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Abstract In the present investigation, the breathers
and rogue waves on the double-periodic background
are successfully constructed by Darboux transfor-
mation using a plane wave seed solution. Firstly,
the Darboux transformation for the reverse-space-
time derivative nonlinear Schrodinger equation is
constructed. Secondly, periodic solutions, breathers,
double-periodic solutions, breathers on the periodic
and double-periodic background are derived by n-
fold Darboux transformation. Thirdly, the higher-order
rogue waves on the periodic and double-periodic back-
ground are constructed by semi-degenerate Darboux
transformation. In addition, the dynamic behaviors of
the solutions are plotted to show some interesting new
solution structures.
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1 Introduction

Nonlinear evolution equations play an important role in
integrable systems, and due to the applications of their
solutions [1,2], many well-known mathematicians and
physicists did some significant work [3—7]. Breathers
and rogue waves are the important solutions of nonlin-
ear evolution equations. There have been a lot of studies
about breathers and rogue waves in recent years [§—16].

The derivative nonlinear Schrodinger equation
(DNLS) [18-21] is given by

i — qex +i(q%q%)x =0, (1)

where the complex function ¢ = ¢(x, t) denotes the
wave envelope and * denotes the complex conjuga-
tion. Equation (1) arises in the study of circular polar-
ized Alfvén waves in plasma [22], propagating par-
allel to the magnetic field [23], which is one of the
most important integrable systems in mathematics and
physics. Recently, the equation is also used to describe
large-amplitude magnetohydrodynamic waves [24,25]
of plasmas, nonlinear optics, the sub-picosecond and
femtosecond pulses in single-mode optical fiber [26—
28]. The DNLS and nonlocal DNLS equations are
reduced from the Kaup—Newell system [29,30] and are
Lax integrable. There generate many new physical phe-
nomena and have important physical significance when
nonlocal terms are added to nonlinear equations.
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In recent years, many researchers have studied non-
local DNLS equations from different viewpoints and
perspectives. For example, in [31], the global bounded
solutions of the nonlocal DNLS equation have been
obtained from zero seed solution by Darboux trans-
formation (DT) [32-37]. Furthermore, solutions and
connections of nonlocal DNLS equations have been
studied in [38]. In [39], the periodic bounded solutions
of the second-type nonlocal DNLS equation from zero
seed solutions have been studied. The P T -symmetric,
reverse-time, and reverse-space-time nonlocal DNLS
equations are integrable infinite-dimensional Hamil-
tonian dynamical systems, which were first proposed
by Ablowitz and Musslimani [40,41]. The general N-
solitons in these three nonlocal nonlinear Schrodinger
equations are presented by Yang in [42]. To investigate
the connections between solutions at reverse-space-
time points (x, ¢t) and (—x, —t), we need to consider
the reverse-space-time reduction. The reverse-space-
time DNLS equation is as follows:

iqr — qux +i(q%q(—x, =)y = 0, )

where the symmetry reductions are nonlocal both in
space and time. The reverse-space-time DNLS equa-
tion has many physical applications in optics, ocean
water waves, quantum entanglement and an unconven-
tional system of magnetics, etc. [17,43,44]. Foreq. (2),
the evolution of the solution at location (x, t), depends
both on the local position (x, ¢) and the distant position
(—x, —t). This implies that the states of the solution at
distant opposite locations are directly related, reminis-
cent of quantum entanglement in pairs of particles [42].
The solution of reverse-space-time DNLS equation can
extend the solution of the local equation to a more gen-
eral case and deepen the physical research on the mech-
anism of ocean rogue waves. These results would also
be useful for understanding the corresponding rational
soliton phenomena in many fields of nonlocal nonlin-
ear dynamical systems such as nonlinear optics, Bose—
Einstein condensates, ocean and other relevant fields
[42,45,46].

In general, it is extremely nontrivial to construct the
rogue waves on a periodic background which is usually
associated with complicated Jacobi elliptic functions
[47-54], PT symmetry [55], integrable equations with
variable coefficients [56,57], or vector integrable equa-
tions [58]. In [59,60], the rogue waves on the periodic
background have been constructed by using odd-order
semi-degenerate DT. In this article, we mainly study
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the breathers and the rogue waves on the double peri-
odic background by using even-fold DT and even-order
semi-degenerate DT, respectively. This is an effec-
tive new method to construct the solutions on double-
periodic background without using Jacobi elliptic func-
tions. It is of great physical significance to study rogue
waves on a double-periodic background. For example,
the rogue waves on the double-periodic background in
the hydrodynamical experiments are possible due to
the rogue waves on the continuous wave background
observed in laser optics and water tanks [61]. Rogue
waves on the double-periodic background could be rel-
evant to diagnostics of rogue waves on the ocean sur-
face and understanding the formation of random waves
due to modulation instability [62].

