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Abstract

CrossMark

In this paper, we give the solutions on a periodic background in terms of the determinant form
for the derivative nonlinear Schrodinger equation. Because its rogue wave on a periodic
background has been studied, we investigate only the breather and breather-rogue wave on a
periodic background for the derivative nonlinear Schrodinger equation. We obtain Kuznetsov—
Ma breather, Akhmediev breather and spatio-temporal breather on a periodic background for this
equation. In addition, we mainly focus on three types of the breather-rogue wave on a periodic
background: (1) the interaction between a Peregrine soliton and a breather; (2) the interaction
between a Peregrine soliton and two breathers; (3) the interaction between a second-order rogue
wave and a breather. For the first type, we analyse the effects of the free parameters on its
dynamical behaviour. The second type is described as ‘rogue wave quanta’ on a periodic
background. The third type has two spatial-temporal distribution structures: the fundamental

structure and the triangular structure.

Keywords: derivative nonlinear Schrédinger equation, dynamical behaviour, breather on a
periodic background, breather-rogue wave on a periodic background

(Some figures may appear in colour only in the online journal)

1. Introduction

In the nonlinear science field, nonlinear evolution equations
play an important role and their solutions have been a hot
research spot, including soliton, rogue wave (RW), lump
wave and others [1-29]. As one of the most important
nonlinear waves, RW has been widely applied in various
fields, such as oceanography [7, 8], plasma physics [9-11],
financial system [12], geophysical fluids [13, 14], Bose—
Einstein condensate [15, 16] and nonlinear optics [17, 18].
There are various structures of RWs, including the funda-
mental, four-peaked, triangular, ring and semi-rational
structures [7-25]. In addition, the above RWs are obviously
on a constant background. Recently, RW on a periodic
background, called rogue periodic wave, has been reported
for some soliton equations, for example, the nonlinear
Schrodinger equation [30-34], the modified KdV equation

0031-8949,/20,/055216+-10$33.00

[35], the derivative nonlinear Schrédinger equation [36] and
Gerdjikov-Ivanov equation [37]. Many methods of con-
structing rogue periodic wave have been presented, e.g.
Jacobi elliptic functions [30, 32, 35], integrable equations
with variable coefficients [31] and vector form [34],
PT -symmetric [33], the odd-th fold Darboux transformation
(DT) [36, 37].
The derivative nonlinear Schrédinger equation

q, + iq,, + (g g = 0, (1.1

plays a significant role in plasma physics and nonlinear optics
[10, 11, 22, 23, 36, 38, 39]. All kinds of RW solutions on a
constant wave background have been obtained for the deri-
vative nonlinear Schrodinger equation [10, 11, 22, 23].
Moreover, Liu, Zhang and He showed the fundamental
structure and the triangular structure for RWs on a periodic
background by means of the odd-th order DT [36].
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Subsequently, Ding, Gao and Li used this method to obtain
the richer structures of RWs on a periodic background for
the Gerdjikov—Ivanov equation [37]. More recently, Xu, He
and Mihalache discussed a new mechanism of RW genera-
tion through multiphase solutions degeneration for the
derivative nonlinear Schrédinger equation [39]. To our best
knowledge, the breathers and breather-RWs on a periodic
background have not been obtained for the derivative non-
linear Schrodinger equation (1.1). In this paper, we will give
the solution on a periodic background in terms of the
determinant form for equation (1.1). As an application, we
obtain Kuznetsov—Ma breather (KM), Akhmediev breather
(AB) and spatio-temporal breather (STB) on a periodic
background. More importantly, we shall exhibit three types
of the breather-rogue periodic waves: (1) the interaction
between a Peregrine soliton (PS) and a breather; (2) the
interaction between a PS and two breathers; (3) the inter-
action between a second-order RW and a breather. We
analyse the dynamics of the first type by taking the different
values for the free parameters. The second type can be
referred as ‘rogue wave quanta’ on a periodic background
[40]. For the third type, we show two spatial-temporal dis-
tribution structures: the fundamental structure and the tri-
angular structure.

problems are gave

— U:[ iX g ]
—A\g* —iN
T, = VU,
V =
20X — iN|gl? Ng — Mql*q + iq,)

2Xq* + MlqlPq* — iq") —2i) + iN|g)

[ J 2.1
which can derive the derivative nonlinear Schrddinger
equation (1.1). Here, the classical odd-th fold DT of
equation (1.1) is recalled in the form of a theorem without
considering the first-fold DT.

