PHYSICAL REVIEW E 96, 042209 (2017)

Breather solutions of a fourth-order nonlinear Schrodinger equation in the degenerate,
soliton, and rogue wave limits

Amdad Chowdury and Wieslaw Krolikowski
Science Program, Texas A&M University at Qatar, Doha, Qatar

N. Akhmediev
Optical Sciences Group, Research School of Physics and Engineering, Australian National University, Canberra, ACT 2600, Australia
(Received 25 July 2017; published 18 October 2017)

We present one- and two-breather solutions of the fourth-order nonlinear Schrédinger equation. With several
parameters to play with, the solution may take a variety of forms. We consider most of these cases including the
general form and limiting cases when the modulation frequencies are 0 or coincide. The zero-frequency limit
produces a combination of breather-soliton structures on a constant background. The case of equal modulation
frequencies produces a degenerate solution that requires a special technique for deriving. A zero-frequency limit
of this degenerate solution produces a rational second-order rogue wave solution with a stretching factor involved.
Taking, in addition, the zero limit of the stretching factor transforms the second-order rogue waves into a soliton.
Adding a differential shift in the degenerate solution results in structural changes in the wave profile. Moreover,
the zero-frequency limit of the degenerate solution with differential shift results in a rogue wave triplet. The zero
limit of the stretching factor in this solution, in turn, transforms the triplet into a singlet plus a low-amplitude
soliton on the background. A large value of the differential shift parameter converts the triplet into a pure singlet.
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I. INTRODUCTION

Modulation instability (MI) is the initial process of growth
of a small periodic perturbation on a carrier wave or a
continuous wave background leading to the formation of
patterns and structures in nature. This fundamental mechanism
of pattern formation has been observed in nonlinear optics [1],
hydrodynamics [2], plasmas [3], and biology [4]. Early work
on MI that can be traced back to the 50s [4] 60s [1], and 70s
[3] focused primarily on the initial, linear stage of instability.
However, considering only the initial stage cannot answer the
fundamental questions: What happens afterwards? and What
is the final stage of the complex process that starts with MI?
Answers to these questions can be found using numerical
simulations [5,6]. However, exact solutions remain the main
tool when we are dealing with integrable equations. In this
regard, the discovery of Akhmediev breathers [7,8] was a
significant step in the present state of the matter. The latter
is a periodic solution of the nonlinear Schrédinger equation
(NLSE) that is a natural continuation of MI.

The generation of trains of picosecond pulses in an optical
fiber and their evolution are one of the practical aspects of the
periodic solution of the NLSE [8-10]. The universal nature
of this periodic solution is presently well established and the
number of theoretical and experimental studies in connection
with various nonlinear media is growing [9,10]. The signif-
icance of this solution lies also in its intimate connection
with the phenomenon of Fermi-Pasta-Ulam recurrence [11].
Most recently, this breather solution appeared to be useful in
connection with the formation of rogue waves [12,13].

These ideas can be expanded to a wider range of integrable
equations. Indeed, the basic form of the NLSE only includes
the lowest-order dispersion and the lowest-order nonlinear
term. Higher-order effects are essential when describing
ultrashort pulses generated as a result of the MI [14—17]. Each
of the higher-order terms makes a highly specific contribution
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to pulse propagation [18]. However, only special combinations
of them in the fiber lead to integrable equations. Despite being
very specific, these cases deserve attention because of the exact
solutions that can be derived for them.

In this work, we present breather solutions for the fourth-
order nonlinear Schrédinger equation [19,20]. Namely, we are
dealing with

iV + (W + 20 11D + (Yo + 81 Y + 49|
+ oYY + 292y + 6y |y = 0, (1)

where v (x,t) may represent, e.g., in the context of optics,
the amplitude of the electric field of the electromagnetic
wave. The coefficient o, in Eq. (1) scales the terms of the
standard NLSE, while the coefficient o4 scales the fourth-order
terms. Porsezian at el. derived this equation in connection with
integrability aspects of the one-dimensional Heisenberg spin
chain problem [21]. Recently, the NLSE has been extended
to include an infinite number of terms [22-27]. Coefficients
o; representing the higher-order terms in this hierarchy are
arbitrary, in contrast to earlier works [28], where they are
small parameters. Equation (1) is a member of this hierarchy
that includes the second- and fourth-order operators.