In this work, we construct the breathers and rogue
waves on the periodic background by odd-fold DT and
odd-order semi-degenerate DT, respectively. This is
the first time to extend this method to reverse-space-
time nonlocal equations. Remarkably, using a plane
wave seed solution, the breathers and rogue waves
on the double-periodic background are first success-
fully constructed by even-fold DT and even-order semi-
degenerate DT, respectively. By taking the dynam-
ics analysis of the first-order rogue waves on double-
periodic background, we show two types of structures:
the two peaks and four peaks. The interesting thing can
also be seen from the dynamic figures of the second-
order rogue waves on the double-periodic background.
There are two types of structures: one peak and two
peaks. We shall also show the transformation pro-
cess of double-periodic background and plane wave
background in this study. These results have not been
reported to our best knowledge.

The organizational structure of this paper is as fol-
lows. In Sect. 2, the determinant representation of the
n-fold DT formula is given. In Sect. 3, using a plane
wave seed solution, the periodic solution, breathers on
the periodic background are given by odd-fold DT.
The double-periodic solution, breathers and breathers
on the double-periodic background solution are given
by even-fold DT. In Sect. 4, we construct higher-order
rogue waves on the periodic background and double-
periodic background by semi-degenerate DT formula.
The final section is devoted to conclusion.
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2 DT of the reverse-space-time DNLS equation
2.1 Lax pair of the reverse-space-time DNLS equation

Starting from the Kaup—Newell system [63,64], when
the reduction condition is r(x, t) = —g(—x, —t), the

1 _ 0 61[1]>
¢ _<ﬁMGL4)O :

1 1 .

V[ | _ 2QU], V[ | _ lQllJz,
1 3 .

Vl[ I = Q[l]‘ lQ[XI](T

0
B (iCI[l]x(—x, —1) + q[11*(—x, —=0)q[1]

3439
wx[l] — (l'o.)LZ + Q[l])n)llf[l] — U[l]'I/[l],
w = Qioa* + viIad - viiy2
—}-Vl[l])»)q/[]] — ylllglll (7)

Here,

—ig[1] — q[117q[11(—x, —1)

; )

Lax pair of the reverse-space-time DNLS equation can
be obtained as follows:
¥, = (ioA> + QM) ¥ = UV, 3)
W = (2ioAt + Va3 + Vol + ViAW =V, (4)

with

(P _ 1 0 _ 0 q
W‘(s&)’ U_<0—1>’ Q‘(—q(—x,—o 0)’

V3=20, V»=iQ’ Vi=0Q'+iQ.0
0 —igqx —q%q(=x, 1)

- (iqx(fx,ft)Jrq(*x,ft)zq 0 )
Equation (2) can be derived from the integrable condi-
tion U; — Vi + [U, V] = 0 of Lax pair (3) and (4).

Introducing ¥; = (¢j) = <¢j (x’t’kj)) L] =

9 ¢ (x.1,4))
1,2, ..., which is the eigenfunction of the Lax pair
(3) and (4) associated with A = A ;. The eigenfunction
admits the following symmetry condition:

<¢(x,ukj)> _ (w(—x,—4;kj)> 5)
p(x,t; Aj) d(—x,—t;1j) )"
2.2 n-fold DT of reverse-space-time DNLS equation

DT has unique advantages in constructing solutions due
to pure algebraic construction. In this section, the DT
for Eq. (2) will be introduced. Under gauge transfor-
mation

gl = 1y, (6)

the spectral problem (3) and (4) can be transformed to

After derivation, we get the following conclusion:

7. =UuMT —TU, ®)
T, =vilr — V. )

Furthermore, the following identity can be deduced:

yl -yl gyl
=TWU, -V, +[U, VDT (10)

Due to the matrix 7 is nonsingular, the zero curva-
ture equation U; — Vi + [U, V] = 0 is equivalent
to UM — v 4 [t v = 0. This implies that
in order to make spectral problem Eq. (3) is invariant
under the gauge transformation Eq. (6), it is impor-
tant to find a matrix 7' so that U!!l and V! have the
same forms as U and V. At the same time, the old
solutions (g, g (—x, —t)) in spectral matrices U and V
are mapped into new solutions (¢g[1], g[1](—x, —t)) in
transformed spectral matrices U and V1.

