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Abstract We study an integrable extended modified
Korteweg—de Vries equation, which contains the fifth-
order dispersion and relevant higher-order nonlinear
terms. The infinitely many conservation laws are con-
structed based on the Lax pair. A general Nth-order
periodic solution is obtained by means of the N-fold
Darboux transformation (DT), and a simple represen-
tation of the Nth-order rational solution is derived from
the generalized DT by using the limit approach. As an
application, the explicit periodic and rational solutions
from first to second order are given, and some typical
nonlinear wave patterns such as the doubly periodic
lattice-like and doubly localized high-peak waves are
shown. It is interestingly found that, the doubly local-
ized high-peak wave can be converted into a W-shaped
soliton in the second-order rational solution due to the
existence of higher-order terms.
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1 Introduction

It is well known that the modified Korteweg—de Vries
(mKdV) equation is a fundamental completely inte-
grable nonlinear partial differential equation admitted
the N-soliton solution [1], and has significant applica-
tions in various physical contexts such as the generation
of supercontinuum in optical fibres [2], propagation of
solitons in lattice [3], nonlinear Alfvén waves propagat-
ing in plasma [4], physical experiments of ion acous-
tic solitons in plasmas [5] and fluid mechanics [6]. In
focusing case, the mKdV equation can be written as

ur + a(6142’4x +uyyy) =0, (D

where u = u(t, x) is a real function with evolution
variable ¢ and transverse variable x. The inverse scat-
tering transform, Hirota bilinear technique and Dar-
boux transformation (DT) were developed to derive
the explicit N-soliton solution for Eq. (1) along the
past few decades [1,7,8].

Inrecent years, the construction of rational solutions
for integrable nonlinear equations has been becoming
a topic of continued interesting in the description of
rogue waves [9], which are originally referred to huge
waves occurring erratically and unexpectedly on the
ocean surfaces [10], and nowadays, they are extended
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in a wide range of research fields, for instance, optics
[11], Bose—FEinstein condensation [12], plasmas [13]
and even finance [14]. Among the rogue wave theoret-
ics, the Peregrine soliton, a simplest rational solution of
the nonlinear Schrodinger (NLS) equation given over
30years ago, plays a prototypical role in mathemat-
ics to model rogue waves in many physical branches
[15]. It depicts a doubly localized (temporally and spa-
tially) wave featuring a single hump whose amplitude
is three times larger than the average crest and two
holes with zero amplitude. Analytically, the Peregrine
soliton can be seen as a special limiting case of the peri-
odic Akhmediev breather [16] or Kuznetsov—Ma soli-
ton [17,18]. More recently, periodic solutions, rational
solutions and the generation of rogue waves in Eq. (1)
have been reported by many authors [19-22]. As are
emphasized by them, this type of rational solutions
plays the role of rogue waves in the mKdV equation and
can present different descriptions in hydrodynamics
from that in the NLS equation. Besides, it is noted that,
these rational solutions may appear in diverse physical
fields, the electromagnetic waves in quantized films,
internal waves in stratified flows [23] and so on.

Since rogue wave investigations have flourish devel-
oped in several scientific fields, one should go beyond
the standard NLS equation to model more general and
complex physical systems. In this direction, some inte-
grable physical systems including higher-order per-
turbation terms such as the Hirota equation [24-26]
and Sasa-Satsuma equation [27] have been taken
widespread attention, and actually, these equations usu-
ally possess some novel characteristics. Most notably,
as we argue, the breathers and rogue waves in them can
convert to new types of solitons due to the existence of
the higher-order perturbation terms [28-33]. But, the
standard NLS equation does not allow the conversion
of breathers or rogue waves into solitons.

In this paper, we investigate an extended modified
Korteweg—de Vries (emKdV) equation, which takes the
form

u; + oe(6u2ux 4 Uxxy) + B (3Ou4ux + IOui
+40uuyuyy + 10u2uxxx + uxxxxx) =0, ()

where @ < 1 and B < 1 stand for the third- and fifth-
order dispersion coefficients matching with the rele-
vant nonlinear terms, respectively. As is known, the
Painlevé test and multi-soliton solutions via the simpli-
fied Hirota’ direct method for Eq. (2) have been recently
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studied by Wazwaz and Xu [34]. In this paper, our aim
is to construct the infinitely many conservation laws
[35-37] for Eq. (2) based on its Lax pair, and to derive
the periodic and rational solutions through the N-fold
DT together with the limit approach [38—46].