Breathers and rogue wave solutions of Eq. (1) have been
found in Refs. [20,22,23,29]. Here, we concentrate on special
cases, transformations, and degenerate solutions which follow
from the general solution. These special cases are far from
trivial and deserve separate study. For example, degenerate
solutions of the NLSE have been discussed in detail in
Ref. [30]. In contrast to the NLSE, Eq. (1) has free parameters,
which make such a study much more involved. Higher-order
terms add more features to solutions. One aspect of the
degenerate solutions presented here is that breathers and rogue
waves can be transformed into solitons [31-33]. We reveal a
variety of these breather-soliton interactions that do not exist
in the case of the standard NLSE.
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II. FIRST-ORDER BREATHER SOLUTION

We start by analyzing the fundamental breather solution
and some particular cases. The first-order breather solution to
Eq. (1) is given by

vy = (K{K2 cosh[Vyxg1] 4 2i8 sinh[Vy x11} _ l>eiwx, @)
2{k cosh[Vyxs1] — 8 cos[kts]}

where Vg = 26[ap — ()l4(l(2 —0)], Xgj = (x — x_]'), and Ijj =

(t — t;). Parameters x; and ¢; are translations along the x and

t axes. This solution is a direct continuation of the Akhmediev

breather (AB) solution for the NLSE [7,8]. The indices j in

(2) are introduced for convenience of further analysis.

Roughly speaking, the first-order breather solution is
analogous to a one-soliton solution of the fundamental NLSE,
while the second-order solution presented below is analogous
to a two-soliton solution. More specifically, the second-order
solution can be considered the nonlinear superposition of two
first-order ones.

When dealing with two-breather solutions, we can take
Jj = 1,2 for each of them. For the first-order breather solution
with j =1, we use x;y = (x —xy) and ¢, = ( —#1). In
the exponent, w = 2(ap + 3a4). The parameter « is the
modulation frequency of the breather, and § = %/c V4 — k2
is the growth rate of the modulation leading to Eq. (2). With
oy = 0, Eq. (1) reduces to the NLSE and the breather solution,
Eq. (2), reduces to the NLSE AB solution [8].

There are particular cases of this solution that distinguish
it from the NLSE AB. This happens because Eq. (1) has
free parameters that the NLSE is missing. The coefficient
Vy in the hyperbolic functions in Eq. (2) plays an important
role in reshaping the structure of the breather solution. For
instance, if we take Vi = 0, the AB turns into a ¢ periodic
solution. Namely, when o, = aa(k? — 6), the argument of the
hyperbolic function Vg becomes 0 and Eq. (2) turns into

K2 .y
— -1 za)x’ 3
v <2—MCOS[KZ}1] >e ®)

where ' = 2a4(k? — 3). This is a zero-velocity periodic
solution with frequency « within the interval 0 < ¥ < 2. Now,
taking the limit k — 0, Eq. (3) reduces to a rational solution:

v = <_4 - l)e6i“4x )
1+ 412, '

This can be considered a one-soliton solution on a background
propagating along the x direction.

Another form of the solution, (2), appears when « is
imaginary. If we assume « = ip in Eq. (2), then the growth
rate § = ig, where g = py/4 + p?/2. Using the conversion
formulas of hyperbolic to trigonometric functions, sinh(z) —
—isin(iz) and cosh[z] — cos(iz), we convert Vg — Vr.
The latter coefficient enters the argument of trigonometric
functions. Now taking the value of Vy = 2g[a + a4(6 + p?)],
the new solution becomes

—p{p? cos[Vrxs1] + 2ig sin[Vrx,i 1} iox
Y = > — 1) (5)
{p cos[Vrx,1] — 2g cosh[ pt,1]}
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This is the so-called ‘Kuznetsov’ [34] or ‘Ma’ [35] (KM)
soliton solution on a background that is periodic in time and
localized in space. In a particular case, when the argument of
the trigonometric function Vy = 0, with the condition «p =
—a4(6 + p?), we have, from Eq. (5),

2
V4 . 1>e—2ia4(p2+3)x. (6)

n= (¢4 T P coshlpta] — 2

However, in contrast to Eq. (3), which is periodic in ¢, Eq. (6)
is clearly a one-soliton solution on a background. In the limit
p — 0, Eq. (6) reduces to the soliton solution, (4). However,
a direct limit of Eq. (2) with k — 0 or Eq. (5) with p — 0
will give us the rational Peregrine soliton, which is localized
in both x and ¢.