In general, if the Darboux matrix 7 is a polynomial
of the parameter A, for simplicity, we take 7" as

(a1 by ap bo
T_<quA+(md).

Substituting the Darboux matrix 7 into Eq. (8) and Eq.
(9), the onefold DT formula can be derived by compar-
ing the coefficient in terms of A’
ai .bo
1l=—q—2i—. 11

ql1] AN an
We also can deduced that b; = ¢; = 0, a; and d; are
undetermined functions about x and z. ag, bg, co and dj
are constants. In order to obtain the specific expression
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of the elements in the matrix 7', for simplicity, let ag =
dy = 0, then

(a1 0 0 by
Tl_<0d1>)‘+<600>' (12)

In particular, taking by = c9 = A1, the onefold DT
formula is given by the eigenfunction ¥ associated
with Ay as follows:

2
gl1] = (g_) q+2i% 5. (13)

After n times iterations based on the onefold Dar-
boux matrix (12), the form of n-fold Darboux matrix
is as follows:

n
=) P,
i=0
GO o 20<tez <t
p_ 1 \0d
T 0B
(CiOI ,l:n—ZK—l,OfEGZS%

where Pj is a constant matrix and P;(1 < i < n)
is a matrix function about x and ¢. Using the same
derivation method as the onefold DT formula yields

by—
g —2i
qln] = dq ldn

Furthermore, the determinant representation of a,, d,
and b,_; can be given by the kernel problem of DT
matrix T, i.e.,

(14)

n
Zpi,\;;wkzo,kzl,z,.-. ,n. (15)

i=0

Tn|k:kk Uy =

Then, the concrete expression of the new solutions g [n]
can be seen in the following.

Theorem 1 The new solutions q[n] given by the fol-
lowing n-fold DT formula of Eq. (2)

w3 Wi Wi
qlnl= g +2i———, (16)
21 W3

where W11, W12, and W1 have different forms depend-
ing on the parity of n.
When n = 2k,

Mo M2 M 01 L hgr o

Aoy A2, ,\’2"3@ s B
Wi = ) ) ) L

)‘n )Ln 2¢n )“n 3 )"n(pn ¢n
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Mo M2 M o1 L gr ¢
My M2 M0 L g o
Wip=| " ) . A
Mion M2 0 M3 0n <o Anon fn
AT M0 M g ¢
Wt — M7y MR er M0 dagn ¢
My M2, M3y o A on
Whenn =2k + 1,
Mo M7 A e L g o
— M7 e M0 M L hadn @
)\Zil(pn )nzizd)n )\273%1 o Ann @
Mo M2 M 01 g g
My M372¢0 A 200 ... ha 9o
Wip=| " ) . R
)\Zgbn A272¢;1 )\2739011 e Ann @n
M7 e AP0 AT L e ¢
o N A§‘3¢2 ol B
A ‘cbn A %on AL b <. nion b

3 Breathers on the periodic and double-periodic
background
Starting from the seed solutions ¢ (x, r) = ce!@¥+0)
and g(—x, —t) = ce @D where b = —ac? + a?
and ¢ denoting the background height. In this sec-
tion, the periodic solution, breathers on the periodic
background are given by odd-fold DT. In addition, the
double-periodic solution, breathers and breathers on
the double-periodic background solution are given by
even-fold DT.
Solving the Lax pair (3) and (4), it gives

_ Yk
i = (1//12k>

et R(=c24+207+a)+ LxR+ 1L (i (ax+br)
= Ltax+br) |

1204+ R S tR(~2 4233 +a)+ xR
2chg

Volk
o =
Yok
o~ 3 R(=?+223+a)— § x Rh+3 (i (ax+b1)
=\ ia-2ird-R _
2 €
chi

$1R(=c2 4203 +a)— L xR— 1 (i(ax+br))
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where

R= \/ —4c2)07 — 44} + darl — a?.

In order to obtain nontrivial solution of Eq. (2), we
constructed the new eigenfunctions associated with ig
by the linear superposition principle

(see Fig. 1b). Equation (18) can generate periodic
solutions when S belongs to other intervals.

2. ¢% < 2a, VB1 € R, Eq. (18) also generate periodic
solution (see Fig. 1c).