The present paper is organized as follows. Sec-
tion 2 gives the infinitely many conservation laws for
Eq. (2) based on the Lax pair. Section 3 constructs
the Nth-order periodic solution for Eq. (2) via the N-
fold DT. Section 4 derives the Nth-order rational solu-
tion for Eq. (2) from the generalized DT by using the
limit approach. Explicit expressions of the periodic and
rational solutions from first to second order are pre-
sented, and some typical types of the nonlinear wave
structures are shown. In the last section, we give the
conclusions of this paper.

2 Lax pair and conservation laws

To begin with, the Lax pair of Eq. (2) can be given
through the AKNS technique [47]:

®, = (o3 + U)D, U=<0 ”) (3a)
—u 0
A B
D =V, V—<C _A>, (3b)

where o3 is the Pauli matrix,

A= —16835 — (8Bu> + 4a)r> — (6,8144 + 20u?
+4Buuy, — Z,Bui) A,

B = —16Bur* — 8Bu, )’ — (8/3u3 + dau

+ 4Bux) 12— (12BuP 1y + 2Bty
+2ou )\ — 6;3145 —2au’ — IOﬁuzu”
_10:3’/”4,% — BUxxxy — QUxy,

C = —B(—M).

Here @ = (v, (p)T, A is a spectral parameter. From the
compatibility condition U; —V,+[Lo3+U, V] = Oone
can easily get Eq. (2). In order to obtain the infinitely
many conservation laws for Eq. (2), we denote = £,
then we can get the following Riccati equation

Uwy = —u?w? — 2huw — u’. (@)

By substituting the ansatz

o]

wp
uw = Z W (5)

n=0
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into Eq. (4) and equating the powers of A, we have

wo =u?, o) = uuy, (6)
and
w n—1
Wp+l = U (7”> + Zwiwnfifl» n=123,..),
u ’x .
i=0
(7N

which give rise to
W) = Ulyy + u4, W3 = Ulyyy + 5u3ux,
W4 = Ulyyyy + 7u3uxx + lluzui + 2u6,
ws = u(22u4ux + 9u2uxxx + 38unttyy
11 + trxr)- (8)

Moreover, by resorting to the compatibility condi-
tion of (In ¥)yx; = (In ¥);x, we have

A +uw); = (A + Bw)y,

then a recursive formula of the infinitely many conser-
vation laws for Eq. (2) that satisfy

Orwy(t, x,u) = 0x Ju(t,x,u), n=0,1,...,

can be written as follows

1 fwpt4a Wn+43 Wnp+2
= — B — B B
In u( 2d P1lT T T
[0
- n+lB4+wnBs), 9

where B; (j = 1,2, ...,5) are the coefficients of A3/
in B, w, and J, represent the conservative densities and
associated flows, respectively. By inserting the first few
conservative densities (6) and (8) into Eq. (9), we arrive
at the first two associated flows

Jo = —aBut + 2uug, —u?) — BA0u® 4 20u3u,,
—HOuzui 42Uty — 2UxUxxx + u%x),

Ji = —au(6u’uy + txer) — BuBOu*uy + 10Uty
+40utt ity + 1003 + tiyyiry). (10)

3 Periodic solutions

In this section, we derive the general Nth-order peri-
odic solution from a nonzero constant seed solution for
Eq. (2) by virtue of the N-fold DT. We first present the
elementary DT for Eq. (2) basing on the DT for the
standard AKNS system and its relevant reductions [8].

Suppose @1 = (Y1, <p1)T be a special solution for
the linear system (3) at u = u[0] and A = XAy, then it is
known that the following DT

O[] = T11®. T[1]=1— M P1f (11)
- ’ At noley”
ull) = ul0] + 43, —22 (12)
i tei

convert the linear system (3) into

—ufll] 0
A[l] B[l])

®[1]x = (ros + U[1)D[1], U[1]=< 0 u[l]),

Q[1], = V[1]®[1], V = (C[l] —A[1]
where A[1], B[1] and C[1] have the same form of poly-
nomials with respect to A as A, B and C except that the
original potential u is replaced with the new one u[1],
I is the unit matrix. Moreover, it is easy to check that,
the inverse matrix of 7[1] such that T[1]T[1]"! = I
can be presented in the form