The general expression for the solution of any order has the
form [20]

)

—
Yn(x,1) = ((—1)" + M)”ﬂ

Dil

where n indicates the order of the solution. The functions
G,(x,t), H,(x,t), and D, (x,t) are real. For each particular
case, these expressions are provided in the next sections. For
example, for a first-order rational solution with n = 1, the
polynomials G, H;, and D, are given by

G, =4,
Hl = 16B)CX1,
Dy = 1 + 413 +16B%*x?, ®)

while w = 2(«y + 34). Here the stretching factor B = («p +
60ts). If B — 0 when o, = —6ay, clearly the first-order rogue
wave solution reduces to a rational soliton, (4). On the other
hand, if oy = 0, the first-order solution of Eq. (1) reduces to a
standard rogue wave solution of the NLSE [13].

III. SECOND-ORDER BREATHER SOLUTION

Two-breather solutions of Eq. (1) in various forms have
been studied in Refs. [29,36]. However, the results were in-
complete and require more detailed analysis. Several important
special cases were missing, which we augment here. The
technique that we employ to derive the solution is described
in Ref. [10]. It is based on two eigenvalues A; expressed
in terms of the modulation frequencies of the two breathers
Kj=2v1+ )»3, where j = 1,2 is the number of breathers.
With n = 2 in the general expression, (7), the two-breather
solution of Eq. (1) is given by

2 2
_ ki Tk o3
Gy, = { 82k cos(tsaicr) cosh(Vixs1)
K1K2
~+ Kk, cosh (VHzxsz)[(Slez cos (ts1k1)
+ k1 (k] — &3) cosh(Viixs)]},
2(ki — 3) .
Hy = — {82k sinh (Vy2x2)[81 cos (5141)

K1K2
— k1 cosh (Vy1xs1)] + 81k sinh (Vi1 x51)

X [K2 cosh (Vaxsp) — 85 cos (t52k2)]},
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(b)

FIG. 1. Two-breather solution, (9), for two cases: (a) x; = 0.6,
Kk, =0.9,x; =5, and x, = —5; (b) k; = 0.7 and «, = 1.1i. In each
case, o, = 1/2 and oy = 1/16.

1
D, = ﬁ{/q cosh (Vi1 xa){282 (7 — 13 cos (1ak2)
1K2

+ K2 cosh (Viaxo) [« (k3 — 2) — 23]}

+ 264 [82 (/cl2 + K22) cos (ts1x1) cos (tk2)

+ k2 (2821 [sin (f51k1) sin (52k2)

+ sinh (V1x51) sinh (Vgoxs)]

+ (k5 — K1) cos (t5141) cosh (Virax)) |} ©)

where  §; =«;,/4— /cjz-/2, Vuj = 28j[on — ou(tcf- —06)],
Xgj = (x —x;), and t;; = (t —1t;), with x; and ¢; being
translations along the x and ¢ axes. Modulation frequencies
k1 and k; are two independent free parameters that play the
key role in mutual interaction between the breathers.

One example of the two-breather solution is shown in
Fig. 1(a). Here, the first breather, with modulation frequency
k1 = 0.6, is located on the x = 5 line, while the second one,
with frequency «, = 0.9, arrives with a time delay of x, = —5.

Depending on the parameters «, Eq. (9) may represent
both AB and KM solitons. For example, in Fig. 1(b), the first
breather, with x; = 0.7, is an AB located on the x = 0 line,
while the second one is actually a KM soliton with x, = 1.1i.
It is orthogonal to the AB. When a4 = 0, the solution reduces
to the standard NLSE solution presented in Refs. [8,30]. The
two-breather solution for a higher-order NLSE with quintic
terms has been given in Ref. [37].

