2.6)
T, = VIN|T = TV, (2.7)

Furthermore, the following identity is deduced
U[N]; = VIN]s + [UIN],VIN]] = T(U; = Vo + [U, V)T (2.8)
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That is, the same equation (1.3)) is derived with g(x,t) — ¢[N](x,t), where ¢[N] in the spectral problem ([2.5) is also
a solution of Eq. (1.3).

DT can construct solutions of the integrable equation by pure algebraic construction, which has unique advantage
in solving integrable equations. To construct the N-fold DT of Eq.(1.3), we consider the Darboux matrix 7" in Eq.

(2.4) in the form
(5] _ o
T 2 ( aN72Z)\N 20 bN72271)\N 20—1 )
~ CN,2271>\N72£71 dNiﬂ/\NfQZ
Where [%] is a least integer function, ag, by, cg and dy are constants. When the subscripts of ay_2¢, by_2¢—1, CN_20-1
and dy_op less than zero, the elements are zero, other elements of matrix T are functions about x and t.

Considering the kernel problem of DT matrix 7T i.e.,

[

w|2

Ty ;= ] an-2A] ¥ bz T o =0,j=1,2,---,N (2.9)
A=X; T yourt CN72Z71>\§V72[71 de ZA§V72Z 7 5J ) 4y B . .

Using Cramer’s rule, the concrete expression of the new solution ¢[/N] can be seen in the theorem as below.

Theorem 2. The solution q[N] for the Eq. (1.3) is given in the following N-fold DT formula.

_|M?| . |MH]
BT =T

q[N] q+2 (2.10)

where M = (Mji)1<jk<n, H = (Hji)1<jr<n and P = (Pjr)1<jr<n-

MV=Fp k= odd;
M‘ — Wi Jo )
ik { )\j-v_kqu, k = even.
)\;»Vd)j, k = 1,
Hj =14 X "¢, k=ecven>2; (2.11)
AR, k= odd.

AV=Rgi k= odd;
- g 79 )
Pix { )\;V_kgoj, k = even.

In order to study the new solutions of Eq. (1.3 by using the N-fold DT. First substituting the seed solution
q(z,t) = q(—x,—t) = 0 into Lax pair (2.1) and (2.2), then the eigenfunction is solved as

_— 6\ ei()\?w+2/\?t) 919
Jj= ©; - 6—i(,\§x+2A§t) : (2.12)
Then we can construct important solutions for the reverse-space-time DNLS equation by substituting the eigen-

function Eq.(2.12)) into N-fold DT formula ([2.10]).

Theorem 3. Tuking seed solution ¢ =0 in (2.10), then the solution q[N]=—2i Zjvzl Aj at origin (z,t) = (0,0).

Proof. Taking seed solution ¢ = 0, x =0 and ¢t = 0 in the following.

=2 | _ —2i Y Aj. (2.13)

So solution ¢[N] derived by seed solution ¢ = 0 at point (z,¢)=(0,0) is —2i Z;V=1 Aj. O
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N=1: the solution ¢[1] with A\; = a3 + if; is expressed as follows
q[1] = (2iaq — 2[‘31)6iA+B,
A= —2(2ait — 120387t + 261t + afx — Bix), (2.14)
B = 2(8a3 81t — 8ay B3t + 20 B1).

When a3 31 = 0, |g[1]] (o + B#), which is a plane wave with height of 2/a? + 7.
2
ar

2 _ 4
When ay 81 # 0, |q[1]]2 = 4(a? + p2)eBerfr(4oit=45it+2) which is an exponentially growing curved surface wave.

N=2: Let A\; = a1 +if1, A2 = az + if2, an explicit expression of ¢[2] is as follows.

B 2i§16iAlB[C1B sin Ay sin Az + (o sin(Az — Ayg) + (1 cos Ay cos Aj)

P : , 2.15
a2 [Casin (A3 — Ag) — (1 cos (A3 + Ay))? (2:15)
where
B = cosh A2 — sinh AQ,
Ay = (207 — 120767 + 205 — 120583 + 28] + 263)t — (—ai — a3 + 7 + 3z,
Ay = (8aip — 8au B} + 8aj By — Baa33)t + 2z (1 B1 + a2 Ba), (2.16)

1
Az = 205t + 8ial fot 4 (—12B3t + x)a — 8i(Bat — ZE)BQO&Q + 285t — B,

1
Ay =20t + 8iad it + (—1267t + x)af — 8i( Bt — Za:)ﬁloq + 2B}t — Bix,
GQ=a1+ify —az—ifs, C=ia+iay— P —fa
When ay = ay, B2 = —f1 or as = —aq, B2 = 1, then Ay =0 and Az + A4 = 0 in the Eq.(2.15). Now the soliton
solution can be constructed. Namely, the soliton solution can be constructed by taking Ao = £} = £(ay — if1).
Without loss of generality, let Ao = —A] = —a1 + 451, then
¢1cosh (F —iH) 4 i¢ysinh (F — iH)