2A1 @1@{

T '=1+ —1
- A= ol

13)

In what follows, we generalize the aforementioned
elementary DT into the N-fold case. Assume that @; =
Yy, <p;)T (l=1,2,...,N)be N special solutions for
the linear system (3) at u = u[0] and A = A;. Similarly,
according to iterative rule of the one-degree Darboux
matrix of (11) and its inverse form (13), we can express
the N-fold DT in terms of

N

D,
Ty = T[N]IT[N —1]---T[1] =1 —
v = T[NIT| ] [1] +§x+xi
and

N g
ol =T iR TN =1 —
N (117 T[2] [N] +§A_/\i

where D; = |x;)(y;| and E; = |v;){w;|, here |-) and (-]
denote two-dimensional column vector and row vector,
respectively.

Note that Ty Ty, ' = I leads to (y/|Ty 'l1=—3, = 0.
Moreover, in view of the equation

o[ Ty =—s, =0,

we can obtain (y;| = <131T. Thus, by resorting to
Tnlp=»,P = 0 we have

N
@ i) & ® =0 (I=1.2...N
I+Z)\,+)\,l |)L:)Ll 1 = 7(— 9 Ly e ey )7

i=1
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which implies

(x1)s 1%2)s o ov [xn)) = =(P1, Do, ..., ONIM L, M5
olo; o
= —7,1<i,j<N.
Ajt A

On the other hand, by returning to the definition of the
N-fold Darboux transformation, we get

Tny +Ty(hos +U) = (Ao3 + U[ND) Ty,

that is,

N N
D; D;
Y ) +(1+Y —— ) Gos+U
( ,\+A,-) ( i_1x+,\l~>( 3+0)
N -

i=1

N D:
= (ro3 + U[N]) (1 +) m) ,

i=1

then by comparing the coefficient of A? in the above
equation as A — 400, we obtain

N N
U+ <2Di> 03 = 03 (ZD,’) + U[N],
i=1 i=1

which gives rise to

N
ulN]=ul0] =2 (D)2 =u
i=1

=20l 1) ) D e s )T

where |x,-)1 (i =1,2,...,N) stands for the first rank
of |x;). In addition, it can be computed from the afore-
mentioned equations that

Q) )t oo ) = =W, o, oy M

At this point, through the simple calculation, we can
rewrite the expressions of T[N ] and u[N] as the com-
pact determinant forms, we conclude that

DOIN|=Ty®, Ty =1 — XM 'l + 57" xT,
(14)

det(M)
det(M)’

15)

N
u[NT = ul0] =2 (D12 = ul0] -2
i=1
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where X = (@1, D2, ..., Dy), S = diag(ry, A2, ...,

ANDs
oo, ol o oy
201 Ao+ A AN + Al
ol ol o, oloy
M=\ M+Xi 2A2 AN +22 ],
olo ol b, ol oy
Al+AN A2+ AN 2AN
ol ol o, ol oy
1
20 A+ A AN + Al v
ole,  ole, o] Dy
¥2
A+ Ao 250 An + A2
M, = : . . N .
ole;,  ole, L Py
MAAIN A+ An oy N
Y Y2 YN 0

Next, we choose u[0] = ug (ug # 0) as the seed
solution to generate periodic solutions for Eq. (2). By
substituting #[0] = ug into the linear system (3) and
taking A = ug(1 — 2k2) such that || < 1, we obtain
the solution

1 1
—sin(p) + ——=
I V1 . 316

= sin(p) + ﬁ cos(p)

where

p = 2upky/ 1 — k2[x — 2(8Bug(1 — 2k%)*
+4Bud(1 — 2?)? 4 203 (1 — 26?)?
+ 3/3143 + otu%)t].

By taking @; = (¥, ¢;)" = ®(k)|c=; be N special
solutions of the linear system (3) under the constant
seed solution u = ug and A; = up(l — 2/(./2.) with
ki # kj fori # j, we can provide the Nth-order
periodic solution for Eq. (2) from the formula (15) in a
compact form

W[N] = uo [1 —2det(Pl)],

det(P) a7
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Fig. 1 a, b The first-order
periodic solution (18) at
B=-0.1and B = —0.2
witha =1, ug =1,

k1 = 0.1

Fig.2 a, b The (a)
second-order rational
solution (19) at

k1 =0.5,kp = 0.3 and
k1 = 0.5,k = 0.2 with

a=1,8=-02,up=1 5l WPy
e A L
0o
t -20 -20
where
Py P2 Py
Py Py PN
P = ) . ) ,
Py1 Pn2 Py
Py Py Py ¥
Py P> Py 2
p=l s ]
Py Py2 PNn  oN
Yi/uo  Ya/uo Yn/ug 0
with
P = ijl QjPi 1<i,j<N.