Theorem 2.1. ([I1] Xu et al) Let (2n + 1) distinct
eigenfunctions U, = (¢, ¢, )! (n € N;) associated with the
eigenvalue )\, and the seed solution q, for the spectral
problems (2.1) have the following properties:

(b* = Y = ¢k+1’ )\t = = At15
¢2n+1 >\2n+1 = k= 1, 3,

Pr+1>

*
Pon+1s _/\2n+1’ 2n — 1.

Then, equation (1.1) has the 2n + 1)-order solutions:

~2
This paper is organized as follows. In section 2, we will g2 — o 2l 4 2 @11@12
present the formula of the local wave on a periodic back- %1 0 21
ground by modifying the odd-th order DT for equation (1.1).
In section 3, we will consider the breathers and breather-RWs  where
>\1 1 /\12%1@ )\12%2901 A1y 1
6, = /\2 ‘Pz )\%”_1@ )\%n—z% A ¢y 12 i
)\%Z+1<P2n+1 /\gglwznﬂ )\%Zﬁ%nﬂ A 19241 Ponti
)\%n¢1 A%nil% )\%nizdh ALy ol
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2n+1¢2n+1 >\2n+1<P2n+1 )\%ZI%%HH At 1P0p1 Pons
w= (/\%Hl(bl’ /\%Hlfﬁz’ %Zﬂ%nﬂ)

on a periodic background for equation (1.1) and display their
dynamical behaviour.

2. The formula of the solution on a periodic
background

In this section, we will give the formula of the solution on a
periodic background for equation (1.1), which includes RWs,
breathers, breather-RWs. To this end, the following spectral

and ©,, is obtained from ©,, by replacing its first column
with .

According to theorem 2.1, we can only select (n + 1) dif-
ferent eigenfunctions Wy (x, ; \y) = (¢, @) (n € N,) related
to the seed solution g, for the spectral problems (2.1), which meet

(D XAg=—X5, ask=1,2,.
@) &y =

Subsequently, we can get a (2n + 1)-order solution for
equation (1.1):

Pna1o /\n+1 >‘n+l
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Figure 1. The third-order solution of equation (1.1) with so; = s9, = 0 and 3, = 1/10: (a) a KMB on a periodic background as
i, = v; = 2734, (b) an AB on a periodic background as i, = v; = 275/4; (c) a STB on a periodic background as p; = 27/50 and

v = 9/20.

and @12 is obtained from (:)11 by replacing its first column
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Figure 2. The fifth-order solution of equation (1.1) with so; = sp» = 593 = 0 and 33 = 1/10: (a) the superposition of a PS and a KMB with a
second-order central RW on a periodic background as p, = —1, = 13/25; (b) the superposition of a PS and a KMB without a second-order
central RW on a periodic background as ji, = v, = 13/25; (c) the superposition of a PS and an AB with a second-order central RW on a periodic
background as p, = —v, = 12/25; (d) the superposition of a PS and an AB without a second-order central RW on a periodic background as
Hr = 1, = 12/25; (e) the superposition of a PS and a STB with a second-order central RW on a periodic background as p, = 53/100 and

v, = —1/2; (f) the superposition of a PS and a STB without a second-order central RW on a periodic background as 1, = 53/100 and v, = 1/2.

introduce the following functions where
Ak + )b (x, 15 Ak + 61) 1.9/ O\ 56, ( A 5)
i iy + -x’ t; + >
= Gur0 T Drak + Gpali + o+ Gl o Pt J! &Si[ £ 0N e+ o0l
Ak + 0 (x, 15 A + 6 1 o/
- Gopi ===k + ) (x, t; A\ + )],
= Gro T PoraOc + %,k,z‘si ot @Ol e (2.3) S J! 06 ¢
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O 1s a real small parameter and s, j € N. According to [11, 23, 29, 36], we can obtain the following (2N + 1)-order solution for
equation (1.1) by the limit technique and Taylor expansion:
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Figure 3. The contour plots for the fifth-order solution of equation (1.1) with p, = —1, = 53/100
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Figure 4. The seventh-order solution of equation (1.1): (a) the superposition of a PS, a STB and a KMB as \; = g + ef,