_ 1 H
2] = —2Ge (iCo sinh (F — iH) — m)? 7

(2.17)

where
H =2(af — )z + 4(8] — 60187 + al)t),

2.18
F = 160381t — 160, B3t + 4ay fr 2. (2.18)

The center trajectory equation of solution ¢[2] is calculated as x = 4(8? — a?)t and the amplitude of ¢[2] is 4|31].
Furthermore, ¢[2] become a rational soliton solution by the limit technique a; — 0,

B 2T (2BY1=2) (64t 35 — 16033 — 45;)
T 1 - 256652 + 12835 tx + (32it — 1622)3 — 8if2a’

al2), (2.19)

_ 1637

— (16Bft—4pZx)2+1°

whole (z,t) plane and its trajectory is defined explicitly by x = 43%¢.
When ag = ag = 0 or 1 = f2 = 0 then Ay = 0 in Eq.(2.15). It’s mean ¢[2] can represent periodic solutions

when A; and Ay are pure imaginary numbers or real numbers. For example A\; = i1, Ay = i and 1 # +52 in the

B T3,

where (3; is an arbitrary real constant. From |q[2],|? we know that ¢[2], is an analytical solution at

(1 cos (Kl — Kg) + (3 sin (Kl — Kg)

q[2] = 2i¢ et FatKz) : , 2.20
[ } [7C1 COS (Kl +K2) +C2 SlIl(Kl 7K2)]2 ( )
where K; = 2335(265t — x) and Ko = 237(28%t — ).
The periodic of ¢[2] is Wﬂﬁz The maximum and min amplitude of the periodic solution occurs at x = 2(8? +
1 2
4 4
Bt and z = %, the maximum and min amplitude of the periodic solution ¢[2] is 2(|B81| + |82|) and
1 2
T [‘312+/322
2 2 _ (B1 —=Bo)(B1+85)
a%n 4(’81;’5? (B1=P) e ﬁ2)1.(511;f2) 5aTa . We can control the amplitude and period of
<e (B1=B2)(B1+82) B, —e (BF1—B2)(B1+82) 52) B1 e (B1=PB2)(B1+82) —e (B1—F2)(B11+52) B,
the periodic solutions by adjusting parameter values 8 and f5. In particular, when 31 = —f3, the periodic solution

degenerates into a plane wave solution.
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Taking A; = if;, j = 1,..,2n, 2n = N, the n-periodic solutions can be constructed by N-fold DT formula ({2.10)
with zero seed solution.

Corollary 4. The height of n-periodic wave solutions q[N] is 2| Z?Zl Bjl,2n = N.

In Fig[l] we give the dynamics plot of periodic, double-periodic and three-periodic solutions. We plot the one-
periodic solution in Fig by taking 81 = 1, B2 = 0.5. Intuitively, a one-periodic solution looks like a set of parallel
solitons. Double-periodic solutions are two sets of parallel solitons with different directions. A peak is created at the
location of the periodic waves collision, so the double-periodic dynamic evolution looks like a set of parallel peaks with
equal amplitude (See Fig. A linear superposition of amplitudes can be generated when the two periodic waves
collisions and the amplitude of the double-periodic wave is 2(] Z;l'=1 B;1). Looking at the density diagram, we can see
that the double-periodic waves occur phase shifts, which is very similar to the elastic collision of solitons.

The dynamic evolution diagram of n-periodic solution (n > 2) will show more complex structure, because the elastic
collision of three periodic solutions with different directions and velocities, which will produce peaks with different
amplitudes and size. Due to the frequent collision of periodic waves will result in the frequent phase shift, the density
graph of n-periodic wave presents irregular curves (See Fig.

FIGURE 1. (a) Periodic solution: 1 = 1, B2 = 0.5; (b) Double-periodic solution: A\ = i, A2 = 0.5¢,
A3 = 0.14, Ay = v/2i; (c) Three-periodic solution: \; = 0.1, Ay = 0.9, A3 = 0.2i, Ay = 0.8i, A5 = 0.34,
/\6 = 071,

In the Fig. 2 we construct n-periodic solutions with different periods of the same amplitude by controlling param-
eters and show the cross-section of n-periodic solution when n = 1, 2, 3, 4. From the cross-sectional view, when n
is larger, the periodicity of the periodic wave is worse, and even the form of quasi rogue wave solution appears. The
reason for this is that when n increases, it is rare for n single periodic waves to collide completely.In the figure below,
we use different colors to represent n-periodic solutions with different parameters.