How the two breathers interact depends on the ratio of
their modulation frequencies «; and k. Breather interaction

FIG. 2. Two-breather solution, (9), with integer ratios of modula-
tion frequencies: (a) ky:k; = 2:1, (b) 11k = 3:2,and (¢) 11k, = 5:3.

Parameters used for plotting are oy = 1, g = 1, k2 = 0.6.

descriptions have been given in Refs. [8,30,37]. Here we give
an alternative explanation of similar scenarios. To set the rule
precisely, let us define the relation between them as

K1:kp = a:b, (10)

where a and b are two integers defining the ratio between
k1 and k. When a = 2 and b = 1, the two-breather solution
creates the periodic sequence of second-order rogue wave
profiles shown in Fig. 2(a). In turn, each second-order rogue
wave profile is made up of three individual first-order rogue
waves [38].

Within each periodic sequence, the first-order components
are organized following specific rules. First, the total number
of first-order rogue waves in each period is the sum of the
integers defining the ratios of the modulation frequencies
and k», that is, a + b. Second, of the total number, three of
them always merge to form a second-order profile as shown
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in Fig. 2(a). The rest are located symmetrically around the
central line x = 0. Note also that the ratio of a and b should
be chosen such that the modulation frequency remains within
the instability band 0 < «; < 2.

For example, in Fig. 2(a), the modulation frequencies
k1 and k, are related as a:b = 2:1. Therefore, when «, =
0.6, k; = (a/b)k, = 1.2. Thus, the total number of first-
order rogue wave components in each period in this case
is a + b = 3. All three are merged, comprising a periodic
sequence of second-order rogue wave profiles. Similarly, in
Fig. 2(b), a + b = 5, and keeping «, = 0.6, the first frequency
component becomes «; = 0.9. Now, of the five first-order
components, three of them are merged, forming a second-order
profile. The remaining two are symmetrically located on each
side of the x = 0 line. The same rule applies to Fig. 2(c). Here,
the frequencies «; and «, also remain within the MI band.

As an illustration of merging of the three first-order rogue
components into a single second-order rogue profile we take
k1 — 0in Eq. (9). Applying this limit reduces the two-breather
solution, Eq. (9), into a semirational expression that is given
by

Gy = —K3[8 cos (t2k2)8,
+ cosh (Vyzxsz)Kz(Dlez - 8)],
Hy, = —2uc3{sinh (Vx0) D1 8262
+ 16 Bxg1[cos (tsk2)82 — cosh (Vgaxs)kal},
Dy = 2{ cos (tok2)8:(D1k3 — 16)
+ ko[~ 16(sin (tsok2)ts1 + 2B sinh (Vigaxe)xs1)82
+ cosh (Viax)(16 4 (D) — 4)3) ]} (11)

Note that the denominator D; from Eq. (8) appears
repeatedly in Eq. (11). The limit k; — O transforms one of
the breather components of Eq. (9) into a rogue wave profile
with a time delay x, = 5 which is clearly shown in Fig. 3(a).
Now, when choosing zero time delay x, = 0, the three central
first-order rogue wave components merge into a second-order
profile shown in Fig. 3(b). When a4 = 0, both expressions,
Eq. (9) and Eq. (8), reduce to the expression for the standard
NLSE [30].

A. Solitons in the limits of breathers

We have seen that in the first-order breather solution,
Eq. (2), the argument Vg in the hyperbolic function plays
a special role in transforming breather into periodic soli-
tonic structures by unlocking the temporal localization in x.
Similarly, the argument Vg, in the hyperbolic function in
the second-order solution of Eq. (9) influences the breathers
and their dynamics. The field distribution of the second-order
breather solution becomes increasingly complex.

The second-order breather-to-soliton transformation can be
seen when comparing Figs. 2 and 4. For example, comparison
of Figs. 2(a) and 4(a) clearly shows solitonlike tails attached
to the central peaks. The second-order profile in each period
in Fig. 4(a) takes the form of a soliton collision structure
on a constant background. Two local maxima at each side
of the x = 0 line in Fig. 2(a) become elongated as a result
of transformation into solitons, with the central maximum
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(b)

FIG. 3. Limiting case of the two-breather solution, (9), when
k1 — 0, k, =0.75, ap = 1/2, and oy = 1/16, with (a) x, =5 and
(b) x, =0.

remaining intact. This happens because we keep the same
frequency ratio in Figs. 2(a) and 4(a).