X =531 + i) /100, \3 = (11 — 9i) /20, Ay = i/10, 591 = 5 and sg; = 593 = so4 = 0; (b) the superposition of a fundamental RW and a
KMB on a periodic background as \; = Ao + €7, \y = 7(1 — i)/10, A3 = i/10, m; = 1, so; = 503 = 0 and sg, = 5; (c) the superposition
of a triangular RW and a KMB on a periodic background as \; = \g + €7, Ay = 13(1 + i)/25, 3 = i/10, my = 1, 5¢; = 5093 = 0

and So2 = 5.

Table 1. Structures of the breather-rogue periodic wave as so; = s, =0,/ =1, m; =0 and n = 2.

Parameters Structures on a periodic background

PS+KMB with a second-order central RW in figure 2(a)
PS+KMB without a second-order central RW in figure 2(b)
PS+AB with a second-order central RW in figure 2(c)
PS+AB without a second-order central RW in figure 2(d)
PS+STB with a second-order central RW in figure 2(e)
PS+STB without a second-order central RW in figure 2(f)

[to] = lval > 172, 12 <0,

[tol = |val > 1/2, 1, > 0,

0= |p,y| = |va] < 1/2, v, <0,
0= || = |va] < 172, 15 >0,
0 = |, = |val, 2 <0,

0 = |p,| = |vaf, v2 > 0,

On account of n € N, we can easily obtain N € N,.. Thus,
equation (2.4) can not obtain the first-order solution of
equation (1.1), which appeared as a periodic solution with a
constant amplitude in [11, 36]. When the seed solution g is
considered a plane wave solution, we can get various solutions of
equation (1.1) by utilizing the above formula (2.4): (1) breathers
on a periodic background as /= 0; (2) RWs on a periodic
background as [ =n; (3) breather-RWs on a periodic as
0 < I < n. Comparing with [29, 36], we can obtain all kinds of
the breather-RWs or the breathers on a periodic background for
the derivative nonlinear Schrodinger equation (1.1) by the
formula (2.4). Similar to [37], we can also give the fundamental,
triangular, ring or ring-triangular structure for higher-order RWs
on a periodic background. Hence, we pay main attention to the

breathers and breather-RWs on a periodic background
(0 < I < n) for equation (1.1) in this paper, which have not been
fully studied in the previous literature.

3. Dynamics of the breathers and breather-RWs on a
periodic background

In this section, we will obtain the breathers and breather-RWs
on a periodic background of equation (1.1) by utilizing the
formula (2.4). Similar to [36], we still take the seed solution
gy = ce” with p = ax + (a* — ac?)t for equation (1.1) and
choose the following eigenfunctions of the spectral problems
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2.1
ehitp) _ 2N~ ia—ihk1i—p)
U = Pu = 2N CRY
Pk i) _ 2Nl i —p) [ |
e—tiltp) _ 2N~ ia—ily i~ p)
26‘/\/(
where

Jj=0

k—1
0, = hk[x + @M\ +a— D+ 2> spel |,

he = \/402)\i + 44X — daXi 4+ a®,  a,c, sik € R,

and ¢, are real small parameters, j € N, k =1, 2,---;n + 1.
Note that /i, =0 as N\, = (v2a — ¢ — ic)/2 & ). For
equation (2.4), we can select )\, = Ao + 631, Ar, = Ky, T
iV Any1 = iBus1s So.nr1 = 0 and expand A} ¥, ate, = 0 via
the Taylor expansion where Horys Vi Bny1 € R\{0}, s € N,
rn=12--landr, =1+ 1,---,n. All kinds of the breather
(-RW) on a periodic background for equation (1.1) can be
obtained by taking the limite, — 0 (k = 1, 2,...,n + 1). For
simplicity, we only consider the case of / = 0,1 asa = ¢ = 1.