Forn=2,the twofold DT formula (16) of the reverse-
space-time DNLS equation implies a solution

2] = —2[i (A3 = AD)p1h2 — 3h201 V2 + Fh1g2vnt 1 (—h1davrt + Aadhy V) 0)
7= M 11¥2 — ador)?
Sk = Y1k + 21+ Vo (—x, —t) + Yoo (—x, —1), where
Y = Yok +voor + Y1k (—x, —1) + Yo (—x, —1). <¢2> — <¢1(_x’ -1 AZ)) ) @1
17 Y2 d1(—x, —1; A2)

Using eigenfunction (17) and symmetry condition (5),
we can get some interesting new solutions.
When n = 1: For simple, let A; = if1, then

We can derive breathers and double-periodic solution
according to different reduced methods of spectrum
parameter 1| and A; as follows.

[(iR1 — w1)e”> s — (iR} + w1)e®][(w3 + wa)e™ + @3 — wa]

12 : 18
athl [R) + w)e” — iR + w2 (%)
where Case 1: A = =£A], now ¢[2] is a breathers.

For simplicity, we take A, = —AF = —a; +

A2 1

w1 =267 +2pic +a, i and Im (—a? — 434 — 432 (¢ —a)) = 0. Then,

w) = RI[(=2B7 — ¢ + a)t + x],
w3 = 4;913 + 2;3120 + (2a — 202);91 —ac,
w4 =iR1(2B1 + 0,
w5 = iac’t —ia’t — iax,
Ry = \/4c2;312 — (2% +a)’.
Jim g1 = ¢

19)

— 2a, and the trajectory of the
—00

solution (18)is x = (2/312 +c%—a)t. According to these

results, we can control the structure of the solution (18)

by adjusting the parameters.

1. When ¢ > 2a, Eq. (18) can generate soliton
solutions. More profound, we find that Eq. (18)
can generate a dark soliton when ¢ > 2a > 0,

2—|—v ”>ﬂ1>9——V02{2"0rc >0 > 2a,
§+Ta >,3] >— + 261 (seeFlg la)

Equation (18) can generate a brlght soliton if ¢? >

et — . /2 —
2a > 0, -5+ ¢ 2“>,81>—§— ‘22"0r
/7 5 ey
c>0>2a,§—‘T2“>ﬂ1>—§— ‘22"

xl;rréo |[2]]> = ¢?, and the center trajectory equation of
t— 00
solution g[2] can be calculated as x = 4(;312 —ocf)t. We
can know that the solution evolves periodically along
the straight line with a certain angle of x axis and ¢ axis
when ,312 # 0112 from the above analysis (see Fig. 2a).
And when ,812 = ozlz, the classical Ma breathers (time
periodic breather) are shown in Fig. 2b, and the Akhme-
diev breathers (space periodic breather) are shown in
Fig. 2c.

Next, we construct rogue wave g, by letting the
period of the breathers tend to be infinity. Let ¢ —
—2p1 in g[2], then

| |2_ m1t4+mzl3+m3t2+m4t+m5 22)
@l = m6t4 +m7t3 +mgt2 —+ mot +m10’

my = 262144(al2 B0 + 2a08/% + BI%).
my = 262144(a 0% — oS0 + ot 1% — BlO)x,
= (327683 Y + a0 BY — 4t 10 + o2 )
1381422 — 6144(a0 B¢ — 60465 + B1OY),
my = (163848 B8 + o B8 — a?p10 — pl2)x3
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(a) Dark soliton

(b) Bright soliton

(¢) Periodic solution

Fig. 1 Dynamics of dark soliton, bright soliton and periodic solution generated from nonzero seed solution: a @ = 1, ¢ = /3,

Br=—Liba=1c=v3p=%ca=1lc=v3p=3

-0¥

(b) Ma breathers

(a) General breathers

(¢) Akmediev breathers

g

A
5 2

(d) Rogue wave

Fig. 2 Dynamics of breathers and rogue waves with:aa =7, c = 1,01 =2, 81 = Liba=1,c=1,01 =1, =1;ca =5,

c=v50 =1L =ldoa =38 =1

+3072Q2a3 B¢ + B — o ),
ms = 1024(c? 5 + 20288 + B1O)x*
— 128Ga}p + BO)x% + 3687,
me = 65536(a 2% + 205810 + pI6),
m7 = 65536(c|’ B} — af B} + o 810 — B1*)x,
mg = 8192(3a5B¢ + B0 — 40t B8 + o210
+3B12)x% 4+ 512(a8 % + 204 B — 802 B0 + 9B,
mo = 4096(a®B} + ot B0 — a2 S — pl0)x3
+256(a{ 7 + 207 B} — 5BY)x,
mio = 256(cf B + 207 BY + B)x* + 32 B}
+38Dx% + 1.