2up(1 — /cjz. — Kl-z)
Explicitly, by taking N = 1 for Eq. (17), one obtains
the first-order periodic solution
cos(2p1) + (2k? — 1
(2p1) +( L ) Cas)
cos(2p1) +1/Q2ki — 1)

ull], = ug [1 -2

where

o1 = 2ugkty/ 1 — i [x — 2(8Bug(l — 2ut)*
+4Bud(1 — 2c)? + 2aud(1 — 2«3)?
+3Bug + aud)t].

Figure 1 shows the first-order periodic solution (18)
with two different values of the higher-order effect
coefficient. The maximum amplitude of this periodic
solution is —(4/<12 —3)ug, and the minimum amplitude
is (4/(12 — Duyg. It is shown that, the amplitude of the

u[1]
od o o

20

(b) 4
\ 5, ‘ .l' |y ‘ b
v =3 ‘\I " ' , 1 "
L ' "'l "
"o o "o
X t —20 -20 X

periodic solution maintains constant, and the distance
between two peaks is always the same. Furthermore,

the period of the solutionis T = 7/ <2u0/c1‘/ 1-— /c12>

along the x axis.
Analogously, for N = 2 in Eq. (17), the second-
order periodic solution can be worked out as

Ny
M[Z]p = Uy 1 —ZF s
P

where

19)

DY = Dy Dy — DiaDy, NP = (Dot

+D21Y2¢1 — D11z — Daxyrior) /uo,
with
D — 2k cos(2p1) — cos(2py) + 1
T ugk2 @k — kP — 1)
2k} cos(2p2) — cos(2p2) + 1
Dy =

2u0K2 (2/(2 — l)(lc2 —-1)
Dy = Dy =

V1= 31— &3 sin(p1) sin(p2) + k162 cos(p1) cos(p2)

uok1ka4/ 1 —Kl 1 —KZ(KI +K2 —-1)

pj = 2upkj,/1—KF[x — 2(8Bug(1 — 2c7)*
+4Bug(l — 261 + 20uG (1 — 27)?

+3Buf +audtl, j=1,2.

Figure 2 displays the second-order doubly peri-
odic lattice-like structure with different choices of the
parameters «7 by fixing «. It is computed that the max-
imum amplitude of the higher-order periodic solution

@ Springer
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is [—4(;(12 + K22) + 5]ug and the minimum value is
[4(k? + «3) — 3luo.

Therefore, the sum of the maximum and minimum
amplitudes is always 2u( and independents on « and
B.In Fig. 2a, the maximum amplitude of the solution is
3.64 and the minimum value is —1.64, while in Fig. 2b,
the corresponding values are 3.84 and —1.84. Particu-
larly, itis apparently exhibited that the distance between
two peaks in Fig. 2b is narrower than that in Fig. 2a
when by decreasing the value of ko with the fixed num-
ber of «;.

4 Rational solutions

In this section, in order to derive the Nth-order rational
solution for Eq. (2), we should utilize the limit approach
to construct the generalized DT. We impose a small
perturbation on the spectral parameter A, namely A =
AM+2uo f 2 Here A1 = uqis afixed spectral parameter,
f is asmall complex parameter. Then, we have another
form of the solution for the linear system (3)

. C]€A—C26_A
(pl (f) - (C]E_A _ C2€A ’ (20)
where
c A+2f2+2f/1+ f2)2
1= ,

2fy/ 1+ f?
_ a2 —2f /T4 723
21+ f?

)

and

A =2uof\/14 f2[x — 2(8Bug(1 +2£)*
+4Bud(1 422 4 2aud (1 +2£%)?
N—1
+3puf +aud)t + Y si 71,
i=1

with @1(f) = (W1(f), 1(f)T and s; are real con-
stants.