Mathematically, the transformation occurs due to the
argument Vg, = 0in Eq. (9) as well as the parametric relation
oy = 014(/<12 — 6). Therefore, the two-breather solution takes
the form

1 2

G, = E(;cl — 13){ =82k cos (tok2)

+K COSh(V1L13Xs2)[K13 + (cos (t51k1)81 — Kl)Kzz]},
82(/{12 — K22)2 sinh (Vg3x50)[k1 — cos (ts1x1)81]

H2 = )
K1

1
D, = —{48152/(1/(2 sin (t51 k1) sin (f2k2)
K1Kk2

+ koK1 (15 — 2) cosh (Viy3x,0) — 2k165
+ 261 (K22 — Klz) cos (tsllq)] + 268, cos (tskr)
x [1c} — kiicy + 81 (k7 + K3) cos (t1x1)] }. (12)

Taking into account the parametric relation a = a4(ki — 6),
the argument Vj; in the hyperbolic function in Eq. (9) takes
the new form Vi3 = 282a4(k3 — k7).

Comparing Figs. 2(b) and 4(b), where the frequency ratio
Kk1:ky = 3:2, we can see that all second-order rogue wave pro-
files are transformed into a periodic train of soliton collisions,
while the two first-order rogue wave profiles between them
merge to form parallel low-amplitude solitons.

Similar transformations are shown in Fig. 2(c), where
k1:kp = 5:3. The second-order rogue wave profiles are
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FIG. 4. Two-breather solution, (12), for the same set of integer
modulation frequency ratios as in Fig. 2, namely, (a) k; = 1.2, k, =
0.6, and oy = 1/16; (b) k1 = 1.425, k» = 0.95, and oy = 1/16; and
(¢) ky = 1.25,k, = 0.75, and oy = 1/4.

transformed into soliton collisions as we can see in Fig. 4(c).
The nearby paired first-order rogue wave profiles become
parallel solitons. The middle one maintains a rogue wave
structure and expands at each side of the x = 0 line as solitons.
Two of these profiles are shown in Fig. 4(c).

Parameters x; and ¢; specify the position of the jth breather
in the (x,7) plane. A difference in the positions may cause
corresponding shifts. For example, in Fig. 1(a), it introduces
a delay of the second breather, with x, = —5, relative to
the first one. When the two breathers overlap, the delay
causes deformation of the wave profile. This case is shown
in Fig. 5(a), where the shift #{ = —5 deformed the solution,
which otherwise would have the profile shown in Fig. 4(a).
The phase difference between the two breathers causes the
high-amplitude features in Fig. 4(a) to disappear. A similar
transformation due to the delay is shown in Fig. 5(b). Com-
parison with Fig. 4(b) shows that the constructive interference
here disappears.

(b)

FIG. 5. Two-breather solution, (12), with the transverse shift
t; = —5. Other parameters are (a) k; = 0.6,x, = 0.9,y = 1/16 and
(b) k; = 1.0, k, = 0.50, oy = 1/8.

Each of the two breathers in the superposition can be
transformed into a KM soliton. The periodicity and the
localization of an Akhmediev breather and a KM soliton are
opposite to each other. While an AB is periodic in ¢ and
localized in x, a KM soliton is periodic in x and localized in ¢
[7]. On the other hand, when o, = 054(/<12 —6)in Eq. (12), the
first breather component becomes a periodic train of solitons.
When, additionally, k, = i«x;, the second breather related to «,
becomes a KM soliton. This case, shown in Fig. 6, corresponds
to the interaction between a periodic soliton train and a KM
soliton.

FIG. 6. Interaction between a periodic train of solitons with
k; = 0.9 and a KM soliton with «, = 1.1 given by Eq. (12).
Parameter oy = 1/8.
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FIG. 7. Plot of the same structure as in Fig. 6, but with x; = 1.5,
ky = 1.98i, and oy = 1/8.