From the symmetry relation of DNLS equation and reverse-space-time DNLS equation, we know that when Ay is
pure imaginary number or A} = —\;, k # [. Solution and solution of reverse-space-time DNLS equation
are also the solutions of DNLS equation. In the following, we will give the multi-soliton souliton, n-periodic solution
and the mixed solution of reverse-space-time DNLS equation by the even-fold DT.

Taking Aop, = =A%, = —aok—1 +ifak—1, k=1,.n, n = % We can construct n-solitons solutions by N-fold DT.

Corollary 5. The height of n-solitons solutions q[N] is 4] Y p_y Bor—1|,n = 5.

When 32, | —a3,_, # vo, the elastic collision n-solitons can be obtained. Otherwise, we can construct the velocity
resonance n-solitons. Moreover, according to the center trajectory equation of the solution g[n], the propagation
direction and velocity of the soliton are affected by asi_1 and Bor_1. As an application, we show the elastic collision
two-soliton, three-soliton and four-soliton in the Fig3]

Also the velocity resonance of two-soliton, three-soliton and four-soliton are plot in Fig[d]

At the same time, The mixed solution of elastic collision solitons and velocity resonance solitons are plot in Fig. [5}
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g

3%

(d)

FIGURE 2. Periodic solution (a) Blue:8; = 0.1, S = 0.9; Black:8; = 0.2, 83 = 0.8; Green:; = 0.3,
B2 = 0.7; Red:8; = 0.4, B2 = 0.6; Double-periodic solution (b) Blue:A; = 0.1i, Ay = 0.9¢, A3 = 0.2i,
Ay = 0.87; Red:A\; = 0.17, Ay = 0.9, A3 = 0.2¢, Ay = 0.8¢; Three-periodic solution (c¢) Blue:\; = 0.14,
Ao = 0.94, A3 = 0.2, Ay = 0.8, s = 0.44, g = 0.6: Red: A\, = 0.14, Ay = 0.93, A3 = 0.2i, Ay = 0.84,
A5 = 0.3i, A\g = 0.7¢; Four-periodic solution (c¢) Blue: A; = 0.14, Ay = 0.9¢, A3 = 0.2¢, \y = 0.8,
/\5 = 032, )\6 = 071, )\7 = 0.4i, /\8 = 061, Red: )\1 = 0151, /\2 = 0852, )\3 = O.Qi, /\4 = 082,
As = 0.3i, Ag = 0.73,\7 = 0.44, \g = 0.6i.

bue biosdion
14 back:eeslfon
n e fowsdion

(a) (b)

FIGURE 3. (a) Two-soliton: Ay =1+, Ag = =141, A3 = 1+ i, Ay = —1 + 1i; (b) Three-soliton
A =144, A0 =144, A3 =1+2i, Ay = -1+ 3i, \s = 142, \¢ = —1 + 24; (c) Four-soliton:
M=1+40do=—-1+i, A3 =142, \g = =142, As =14+ 1i, \g = =1+ 1i, \r =244, A\g = —2+1;
(d)Cross section view of two-soliton, three-soliton and four-soliton.

We can get the ni-soliton on the n-periodic background by letting Aoy, = =A%, = —aop—1 +iB2k—1, k= 1,..,n1.
Aj =18, 7=1,.,2n,2(n1 +n) = N in the N-fold DT.

Corollary 6. The height of nq-soliton on the n-periodic background is 4] S" L, Bog—1| + 2| Z?Zl Bjl, 2(n1 +n) = N.

As an example, we just give the case of n =1 and 2. n=1, when n; = 1, one-soliton on the periodic background is
constructed. We can see from Fig. [] that the soliton looks very similar to the dynamic image of the breathers solution
due to the interception of the periodic background wave. We can also control the period of the periodic background
by adjusting the values of the spectral parameters. Fig. [6]is the soliton solution under different periodic background.
We can also see that the local structure of soliton on the periodic-background has a single peak with two caves which
is similar to the rogue waves. This gives us an idea to construct rogue wave solutions from zero seed solutions, but
the feasibility remains to be proved.

Then, elastic collision of two solitons on periodic background is constructed by setting n; = 2 (see Fig. [7(a)]). In
particular, if 5%;'—1 — agj_lzvo (v is constant), j = 1,2. Then the velocity resonance of two solitons on periodic-
background is derived (see Fig. [7(b)).