After calculation and analysis, we know that
xll)ngo lg-1> = (2B1)?. The maximum amplitude of |g, |>
—>00
equals to (6B1)? occurs atx = 0 and ¢ = 0. This means
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that the maximum amplitude of the rogue wave ¢, is
3 times compared with the asymptotic plane wave at
infinity. The minimum amplitude of |g,|> occurs at

( 270{‘1‘ 3 ) and
1687 (4o?+7) (af+D)2” \/ 2567 (4af+B) (@ +67)?

( \/ 270(? 3 )
V168 e+ (@I +AD? _\/ 25667 (4oi +B7) (@7 +BD)2
108(3ar} —202 p2 4481} B The
16905 —5600 7 +6at ] —8a BO+463
rogue wave |g,| with specific parameter o1 = % and
B1 = 1 is shown in Fig. (2d). From the graph of the
rogue wave |q,| , we can see that the rogue wave ¢,
has a single peak with two caves on both sides of the
peak. The optical pulse g, only exists locally with all
variables and disappears as time and space go far.
Case 2: A1 = if1, A2 = ifr and Br # £01, g[2] is
represented as a double-periodic wave solution which
is similar to the Jacobi elliptic function-type seed solu-
tion. From Fig. 3, we can see clearly that there are two
periodic waves with different directions in the double-

which equals to
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| D T
06 04 02

(a_) General breathers on the peri-

odic background background

(b) Ma breathers on the periodic

(¢) Akhmediev breathers on the pe-
riodic background

Fig.4 Dynamics of breathers on the periodic background:aa = 1,c = 1,01 =1, 1 = %,,33 =v2Ziba=1lc=1a =18 =1,

Bs=+2ca=5c=~5a1=1,8 =18 =2

periodic wave solution, and when the two waves with
different directions are superimposed on each other,
a higher wave peak can be generated. From a visual
perspective, it seems that several parallel breathers are
generated under the period background.

We find that the periodic solution can be generated
by first-fold DT. The breathers and double-periodic
solutions can be constructed respectively according
to second-fold DT. Therefore, we consider construct-
ing the breathers on the periodic background by odd-
fold DT, and constructing the breathers on the double-
periodic background by even-fold DT.

For n=3, set Ay = —A] = —a1 +if1, A3 = if3 and
a = 2a? — 2p% + 2. Parameter values have a great
influence on the propagation direction of the breathers.

When ,812 #= a%, solution g[3] is a general breather
solution on periodic background (see Fig. 4a). When
,312 = a%, the classical Ma breathers on the periodic
background are shown in Fig. 4b. and the Akhme-
diev breathers on the periodic background are shown in
Fig. 4c. There are some interesting phenomena: Under
the perturbation of the periodic background, the crest
of the Ma breathers is cut, and the phase shift occurs at
the center of the breathers.

Forn=4,set Ay = —A] = —a1 +if1, A3 = if3,
A4 = iBsg and B4 # £B3. The breathers on a double-
periodic background are generated by formula (16).
Similarton = 2, we alsoleta = 20(% —2,812+02. When
p? # a3, we can construct the general breathers on the
double-periodic (see Fig. 5a). Under the disturbance

@ Springer
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of double-periodic background, the propagation direc-
tion of general breathers usually produces shift. When
;812 = a%, the Ma breathers and Akhmediev breathers
can be constructed by adjusting spectrum parameters.
As for the Ma breathers on the double-periodic, due to
the great influence of the double-periodic background,
the image of Ma breathers solution looks like it disap-
pears in the double-periodic background (see Fig. 5b).
The Akhmediev breathers on the double-periodic back-
ground is shown in Fig. 5c. Visually, it looks like a
breather with a higher amplitude is generated under
the several parallel breathers background.

In addition, if we set Ay = —A] = —ay + i,81 and
Ay = —A; = —a3 + if3. When ,83 - 053—,31 al,
we can construct the velocity resonance of two pairs of
breathers (see Fig. 6a). Otherwise, we can construct the
elastic collision of two pairs of breathers (see Fig. 6b).