In Fig. 6, the transformed solitons are periodic in the ¢
direction, while they maintain their solitonic profile along x.
This becomes clear if we compare Fig. 1(b), where an AB is
interacting with a KM soliton, with Fig. 6. The AB in Fig. 1(b)
is transformed into the periodic train of solitons in Fig. 6
following Eq. (12). The complex profile around ¢ = 0 in Fig. 6
is the result of strong interaction between the KM soliton and
the train of solitons. The KM soliton induces periodicity in the
combined solution and creates a pulsating profile along the x
axis. Figure 7 confirms the features of the complex structure
shown in Fig. 6.

Now, taking k; — 0 in Eq. (12), we obtain

Gy = —K3[8 cos (tk2)82 + cosh (Viaxao)ka (8 — k3D)) ],
H, = 282K23Di sinh (Viaxs2),
Dy = 2cosh (Viax)ia[16 + 15 (D] — 4)]

+ 26516 sin (t2K2)t51 k2 + €08 (t2k2) (k3 D} — 16)],
(13)

where Vg4 = 204 6> /<22. In the limit x; — 0, the relation
oy = ay(k} — 6) in Eq. (12) reduces to oy = —60a4 in Eq. (13)
and D; — D}, where D| = 1 + 4¢2. This solution is shown
in Fig. 8(a). Here, the period of the soliton train goes to
infinity, and only one soliton localized at ¢+ = 0 remains.
It interacts with a single AB located at x = 0. There is a
high-amplitude peak at the point of intersection. Parameter «,
controls both the period of the AB and the amplitude of the
soliton. When «; is reduced, the amplitude of the soliton also
goes down as shown in Fig. 8(b). On the contrary, when «;
is increased, the soliton amplitude also increases as shown in
Fig. 8(c).

Solution (13) can also be derived from Eq. (11) by taking
the stretching factor B = 0 due to the relation oy, = —60ay.
Transforming the isolated first-order rogue wave in Fig. 3(a)
into a soliton will provide the same result as in Fig. 8(a).
Translations ¢; and x; have similar effects on this solution as
described in connection with Figs. 5(a) and 5(b). Namely,

PHYSICAL REVIEW E 96, 042209 (2017)

FIG. 8. Two-breather solution, (13), in the limit x; — 0. The
second breather frequency (a) k, = 1.5, (b) k, = 0.6, and (c) k, =
1.9. The equation parameter oy = 1/8.

the ¢ shift applied to the soliton in Fig. 8(a) changes the
profile periodically. However, the x shift applied to the breather
does not change the profile of the collision point between the
soliton and the AB. The same considerations are applicable to
Figs. 8(b) and 8(c).

There is one more aspect of solution (13) worthy of mention.
Changing k, — ik, transforms the AB to a KM soliton. Fig-
ure 9 shows the result. The solution now consists of two types
of solitons. One is periodic while the other has a fixed profile.
This is obvious when the two solitons are well separated as
in Fig. 9(a). However, the result is a simply periodic solution
when the two solitons are located at the same position in ¢ as in
Fig. 9(b). Pulsations here are significantly more complicated
than for a single KM soliton, although the period stays the
same. Localization in ¢ for this solution is controlled by «;.
In Fig. 10, k, = 1.98i, compressing the transverse dimension
to the interval [—2,2]. In Fig. 11, where the lower value of
kp = 0.65i is chosen, the localization is within the larger
interval [—5,5].
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FIG. 9. Two-breather solution, (13), in the limit k; — O when
oy = 1/4. Other parameters are (a) k, = 1.5i, t; =5, t, = —5 and
(b) Ky = 15[, = 0, Hh = 0.

B. Degenerate two-breather solution

The general breather solution, Eq. (9), is controlled by
two independent frequencies «; and k. However, there
is one subtlety. When «; = k7, the solution is undefined.
Nevertheless, using 1’Hospital’s rule, the solution can be
recovered even in this case. In order to do this, we put x; = «
and k» = k + € with small € in Eq. (9) and carry out Taylor

10

FIG. 10. Pulsating solution, (13), created by merging a KM and
a fixed-shape soliton on a constant background. Here the modulation
frequency k, = 1.98i, while oy = 1/16.
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FIG. 11. Same plot as in Fig. 10, except k, = 0.65i.