When n; = 3, elastic collision of three-solitons on periodic background is constructed (see Fig. . In particular,
if ,6’22j_1 — agj_lzvo, j =1,2 and v is constant, the elastic collision of velocity resonance two-solitons and one-soliton
on the periodic background is derived (see Fig. [8(b)).

n=2, one-soliton on the double-periodic background can be constructed by taking n; = 1. In order to see the
structure of soliton solution on the double-periodic background more clearly, we give a local magnification in the right
of Fig. [0

Moreover, ny = 2, elastic collision of two-solitons on the double-periodic background can be constructed (see Fig.
10(a)). In particular, if BJQ- — a?:vo (j = 1,2, vg is constant), then the velocity resonance of two-solitons on double-
periodic background is derived (see Fig. . The dynamic diagrams of these new solutions show very complex and
interesting wave structures, which were first plotted in this investigation.
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FIGURE 4. (a) Velocity resonance two-soliton: Ay = 1+, Ag = =144, A3 = 3+ 2, Ay = —1 +3i. (b)
Velocity resonance three-soliton: A\ =141, dg = =144, A3 =2+2¢, Ay = =242, A5 = %+ %z, Ag =
—%—l—%i; (¢) Velocity resonance four-soliton solution: A\; = 144, Ao = =144, A\3 = 5t+35%, A= —%—i—%z,

As=2+42i, A¢g =—2+2i, Ay =3+ 3i A\g = -3 + 3i.

3. HIGHER-ORDER SOLITON ON n-PERIODIC BACKGROUND

When considering iterations of DT, the same seed cannot be used twice. How to generate higher-order soliton is
an interesting problem, which must consider the nontrivial DT corresponding to A; — A;, namely the degenerate
Darboux transformation. To construct a n-periodic background, we also need to construct semi-degenerate DT in this
section. The specific form of the degenerate/semi-degenerate DT is given as below.

A1, j=odd <N —2¢ e ) .
Theorem 7. Let \; — { No. j=even< N —20. A2 = —A] = —aq +iB1. Degenerate and semi-degenerate DT

can be derived from N-fold DT formula (2.10) by Taylor expansion.

M |M||H|
qN = |P/|2 —|—QZ |P,|2 . (3'1)
Here
1\ Mj, N—20<jk<N.
H_{ij, N-20<j,k<N. (3.2)

P, n—=20<j,k<n.

M’ = lim O IMy (s + )
Ik T 50 (nj —1)!86”7'_1 ’

O YH!, (A +e€
Hlk:hm Jk( Jv_ )7
J e—0 (’I’Lj — 1)'86”7 1
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FiGure 5. (a) Elastic collision of one-soliton and velocity resonance two-soliton: A\ = 1 + 4,
Ao = =141, A3 =24+2i, \y = =24 2i, \s = 14+ 2i, \¢g = —1 + 2i. (b) Two velocity resonance
two-soliton: Ay = 1414, Ao = =144, A3 =2+2i, \y = —2+2i, \s =1+ %i, e = —1+ %i,

A7 = g +2i, Ag = —g + 2i; (c) Elastic collision of two-soliton and velocity resonance two-soliton:
M=14i de= 140 A =242, A= 2420, \s = 1+ 24, \g = —1+ 24, \p = Y11 44
Ag = —g + 1.
e {j + 1}
’ 2

Proof. Starting from formula (2.10), let A; — { i;: j;gii;
N is even number is considered, so we can take N = 2k at there.

Firstly, do the first order Taylor expansion in all the elements of the first and second row with respect to 1. Extract
€1 in the first and second row, then take ¢; — 0;

Secondly, taking Aokx—1-2¢/ = A1 + €2—1-2¢, A2k—2¢ = —A1 + €2k—1—2¢ and do the k — l-order Taylor expansion in
all the elements of the 2k — 1 — 2¢-th and 2k — 2/-th row with respect to €95_1_9¢. Subtract the first, third, ... |
(2k — 3 — 2¢)-th row from the (2k — 1 — 2¢)-th row and subtract the second, fourth, ... , (2k — 2 — 2¢)-th row from the
2k — 2(-th row. Extract ek '7¢,, in the (2k — 1 — 2¢)-th row and (2k — 2¢)-th row, then take e95x_1_9¢ — 0, where
€9k _1_2¢ 18 the real constant eg;

Then, all the elements of the (2k — 2¢ + 1)-th to the 2k-th row remain unchanged. Finally, the degenerate/semi-
degenerate DT formula g can be derived through determinant calculation. O

. It’s been stated in the article that only the case of

Theorem 8. The height of high-order solitons qn derived by £ =0 in (3.1) is N|A1 + Ao

Proof. Taking seed solution ¢ = 0, then we can derive the following conclusion from (3.1))
9 |M'H'|

=2

aN P2

We shall set x =0 and ¢ = 0 in a in following to study the height of high-order solitons qn without the loss of the
generality.

(3.3)

[M'(0,0)H"(0,0) _,,.[H'(0,0)]

0,.0) =22 —
v (0.0) = 2 5 oy "0,0)

= —iN()\l + /\2). (3.4)
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FIGURE 6. One soliton on the different periodic background (a): Ay = 1414, Ao = =144, A3 = ¢,
A= %Z, (b) A =144 Ao =—1414, A3 =14, \y = 2i.