For N = 1 in equation (2.4), when [ = n = 1, we can get
the same results with [36], namely, a PS on a periodic
background. Hence, we discuss here only the case of / = 0
and n = 1. Under this case, a third-order solution of
equation (1.1) is obtained directly by means of the formula
(24) and the eigenfunctions (3.1) as N = p, + iv; and
A2 = if,. Specifically, when 4, = vy = 1/2 and so; = 0, a
periodic solution is achieved

2% V453263 + w + DeB — 263203 4 w)e @RI 4 (w 4 1)e]

[ty = |v1] > 1/2 in figure 1(a); an AB as|y| = || < 1/21in
figure 1(b); a STB as |y| = |v] in figure 1(c). As shown in
figure 1, we take so; = 0 because the parameter has indeed no
real influence upon the structure of breather, except in the
position of the breather. Considering the complexity, we only
show the expression as so; = so = 0 and p, = v; = 273/4,
ie. the KMB on a periodic background displayed in
figure 1(a):

2
Al 2.A1,kmbA2,kmb
Dimb periodic — Az en + 2 Az
3,kmb 3,kmb

) (3.3)

where

Aty = (— 1)3/4ei[ﬂ74t(6§w+x5)72)&072(172i)x]/4
X ([(=D'/52(J2 = 1)/
+@2 - \/E)ezwfhtx
+ J2e* + 23/4(ein/4 — i)eiﬁz+2x] 5%
X [262e24% 4+ (1 + 263 + w)e]
+ [ex+2i~ﬁt 4+ 2l/4
x (1 + e3iw/4)eiﬁr+2x—m/4 + 214/ — i)eiﬁt
+ (V2 = De1[26,e¥5 + (263 + w
T 1)eiw] — [23/4(eiT/4 — l-)ez)mﬁt 4 Dext2i21
_ 23/4(631'77/4 _ l')ei« 2t + 2(\/5 — DeY]
X B2l203 + w + DR + 262e]) /(242 o).

T 32
qpertodlc (HR + iH1)2 ( )
with w = 1 + 483, Hg = 265+ w + 1)cos 2331w) — Aoy = fe 2wt D) b= (420X /2 _)(f2 — 1)ext2-21

23,cos (xw),  Hy = (265 + w + 1)sin(2f31w) — 20, sin
(xw). Owing to B, = 0, we have

HE + H2 = QB+ w+ 12 + 453
— 43,203 + w + 1 cos 2B 1w — xw)
> Q285+ w+ 12+ 465 — 43205 + w + 1)
= QB+ w+ 1 —2[6))?

=[5 +w+ 1 — B3P
>0,

which implies equation (3.2) is nonsingular. Interestingly, the
periodic solution (3.2) is similar to the case of n = 1, 5y = 0
and )\ = i0; in [36]. However, the breather on a periodic has
not been well studied for the derivative nonlinear Schrodinger
equation in the previous research. More importantly, we can
also obtain a breather on a periodic background: a KMB as

— 2341 — eiw/4)ezx+iﬁt 4 23/4

X (1 _ efiﬂ/4)eiﬁt _ Zex] [ZﬁzeZi{f%m

+ (203 + w + DeR] + 241 — e/ ieX i
+ ﬁex+2iﬁt + 23/4(em/4 _ l-)ei-/iz

— (V2 = 2)e"13,[(283 + w + De¥i 4 28,e]
_ ﬁeiﬂ/4[23/4(1 _ ei7r/4)62x+ir 2t

+ (2 - l)ﬁex+2iﬁmn/4 123/t i)e"““zf
+ et AR B3(262 + w + Dedaw

+26,e"1} /(48y),

Ag b = 67i[2[(ﬂ§w+ﬁ)+x“’7(1+2i)X)J/2{\/Ee,'ﬂ-/4

% [(2\/5 _ 2)6x+2iﬁtfi7r/4
+ 23/4(ei”/4 _ l-)ezx+iﬁr
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1 23/4(1 — em/4)eiﬁz — Qe +3in/4)3,