4 Higher-order rogue waves on the

waves can be derived. Combined with the methods of
constructing the periodic and double-periodic back-
ground in the previous section, we will give the solu-
tions of higher-order rogue waves on the periodic and
double-periodic background in this section. Since peri-
odic can be derived by odd-fold DT, both breathers
and double-periodic solution can be obtained by even-
fold DT. We can construct higher-order rogue waves
on the periodic by odd-order semi-degenerate DT and
higher-order rogue waves on the double-periodic by
even-order semi-degenerate DT.

4.1 Semi-degenerate DT formula

Theorem 2 Let 1y = —A} = —% 2a —c? — %ic.
Whenn = 2k, set hy—1 = iBn—1, An = By and By—1 #
+Bn. When n = 2k + 1, set A, = iB,, then the semi-
degenerate DT formula can be obtained as follows:

A . W/2 W/ W/
double-periodic background Gn = _1/; g +2i 11_/212 (23)
. o Wil 21
Note that the eigenfunction is degenerated when A = When n = 2k,
j:% 2a — cz—%i c. Inthis case, the higher-order rogue
Olla—1,11  Prin—2,11  @O[1,n-3,1] oL 9o,
ORa—1,11 PRn-2,11  @OR2.n-3,1] Y11 P01
Wy = Ol n—1,k—11 Plln—2,k—11 Pl1L,n—3k—1] - -+ P[1,1,k—1] P[1,0,k—1]|°
O2.n—1,k—1] P2n—2.k—1] PR2.n—3,k—1] -+ P2, 1,k—1] P[2,0,k—1]
)‘n_l(pn 1 KZ:?‘pn—l )‘n_?(pn 1 cAn—19n—1  Pu—1
S S S Y A én
P11 Plin—2,11  Oln—31] L 9o
dp.n1  bpa-211  PRa-3.1] Y1 P01
Wi, = Ol1,n,k—1] ¢1n 2.k—11 PILn—3k—1] - -+ O[1,1,k—1] P[1,0,k—1] |°
P2.nk—11 PR.n—2.k—1] §0[2 - 3k—1] - P2,1,k—11] P[2,0,k—1]
n7]¢n71 n,1¢n7] n,lfﬂnfl . )‘-n7]§0n7] Dn—1
Mbn e AT An®n bn
Olin—1,11  Pn-2,11  D[1,n-3,1] P11 9[1,0,1]
ORa—1,11  PRa-21 Pr2.n-31] d2,1,11  92,01]
Wl = | flin—1h=1] Qlln—2k—1] PlLn=3k=1] - - - PI1.1k=1] P[1.0k—1] |*
D2,n—1,k—1] P2.n— 2 k=11 P2.n—-3.k—1] - - - P[2,1,k—1] P[2,0,k—1]
Zj% )‘n 1€0n )\n_l‘ﬁn An—10n Pn—1
Mg TR M Ann Pn
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24 55 0 2 4 i€ -4 -3 -2 -1 0 | -8 <6 -4 -2 0

-6

x X

(a) General breathers on the (b) Ma breathers on the double- (¢) Akhmediev Breathers on the
double-periodic background periodic background double-periodic background

Fig.5 Dynamics of breathers on the double-periodic background with: aa = %, c=lLa =18 = %, B3 = ﬁ, Ba = 4; ba=>5,
c=VSa=1Lp=1L=v2p="Lca=lc=lLa =18 =18 =2 p=L2

(a) Velocity resonance of breathers (b) Elastic collision of breathers
Fig. 6 Dynamics of velocity resonance and elastic collision of breathers with: a a = % c= % o) = % B1 = % o3 = % B3 = %2

361 19 1 1 3 1
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Whenn =2k + 1,

Oln—1,1] Pll.n-2,11 P[1,n—=3.1] --- P[1,1,1] P[1,0,1]
YRa—1,11 P2.n—-2.11 P2.n-3.1] - - - P2.1,1] P[2,0.1]
W{I - : : : : :
Ol n—1.k] Plln—2.k] PlLn—3.k] -+ - P[1,1.k] P[1.0,k]
OR2.n—1.k1 Pl2.n—2.k1 P2.n-3.k] -+ - P21,k P[2,0.k]
Mon T2 MT0n o habn @a
Dl1n,1] PlLn—2.1]1 Pl1.n=3.1] - -+ P[1,1,1] P[1,0,1]
b1 P2.n-2.11 PR2.a-3.1] -+ P[2,1.1]] ¥[2.0.1]
W, = : : : : o,
Dl1nk) Plln—2.k] PlLn=3.k] -+ P1,1k] P[1,0.k)
D20k P2.n—2.k1 PR2.n—3.k] -+ P[2,1.k1] P[2.0.k]
Mbn My M0 . Aabn @n
Dlln—1,1]1 Pl1.n-2,11 PlL.n—3.1] -~ P[1,1,1] H[1,0.1]
dn-1,11 P2.0-2.1] P2.n—3.1] - -- P2.1,1] P[2,0.1]
Wél - : : : : : :
DlLn—1.k1 PlLn—2.k] Pll.n—3.k] - -+ P[1,1.k] P[1,0.k]
P2.n—1.k] PR.0—2.k P2.n—3k] --- P[2.1.k] P[2,0.k]
MGy Ao A0 o dagn da