-003 -002 -001 0
‘

FIGURE 7. (a) Two soliton on periodic background: Ay = 144, Ao = —1+41i, A3 = l—i—%i, A= —1—}—%2’,
As =1, A\g = %i; (b) Velocity resonance two solitons on periodic periodic: Ay = 1+, Ay = —1 44,

A3 =24 20, Ay = =24 20, A5 = 20, \g = 1.

So the height of high-order solitons ¢y in (3.1) is N|A; + Agl.
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FIGURE 8. (a) Three soliton on the periodic background: Ay = 1+, Aog = =1 44, A\3 = 1 + 2i,
M=—-1+2i, \s =1+ %i, e =—1+ %i, A7 = 0.1i, A\g = 4; (b) Elastic collision of velocity resonance
two-soliton and one-soliton on the periodic background: A\; = 141, Ao = —1 41, A3 = 2 + 24,
Ag=—=242i, A =1+ 3i, \g = =1+ 1i, \r = 0.14, Ag = 4.

FI1IGURE 9. One-soliton on the double-periodic background: \; = 1414, A\o = =144, A3 =1, Ay = %i,
s = 0.1i, A = V/2i.

FIGURE 10. (a) Velocity resonance two-soliton on the double-periodic background: A\; =1+, Ay =
1414, A3 =242, Ay = =2+2i, \s =1, g = %i, A = 0.1, \g = V/2i; (b) Elastic collision
two-soliton on the double-periodic background: \y =144, Ao = =141, A3 =14 24, Ay = —1 + 21,
As =1, A¢ = 24, A7 = 0.1, A\g = /2.

The higher-order soliton, higher-order soliton on the n-periodic background can be derived as follows by the degen-
erate and semi-degenerate DT, respectively.

Taking ¢ = 0 in Theorem 2, we can get degenerate DT. Then the higher-order soliton solution can be constructed
by using the degenerate DT. For example, in Theorem 2 by setting N = 4, 6 and 8, following the Fig. depicts
the second, third and fourth-order solitons.
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(d)

FIGURE 11. (a) Second-order soliton: Ay = 1+, A2 = —1+14; (b)Third-order soliton:\; = 1414, A =
—1 +4; (c¢) Fourth-order soliton: Ay = 1 44, A3 = —1 4+ ¢; (d) Cross section view of second-order
soliton, third-order soliton and fourth-order soliton.

By taking ¢ # 0 in Theorem 2, the semi-degenerate DT is derived. The n-periodic solution can be obtained when
taking ¢ # 0 and all the spectral parameters which are not degenerated in the semi-degenerate DT as imaginary or
real numbers. Since periodic solution and double-periodic solution can be constructed by 2-fold DT and 4-fold DT
respectively, as an example, we only consider the case of £ =1 and ¢ = 2 in this investigation.

Taking ¢ = 1 in Theorem 2, the higher-order soliton on the periodic background can be constructed by the semi-
degenerate DT formula. When n = 6, using the semi-degenerate DT [3.3] elastic collision of second-order soliton and

one-soliton can be constructed by setting Ao = —A] = —a1 +if1, As = a5 + i85, A\¢ = as +if and a5 # ag (see
Figl12(a)). In particular, when 82 — a2=43%? — a3, velocity resonance of second-order soliton and one soliton is derived
(see Figl12 ; when as=ag=0, the second-order soliton solution on the periodic background is constructed and the

dynamic evolution diagram is plotted in Fig{12(c)!

FIGURE 12. (a) Elastic collision of second-order soliton and one soliton: A\; = 1414, Ao = =144, A5 =
1+ %i, Ag = —%i; (b) Velocity resonance of second-order soliton and one soliton: Ay = 1+ i, Ay =
—141i,Xs = 24 2i, ¢ = —2 + 24; (¢) Second-order soliton solution on the periodic background:

M=1+4 =—-141X =1, = 5i.

When n = 8, setting Ao = —A] = —aq + i1, \s = —A¥ = —ay + if37, elastic collision of third-order soliton
and one-soliton is constructed. In particular, velocity resonance of third-order soliton and one-soliton is constructed
when 82 — a2=4} — o3. Third-order soliton on a periodic background is derived by setting Ao = —\} = —a; + i1,
A7 = ifB7,A\s = ifs and (7 # +f0s. The dynamical evolution diagrams of these solutions can be seen in Fig
Fig[13(b)| and Fig[13(c)| respectively.

Taking ¢ = 2, many interesting mixed solutions of higher-soliton, multi-soliton, periodic solution and double-periodic
can be derived from Ay = —A] = —a1 +if1, A2 = =) _3 = —ap_o+ifp_2and A\, = =X | = —ap_1 +6p_1.
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FIGURE 13. (a) Elastic collision of third-order soliton and one-soliton: A\; =144, Ay = =1 +14, A7 =
1+ %i, Asg = —1+ %i; (b) Velocity resonance of third-order soliton and one-soliton: A7 = 1+, Ay
—1+4+1i, A7 = 2+ 2i, \g = —2+24; (c) Third-order soliton on the periodic background: A\; = 1414, Ay
-1+, 7 =0.14, \g = 4.