In this case, it is ready to prove that @;(f) can be
expanded as the following Taylor series

@) = @EO] + q){z]f2 T Q){N—l]fZ(N—l)
+O(*M), 21
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. . . 2i
here ®11 — (Il QINT — i L O2®1 - _
where @, W) Hm a2 T i
0,1,..., N — 1. Furthermore, we denote

Vi) + e (FHe(f)
2up(1+ f2 + f*2)

_ i Oli1 p20=1) p#2G=1) | <(ff*)2N) 7

i,j=1

(22)

where
1 82(i+j—2)

Q[ij] — _ :
23 — D12(j — D! af20-Dyf2i-1

Vi) + o1 (fHer(f)
2up(l + f2 4 £*2)

1 f*=0
with f* is another complex small parameter. At this
point, by virtue of the special solution @(f) and its
transpose form ®1T (f*) , we can construct the gener-
alized DT through the iterative rule as follows.

For the one-fold generalized DT, we define

plo1_ 2 o107
1 )L+)\-1 @{(pl f,f*—>0’
T
(T[0]>—l _ g I 2)\.] (D]¢1
1 - T :
A=A D Dy £ f*=0

For the two-fold generalized DT, we can use the limit
approach to obtain the eigenfunctions of the new Lax
pair (@[1], u[1]), namely

[0]
Ty ey 4200 2P
f2
O AL et ey
=T b= gy g @1lr=0 + 5 Prly=o.

@[1] = lim
f—0

-1
0
(plT <T1[ ]> |A=—n1+2ug f*
f*2

-1
0
ol 1= (1) =i

ol'[1] = 1i
1 30
1
- de*z
uo
—A—1¢1T | r#=0.
It then holds that

S _ 2 e[
! At r @ [1@[1]

—1
(T1[0]> -

ff*=0
2x @i[11@][1]
A= @[ 1@, pe g
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Continuing the above process, we have

[j—1] [1]7[0]
(Tl T ) \x:x.+2u0f2
- [
fA

#ilj] = lim

ol'[j] = lim &7 .
HT= iy @ 77
j=12....

Therefore, the N-fold generalized DT can be presented
in the compact determinant form, namely

D[N] = Ty P, TN NN 0 (23)

u[N]=ul0] -2 Z (ng]>12 — up — ,det(Q1)

° det(Q)
j=1
(24)
where
[/] [/]
. D . —1 E
L1 _ 1 ( [J]) _ 1
W =1+——, (T =1 ,
! i T a
PUI — gy PISTLL i, 2119 L]
: ! [j1911)1 ! [j1911)]
in which
J i 20j—1)
2 d=v
Q)] = D] 50, 2!
101 [ZZ(j—l)!dfz(J*l) )
= Z l_[ (MO) [lr
0<iy<j—Il—-1s=1
I q20-D I
d-u A
Traq Ty, 1
= Y 1‘[( > ( m),] ’
0<iy<j—Il—1s=1
and
Q[lll Q[12] .. Q[IN]
Q[Zl] Q[22] Q[2N]
Q= : : : ’
Q[Nl] Q[NZ] Q[NN]
11 12 IN [0]
Q[21] Q[22] lezv] (p%l]
Q[ ] Q[ ] Q[ ] 9
01 = : : . : :
[N1] Q[NZ] L. Q[NN] QDEN_I]
0 1 N—1
vt o

Asin Eq. (24) we provide a unified representation of
the Nth-order rational solution in a simple determinant

[ a1 () e

form for Eq. (2). For N = 1, we can give the explicit
first-order rational solution

ulll =ug[—1

4
+ ‘
dudx? — 48ud(5pud + a)xt + 144uf(5pud + a)212 + 1}
(25)

This solution corresponds to the Peregrine soliton of the
NLS equation [15] and looks like a soliton on a nonzero
constant background [20], see Fig. 3. The maximum
amplitude of it is 3u¢ and occurs at

1
= ——F—2X.
6ul(Spul + o)

Moreover, it is calculated that

/jo (u[1]2 - u0[1]2> dx =0,

o0

and
f " (ull] — wol11)2dx = dsgn(uoyuo,

where ug[l] = limy_4oou[l] = —ug, which indi-
cates that the energy of the pump [48] is preserved, and
the energy of the Peregrine pulse [48] keeps a constant.
We note that, the choice of § = —«a/ (SM%) corresponds
to the stationary rational solution of Eq. (2) with higher-
order effects, see Fig. 3a.