Proof Define the new function ¥ [i, j, k] as follows:

MW =wli, j, 01+ ¥li, j. e + Wli, j. 2]e?

+o WLk 4 (24)
where ¢ is a small parameter, ¥[i, j, k] = %%

[ + &)/ & (hi +9)].

Whenn = 2k,setA; = %VZa — cz—%ic+81,kz =
—%\/ 2a —c? — %ic + &1, Aog—3 = A and App_p —
M,2<k< % Then using the expansion equation (24)
to the elements in the first column of Wy (remain the
elements of the (2k — 1)-th and 2k-th row unchanged),
we have

w”@=¢un—1u
Ml =gl2.n —1,1]
Moy =ollin— 1,11+ ¢[l,n — 1,2]e,
Moy =gl2,n — 1,11+ ¢[2,n — 1,2]e,

I 3on-1 =olln—1,11+¢[l,n— 1,2

o telln—1 k=11,
A on =l2,n — 1, 11+ ¢[l,n—1,2]¢
+-4o2,n—1,k—1]e0

Taking the same procedure to the other column of Wiy,
W1, and W»;. Finally, the even-order semi-degenerate
DT formula g, can be obtained through determinant

@ Springer

calculation. For the case of n = 2k + 1, remain all the
elements of the (2k + 1)-th row unchanged, we can
derive the odd-order semi-degenerate DT formula g,
by the same procedure of case n = 2k. O

4.2 Higher-order rogue waves on the periodic
background

The higher-order rogue waves on periodic background
canbe generated by odd-order semi-degenerate DT. For
n—3k1 2a—c2—§lc)»2——% 2a — ¢t —
21c and A3 = iB3. Here, seta = 1 and ¢ = 1 for
convenience, and the first-order rogue waves g3 on the
periodic background for Eq. (2) can be obtained. The
patterns of g3 are shown in Fig. 7a, b. For 3 > 0,
the rogue wave pattern locates on the area where the
periodic pattern reaches its amplitude. However, for
B3 < 0, the rogue wave pattern locates in the middle
of two amplitude trajectories of the periodic pattern,
which looks like that the rogue wave is generated by
the interaction of two waves of the periodic pattern.
Forn = 5, M = % 2a —c? — ilC A =
2a — c2— %ic and A5 = ifs, and the second-order
rogue waves on the periodic background for Eq. (2) is
shown in Fig. 8. The second-order rogue waves have a
high amplitude peak on the center distributed with some
lower peaks and four caves. Same with the case n = 3,
for B5 > 0, the rogue wave pattern locates on the area
where the periodic pattern reaches its amplitude (see
Fig. 8a). For 5 < 0, the rogue wave pattern locates in
the middle of two amplitude trajectories of the periodic
pattern (see Fig. 8b). And the periodic background can
influence the peak value of the rogue wave.

4.3 Higher-order rogue waves on the double-periodic
background

When n = 4, we can obtain the first-order rogue waves
on the double-periodic background by (23). The selec-
tion of parameters have effect both on the amplitude of
the double-periodic background and the amplitude of
the rogue waves. The interesting thing is that there are
two peaks rogue wave on the double-periodic back-
ground when we take a = 1, ¢ = 1, 3 = 0.1 and
Bs = 4 (see Fig. 9a). There are four peaks rogue
wave on the double-periodic background when a = 1,
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Fig. 7 Dynamics of first-order rogue waves on the periodic background: aa = 1,c =1, 83 = 1‘—0; ba=1,c=1,= —11—0

c=1p3=0.1and gy = ¥ (see Fig. 9b). Signifi-
cantly, when B3=—f4, the rogue waves on the double-
periodic background will convert to the rogue waves on
the plane wave (see Fig. 9¢). Due to the reverse-space-
time reduction conditions of eq.(2), the positions of the
rogue wave solutions show the connections between
reverse-space-time points (x, r) and (—x, —t). We can
verify this intuitively by observing the positions of two
peaks rogue wave and four peaks rogue wave.