Let us take n = 8 as an example, elastic collision of second-order soliton and two-soliton is constructed immediately
by using the semi-degenerate DT formula see the dynamic evolution diagram in Fig. In particular, elastic
collision of second-order soliton and velocity resonance two-soliton is derived when 32 — a2=p2 — a2 (see Fig. [l4(b)));
Velocity resonance of second-order soliton and two-soliton is constructed when 37 — af=p2 — a2=p2 — a2 (see Fig.

14(c)))-

FIGURE 14. (a) Elastic collision of second-order soliton and two-soliton: Ay = 144, Ao = —1+14, A5 =
1+ %i, e = —1+ %i, A7 = 142i, \g = —142i; (b) Elastic collision of second-order soliton and velocity
resonance two-soliton: \; = 144, \g = —14i, A5 = 1424, \¢ = —14+2i, \r = V245, As = —v/2+i/5;
(¢) Velocity resonance of second-order soliton and two-soliton: A\; = 144, Ao = —1+i, A5 = %—i—%i, A =
—5+3i A =242i, Mg = -2+ 2i.

Elastic collision of second-order soliton and one-soliton on the periodic can be derived by Ay = —A] = —ay + 101,
X = —AE = —a5 + i85 A\ = iB7,\s = ifs. In particular, when 82 — a2=/3% — o the velocity resonance of second-
order soliton and one-soliton on the periodic background can be derived. When Ay = —A} = —a1 + 01, A\x = 5k,
with £ = 5,6,7,8 are pure imaginary numbers, we can construct the second-order soliton on the double-periodic
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background. The dynamical evolution diagrams of these higher-order soliton on the periodic and double-periodic

background are plotted in Figll15(a)l Fig{l5(b)|and Fig respectively. From these figures we can know intuitively
that the direction and position of the propagation of solitons along the periodic background have great influence on

the morphology of solitons.

Ficure 15. (a) Elastic collision of second-order soliton and one soliton on the periodic: Ay = 1 +
Ao = =140, A5 = 1—1—%1', A = —1—|—%i7 A7 =1,Ag = %i; (b) Velocity resonance of second-order soliton
and one-soliton on the periodic background: \y = 1+, Ao = =1+ i, A5 =2+ 24, \g = =24 24, A7 =
i,A\g = %i; (c) Second-order soliton on the double-periodic background: Ay =141, o = =141, A5 =
0.1i, A6 = V2i, A7 = i, A = 3i.

4. HIGH-ORDER HYBRID-PATTERN SOLITONS ON THE n-PERIODIC BACKGROUND

In the previous section, we have investigated solution dynamics in the high-order one-soliton on the periodic and
double periodic background. It is shown that the high-order one-soliton is moving on several different trajectories
in nearly equal velocities. The high-order hybrid-pattern solitons describe the nonlinear interaction between several
types of solitons, which gives rise to new types of high-order solitons with interesting dynamical patterns. It is also
shown that high-order hybrid-pattern solitons could have more complicated wave structures and behave very differently
from high-order one-solitons. In this section, we will study the high-order hybrid-pattern solitons on the n-periodic
background by generalized degenerated DT and generalized semi-degenerated DT.

Theorem 9. Setting

Al, j:odd§2n0+2n171;

Ao, j =even < 2ng + 2nq;

A3, 2ng + 2n1 < j = odd < 2ng + 2nq + 2ny — 1;
Aj— A4, 2ng + 2n1 < j = even < 2ng + 2n1 + 2no;

Aong—1, 2n0 +2n1 + ..2n5-1 < j =odd < 2no + 2n1 + ..2n5_1 + 2np — 1;
A2ng 2ng 4+ 2n1 + ..2np_1 < j = even < 2ng + 2n1 + ...2n5_1 + 2np.

h
QZW =N — 2s.
£=0

Generalized degenerated DT and generalized semi-degenerated DT can be derived from N-fold DT formula (2.10) by

Taylor expansion and determinant calculation. The specific form of the new solution qn is as follows
M |M'||H|

P (4.1)

qN = |P’|2 q+ 2
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Here

Mj, N —2s<jk<N.
! <j, k<N —2s

_{ij, l_j,k_N 2s; (4.2)
Hj,, N—-2s<j,k<N.
Pijr, N —-2s<j,k<N.

M/
H/
Pl

M/ h anj M]’k ()\] + 6)
kTS0 n;loens—t 7

i, =ty T 09

=0 nilPeniTl 7

O Pl (s + €)

=0 nylgema—t

07 J S 2”0;
[ —2n0+1} 2no < j < 2ng + 2n1;
[

nj = J=2no— 2"1+1] , 2ng 4+ 2n1 < j < 2ng + 2n1 + 2ng;

, 2ng+2n1 4+ .o+ 2n5-1 < J < 2ng+ 211 + ... + 2np.