Afterwards, in terms of N = 2 in Eq. (24), one

obtains
N(Z)
ul2l = uog | 1 +2—— > (26)
D!
where
N® = —124416ul’y*r*
+82944u10y3xt
—(20736ufyx? + 1728uly (95pu
+11a))s?
+(2304uly x> + 576u8(558ud + Ta)x
+864ugy s1)t

—96ugx* — 1445 ulx — 144ulx® + 18,
D = 2985984u 8y 5¢°

—2985984u 0y x>
+(1244160ulty* x> — 207361 (145Bud
+13a)y )

—(276480u?y x> — 41472ul° (358u}

+3a)y2x — 20736ul’y 3 s1)e

@ Springer
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Fig. 3 a, b The first-order
rational solution (25) at

B =—-0.2and B = —0.22
witha =1,ug =1

uft]

Fig. 4 a, b The (a) (b)
second-order rational
solution (26) at 8 = —0.15 5 / 5.
and B = —0.1 with () 0{ s & 0/
a=1luy=1,5=0 3-5—_ 3-53:_
5 ~ 5 -
. 5 5
t 5.5
Fig.5 a, b The (a)
second-order rational 5
solution (26) at 8 = —0.15 . |
and 8 = —0.1 with N0
S5
a=1,ug=1,s1 =30
=54
10 . ' P -
t -10 -10 x t -10 -10 x
+(34560uy?x* — 17280uf (138ud + @)y x?
—10368udy?six

+144u8(94758%ul + 2270apud + 139a2))1?
—(2304udy x> — 384uS(25pul + a)x>
—1728uly s1x*
+144ug(125Bu3 + 17a)x
+144uds1 (958ud + 11a))t
+64udx® — 96ugs x>
+48u3x4 + 36u(2)s12
+72ulsix + 108ufx® 49,
with y = 5,314% + «.
In this circumstance, it can be calculated that, when
setting B # _1(?7’ the second-order solution exhibits

a doubly localized high-peak structure which can be
seen as a collision of a dark soliton and a bright soli-
ton, see Fig. 4a. The collision point is (0, 0), and the
maximum amplitude of the peak is Suy.

Noteworthily, when 8 = —1(;"7, we can show that,
0

the doubly localized high-peak wave can be converted
into a new type of soliton, namely the W-shaped soli-
ton, see Fig. 4b. Here, we should point out that, this

@ Springer

conversion can only exist in the higher-order systems
such as the emKdV equation considered in this paper,
while for the standard mKdV equation, it is impossible
to appear. The maximum amplitude of this W-shaped
soliton is Su¢ and arrives at

1
= —F——F——X.
6ul(5pul + o)
The minimum amplitude of it is —u( and reaches at
1 3
+ V3

t = X .
6ud(Spul +a)” 6o

In addition, it is pointed out by Chowdury et al. [20],
the second-order rational solution of the mKdV equa-
tion cannot be separated into three components like
the NLS equation, while the nonzero free parameter
s1 can produce a “differential shift” effecting on the
peak along the trough of the “depressed soliton”, see
Fig. 5a. The maximum amplitude of the high peak in
this case is also 5, but the critical point shifts from
(0, 0) to (—5.63, —3.75). Further, it should be empha-
sized that, unlike the doubly localized high-peak wave,
when 51 # 0, the W-shaped soliton can be separated
into a dark soliton and a bright soliton, see Fig. 5b.
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5 Conclusion

In summary, we investigated the conservation laws,
periodic and rational solutions for the emKdV equa-
tion which can be seen as a higher-order integrable
generalization of the standard mKdV equation. We con-
structed the N-fold DT and obtained the general Nth-
order periodic solution under a nonzero constant back-
ground. Further, we derived a unified representation
of the Nth-order rational solution from the general-
ized DT by resorting to the limit approach. Explicitly,
the periodic and rational solutions from first to second
order were presented, and the doubly periodic lattice-
like and doubly localized high-peak waves were shown.
Remarkably, we interestingly found that the stationary
rational soliton and the W-shaped soliton can only exist
in the emKdV equation as a result of the higher-order
effects. Our results may be useful to better understand
the nonlinear wave phenomena in various physical sys-
tems where the mKdV equation governs.
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