When n = 6, we can obtain the second-order
rogue waves on the double-periodic background by
(23). Similar to the first-order rogue wave on double-
periodic background, the selection of parameters also
have effect both on the amplitude of the double-
periodic background and rogue waves. The positions

of the second-rogue waves also show the connections
between reverse-space-time points (x, #) and (—x, —1).
Compared with first-order rogue waves on the double-
periodic background, the difference is that there are one
peaks on the double-periodic background when we take
a=1,c=1,85=0.1and B = 2 (see Fig. 10a).
And there are two peaks on the double-periodic back-
ground when we take a = 1, ¢ = %, Bs = 0.1 and

Bs = @ (see Fig. 10b). Seeing it visually in three
dimensions, we can find that the energy centered on the
rogue wave and gradually dissipated to a steady state.
When fs=— g, the second-order rogue waves on the
double-periodic background will convert to the second-
order rogue waves on the plane wave (see Fig. 10c). In
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(a)

Fig. 8 Second-order rogue waves on the periodic background:aa =1,c =1, s = %; ba=1,c=18= —%

addition, compared with the first-order rogue waves,
second-order rogue waves have higher amplitude.

5 Conclusion

Inour present investigation, we constructed the breathers
and rogue waves on the double-periodic background
for Eq. (2), which are first generated by plane wave
seed solution. The general breathers, Ma breathers and
Akhmediev breathers on double-periodic background
were generated by even-fold DT. Due to the influence
of the double-periodic background, the image of Ma
breathers solution looks like it disappears in the double-

@ Springer

(b)

periodic background, and the propagation direction of
general breathers produces shift.

By using the even-order semi-degenerate DT, we
derived the first-order and second-order rogue waves
on the double-periodic background. Due to the reverse-
space-time reduction conditions, the positions of rogue
wave solutions show connections between reverse-
space position and reverse-time points (x,¢) and
(—x, —t). For the first-order rogue waves on the
double-periodic background, we find that there are
two peaks or four peaks when we adjust the param-
eters. There are one peak or two peaks on the double-
periodic background when adjusting parameters of
second-order rogue waves. Second-order rogue waves
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(a) First-order rogue wave on the (D) First-order rogue wave on the

double-periodic background with two double-periodic background with

peaks four peaks

Fig. 9 Dynamics of first-order rogue wave solution with:aa = 1,c =1, 83 = 0.1, B4 = Siba=1,c= % B3 =0.1, s =

(C)GZI,CZI,ﬂ'j:g,ﬂ“:—#

(a) Second-order rogue wave on (b) Second-order rogue wave on the

(¢) Second-order rogue wave

the double-periodic background double-periodic background with two

with one peak peaks

Fig. 10 Dynamics of second-order rogue wave with:aa = 1,¢c = 1, 5 = 0.1, B = 555 ba=1,¢c=

a=1,c=1,ﬁ3=4,ﬂ4=—%§

have higher amplitude than first-order rogue waves.
Significantly, the double-periodic background converts
to the plane wave background when 8,1 = —8,.

We generated the general breathers, Ma breathers
and Akhmediev breathers by odd-fold DT. There are
some interesting phenomena: the crest of the Ma
breathers is cut, and the phase shift occurs at the cen-
ter of the general breathers with the perturbation of
periodic background. The first-order and second-order
rogue waves on the periodic background were derived
by odd-order semi-degenerate DT formula, respec-
tively. When B, > 0, the rogue wave patterns are
located in the area where the periodic pattern reaches

2 ,ﬁ3=0-1,ﬁ4=%5;c

=

its amplitude. However, when B, < 0, the rogue wave
patterns locate in the middle of two amplitude trajec-
tories of the periodic pattern, which looks like that the
rogue wave is generated by the interaction of two waves
of the periodic pattern. The higher-order rogue waves
have a high amplitude peak on the center distributed
with some lower peaks and even numbers of caves.
Moreover, as we remarked in the introduction, rogue
waves on the periodic and double-periodic background
have some important uses and applications in many
diverse areas of mathematics and physics. Therefore,
the results which are presented in this article are also
of great physical significance. For example, the rogue

@ Springer



3450

H. Zhou, Y. Chen

waves on the periodic and double-periodic background
can be relevant to diagnostics of rogue waves on the
ocean surface and understanding the formation of ran-
dom waves due to modulation instability.
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