[] 2no—2n1—.. —2nﬁ,1+1}
2

The proof process of Theorem 3 is similar to those that were already presented in the proof of Theorem 2, so we
choose to omit the details of our proof of Theorem 3.

When s = 0, the generalized degenerated DT formula can be derived from Theorem 3. Taking n = 8, elastic
collision of two second-order soliton can be derived by Ay = —A\] = —a1 +181, Ay = —A] = —a3+483. It is shown that
the two second-order solitons are moving on different trajectories in different velocities and amplitudes (see Figl16(a))).
In particular, elastic collision of two velocity resonance second-order solitons can be derived when 83 —a2=4% —a3. In

Figll6(b)|and Fig we give two different models of elastic collision of two velocity resonance second-order solitons
depending on the choices of the parameters.

FIGURE 16. (a) Elastic collision of two second-order solitons : Ay = 144, Ay = =144, A3 = 14+2i, Ay =
—1 + 2¢; (b) Elastic collision of two velocity resonance second-order solitons : A; = 1 4 i, 2 =
—1+14, 3 =24 2i,\y = =2+ 24; (¢) Elastic collision of two second-order velocity resonance solitons
A1 =0.140.14, Ay = —0.1 + 0.14, A3 = 0.2 + 0.24, Ay = —0.2 4+ 0.21.
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Similar to the previous section, when s = n, we can consider the n-periodic solution. As a example, we just give the
detail construction process for the case of s = 1 in this section. When s = 1, by using the generalized semi-degenerate
DT, higher-order hybrid-pattern solution on the periodic and double-periodic background can be constructed. For
example, when N = 10, the elastic collision of two second-order soliton on the periodic background is constructed by
setting )\2 = 7)\’1'< = —a1 + ’L'ﬂl, )\4 = 7/\3 = —a3 + ’L',837 )\9 = 7:69, )\10 = ’L'ﬂlo (see Flg a]’ In particular, when
B2 — a3=p% — a2, velocity resonance of two second-order solitons on the periodic background can be derived. As can
be seen from the dynamic evolution diagram of solutions in Fig high-order solitons with different velocities and
directions show completely different soliton morphology under the influence of periodic background, and the periodic
background will gradually weaken as time goes by, which is also consistent with the wave phenomenon in nature.
Fig[17(b)| is the local structure diagram of Fig[17(c)| Fig[17(d)| gives a different model for velocity resonance of two
second-order solitons on the periodic background. The reason for this phenomenon is that the propagation pattern of
solitons change greatly with the difference period of periodic background depending on the choices of the parameters.

(a) (b) (c) (d)

Ficure 17. (a) Elastic collision of two second-order solitons on the periodic background: A, =
1+id, o =—1+4+14, 3 =142i,\y = =1+ 2, \g = 0.14, \;9 = 4; (b) Velocity resonance of two second-
order solitons on the periodic background: A\; = 0.1 + 0.14, A = —0.1 4+ 0.13, A3 = 0.2 4+ 0.24, Ay =
—0.2 + 0.2i,\g = 0.1i, A10 = 4; (c¢) and (d) Velocity resonance of two second-order soliton on the
periodic background: \; =1 +i, o = =149, A3 =2+ 2¢, Ay = =2+ 24, \g = 0.13, \;g = ¢.

When s = n, the high-order hybrid-pattern solitons on the n-periodic background can be derived by using the
generalized semi-degenerate DT also. For example, we can construct two second-order soliton solitons on the
double-periodic background by taking N = 12 and n = 2, which requires determinant operation of order 12 x 12.

5. MODULATIONAL INSTABILITY

Putting plane wave seed solution go(z,t) = ce!®**w") into the Eq. (L.3)), we obtain that w = —c?k + k2. Here c
is amplitude, k£ is wave number and w is the background frequency. According to the MI theory, the perturbation
solution can be derived as ¢(x,t) = (c + P)e!**+wY) by putting a small perturbation P = mexp(i(Kz + Qt)) +
nexp(—i(Kz + Qt)) into plane wave seed solution go(z,t). The K indicates the disturbance wave number and 2
indicates the disturbance frequency. Substituting the perturbation solution ¢ (z,t) into the Eq. , it can generate

a system of linear homogeneous equations for the small parameters m and n as follows.
(k+2K)c* + (—K* = 2kK + Q))m + (k + K)c*n = 0, 51)
(k— K)*m+ ((k — 2K)c® + 2kK — K* — Q)n = 0. '

It gives rise to the following dispersion relation equation

Q= (—2¢* +2k £ /c* — 2c2k + K?2)K. (5.2)