% [Zﬂzeﬁﬂ%tw + (26% +ow 1)eixw]

+ (V2 = et

x et 4+ i23/4(1 _ e—iﬂ'/4)62x+iw5t

— 241 — et/ HyeiN2t — 2 er]

x [(26% + w+ l)e2i6%tw

+ 2ﬁ2eixw] + Zeiw/4[2l/4(1 _ efiw/4)i62x+irﬁt
4 21/Aein/4 l)eiﬁf _
+2 - D1B

X [203 + w + 1)e¥h 4 23,61} /(43,).

ex—m/4(62i«§t

Obviously, the expression (3.3) is more complex than the
periodic solution (3.2). Through complex and direct calcul-
ation, A, has the real part Fr and imaginary part F, i.e.
Ag gy = Fr + iF;. With the aid of Mathematica software, the
minimum of F? + F? is about 0.438 when (x, #, () is
approximately (—0.084, —2.175, —0.250). Thus, A gy = 0.
That is to say, equation (3.3) is nonsingular.

For N > 2 in equation (2.4), we shall not discuss the case
of [ = 0, i.e. the breather(s) on a periodic background. Next,
we will focus on the breather-RW on a periodic background
as [ =1 and N > 2 for the formula (2.4). Besides, we set
Bt = 1/10 because the effect of 3,1 on RWs on a peri-
odic background was investigated [36].

For N=2 in equation (2.4), let X\ = Ao+ €7,
M=, +ivy, 3=1i/10, I=1, m =0 and n =2 as
described above (u,, v> € R\ {0}). Under this case, the
fifth-order solution of equation (1.1) is a PS interacting with a
breather on a periodic background, as shown in figure 2. Note
that there are two structures for the fifth-order solution when
the parameters are taken different values: the interaction with
a second-order central RW in figures 2(a), (c), (e); the inter-
action without a second-order central RW in figures 2(b), (d),
(f). Taking no account of the parameters sq; and sq;, table 1
shows the effects of the two free parameters 1, and v, when
(Ige,l, lv2]) is in a appropriately small neighborhood of (1/2,
1/2). The spatial-temporal structure of the fifth-order solution
shall become a soliton wave as (|j,|, |2]) — (00, 0o) while
it can degenerate into a PS on a periodic background as
15 + v3 — 0. Additionally, figure 3 clearly indicates that the
PS shall move gradually with the change of the parameter s¢,;
as well as how the parameter sy, affects the KMB for the
breather-RW on a periodic background. Furthermore, the
parameters so; and sp, have the similar effect on other
structures in table 1. These dynamics are consistent with the
breather-RWs on a constant background [29].

For N = 3 and / = 1 in equation (2.4), there are roughly
two structures for the seventh-order solution of equation (1.1)
when we ignore the structures of the breathers and whether a
third-order central RW appears or not. One is the interaction
between a PS and two breathers on a periodic background as
I=1,m; =0 and n = 3 in figure 4(a). The hybrid can be
called as ‘rogue wave quanta’ on a periodic background [40].
The other is the nonlinear superposition of a second-order
RW with a breather on a periodic background as [ = 1,

m; = 1 and n = 2. Under this case, we display the funda-
mental structure in figure 4(b) and the triangular structure in
figure 4(c).

4. Conclusions

In this paper, we give the expression (2.4) of the odd-th
solution for the derivative nonlinear Schrddinger
equation (1.1). On the basis of equation (2.4), we not only get
the same results in [36], but also can obtain the distinct
results, i.e. the breather and the breather-RW on a periodic
background. For the derivative nonlinear Schrodinger
equation (1.1), [11, 22, 23, 29] showed the soliton, RW and
breather on a constant background, but this paper displays the
breather and the breather-RW on a periodic background. As
applications, we show the structures and study the dynamics
for these solution of equation (1.1). Naturally, we can obtain
‘rogue wave quanta’ and the fundamental (or triangular or
ring or ring-triangular) pattern for higher-order breather-RW
on a periodic background like figure 4.
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