It can be conclude that the MI depends on the values of the amplitude ¢, wave number k and perturbation wave
number K. Due to the above dispersion relation, we can see that when ¢* — 2c?k + K2 > 0, the time-dependent
frequency € is real at any value of the wave number K, whereas {2 becomes complex and disturbance will grow with
time exponentially. Let us consider the gain spectrum of MI. The power gain is obtained from

G(K) =Im(Q) = Im(|K|vVc* — 2¢%k + K?),
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G(K) represents the MI gain when ¢* — 2c¢?k + K2 < 0. The frequency  will exist the imaginary part which makes
the perturbation function P exponentially increase and destroys the stability of the system. This instability is a
condition for the existence of rogue wave. From the above analysis, it appears that there exists two distinctive MI and
modulation stability (MS) regions, which are distinguished with each other clearly. In the region ¢* — 2¢?k + K? < 0,
MI exists. On the contrary, if ¢* — 2¢2k + K2 > 0, there appears MS region.

Let ¢ =1, we know the MI arises at k > 0.5. Fig. [18(a)| gives the gain at the three different plane-wave numbers k
and Fig. gives the gain function. Because the gain function G(K) is an even function (G(K) = G(—K)) about
perturbation wave number K, So we can see the MI figure is symmetric about the line K = 0.

o "°
0.4

0.2

FIGURE 18. (a) Gain at the three different plane-wave numbers k; (b) Gain function.

6. CONCLUSION

In this investigation, the N-fold DT, degenerate DT, semi-degenerate DT, generalized degenerate and semi-
degenerate DT formulae for the reverse-space-time DNLS equation were presented by using concise expressions. The
n-solitons solutions can be constructed by N-fold DT when taking Ao, = £X3,_; = faok—1 F ifak—1, £ = 1,..n,
2n = N. The velocity resonance soliton is derived by 87 — ai=vg (vo is constant). When spectrum parameters A
are pure imaginary numbers or real numbers, the n-periodic solutions were constructed by the even-fold DT. When
taking Aop = —AJ,_, or Ap are pure imaginary numbers, the solutions satisfy both DNLS and reverse-space-time
DNLS equation. In addition, the higher-order solitons, higher-order solitons on the m-periodic background, higher-
order hybrid-pattern solitons and higher-order hybrid-pattern solitons on the n-periodic background were provided by
degenerate DT, semi-degenerate DT, generalized degenerate DT and generalized semi-degenerate DT, separately.

Then giving a zero seed solution, the solution ¢[/N] obtained by N-fold DT at origin is equal to —2i Z;V:1 Aj, which
depends only on the spectral parameters. Also, we gave the corollary of the amplitude height of n-periodic wave
solutions, m-soliton on the n-periodic background and high-order solitons is 2| Z?il Bjl,2n = N. 4|30 Bor—1| +
2| E?Zl Bjl, 2(m +n) = N. and N|A\; + Ag|, separately.

This is the first time to construct n-periodic solutions with zero seed solution. Intuitively, a periodic solution looks
like a set of parallel solitons, double-periodic wave looks like parallel breathers. For the density figure of double-
periodic waves which is very similar to the elastic collision of two sets of parallel solitons. The dynamic evolution
diagram of n-periodic solution (n > 2) will show more complex structure, because the elastic collision of n-periodic
solutions with different directions and velocities, which will produce peaks with different amplitudes and size. Due to
the frequent collision of periodic waves will result in the frequent phase shift, the density figure of n-periodic wave
presents irregular curves.

The dynamics of soliton on the periodic background show that the soliton looks very similar to the dynamic image
of the breathers solution due to the interception of the periodic background. The period of the periodic background is
controlled by adjusting spectral parameters. We found that the local structure of soliton on the periodic-background
has a single peak with two caves which is similar to the rogue wave, which gives us an idea to construct rogue wave
solutions from zero seed solutions, but the feasibility remains to be proved. In particular, the periodic solutions and
solitons can be transformed into zero solution when Z;V=1 A;=0.

It is shown that the high-order one-soliton is moving on several different trajectories in nearly equal velocities.
Furthermore, the higher-order hybrid-pattern solitons describe the nonlinear interaction between several types of
solitons, which gives rise to new types of high-order solitons with interesting dynamical patterns. When we put the
perturbation of n-periodic background to the higher-order soliton and higher-order hybrid-pattern solitons, many
interesting new phenomena emerge. It is also shown that high-order hybrid-pattern solitons have more complicated
wave structures and behave very differently from high-order one-solitons. Interesting, these results also apply to the
DNLS equation.
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Finally, the conditions of generating MI and MS regions for the reverse-space-time DNLS equation were studied
by MI analysis. These results would also be useful for understanding the corresponding soliton phenomena in many
fields of local and nonlocal nonlinear dynamical systems such as ocean, nonlinear optics, Bose-Einstein condensates
and other relevant fields.
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