expansion, where we keep only the lowest-order term in €.
Following these steps gives us the expressions

1
G, = %[—K cosh(x VH)[(&S2 + K4) cos(tk)

+ 45k (—2 cosh(x V) + t8 sin(tx))]
+ k2 cos(tk) sinh (x V)],

H, = %[Q[S cos(tk)cosh (xVy) — k]
K
— 483(cos(tk) + tx sin(7k)) sinh (x Vp)

1
— E"(_482 + k*)sinh 2x V)],

el U

+2[—k® 4+ 28%k2(—6 + k2) + §*(12 — 81%«?)
+48%* cos2ti) + [88* — k® + 28%k%(—6 + k)]

x cosh(2x V) + 26k cosh(x Vi)

x [(128% — 122 + 5k*) cos(t) + 8t8%« sin(rk)]

— 48k 2 cos(tx) sinh(x Vi)

+ 16x8%k2as(—Q + 8x87k ey}, (14)

where § = £+/4 — k2, Vi = 28[a; — au(k* — 6)], and Q =
x[(—468 + kY Vi + 168%k2a4]. Here, the translation parame-
ters x; = 0 and ¢; = 0. The solution contains combinations
of trigonometric and hyperbolic functions with only one
frequency component «. The growth rate for both interacting
breathers is the same and given by 8. The contour plot of this
solution is shown in Fig. 12(b). Two ABs in this figure, with
the same frequency « and with the same growth rate §, merge
at ¥,(0,0) but diverge when [¢| is increasing.

Solution (14) is transformed into colliding KM solitons
when k — ix. The growth rate is transformed into the
frequency § — i§ of the periodic structure along the x axis.
This solution is illustrated in Fig. 12(b). When oty = 0, solution
(14) is reduced to the form given in Refs. [30,37].
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FIG. 12. Degenerate two-breather solution, (14), with (a)
k = 0.65and (b) k = 0.65i while translationst; = 1, = x; = x, = 0.
In each case, oy = 1/2, 4 = 1/8.

The limit of x — 0 further reduces solution (14) to the
second-order rogue wave:

G, = —12{—3 + 8[2¢* 4+ 1>(3 + 48 B*x?)
+4Bx*(40B3x* 4 9a; + 102a4)1},

H, = —48{256B°x° + x an[—15 — 241 + 16¢*
+32B%(1 + 41%)x°] + 6x au[—23 — 56¢> + 16¢*
+32B%(5 + 415)x?)},

D> = 9 + 64¢° + 48t*(1 + 16 Bx?)

+ 1262[9 + 256 B*x* — 96 Bx*(ats + 22a4)]
+ 16x*[256 B°x* + 48 B x*(9ar + 86c14)
+9(1103 + 228204 + 1228a3)]. (15)

It is shown in Fig. 13. This solution was presented in
Refs. [20,23]. It is similar to the second-order Akhmediev-
Peregrine solution of the NLSE [39,40] except for the
stretching factor B = ay 4 60s. The role of the stretching
factor in generating rogue wave solutions for higher-order
equations of the NLSE hierarchy has been discussed in
Refs. [24,25]. Briefly, all even-order terms add stretching to the
solution profile, while odd-order terms add velocity. When oy
is 0, Eq. (15) becomes the second-order Akhmediev-Peregrine
solution of the standard NLSE [13,41]. It is assumed here that
ay = 1/2[10].

Now returning to Eq. (14), clearly it contains trigonometric
and hyperbolic functions. The argument of the trigonometric
functions depends on the variable ¢, and therefore the solution

PHYSICAL REVIEW E 96, 042209 (2017)
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FIG. 14. Plot of the f-periodic solution, (16), with frequency
Kk =10and oy = 1/8.

is periodic along the ¢ axis. The argument of the hyperbolic
functions contains the x variable with coefficient V. Thus,
the solution is localized in x. The trick is that the expression
for Vi depends on both o, and oy4. It may become 0 when
oy = a4(k? — 6). Then Eq. (14) reduces to

G,

—%K{(S(Sz + k™) cos(ti) + 48k [—2 + 18 sin(tx)]),

H, = 16x8%k[—k + 8 cos(tk)]oa,

— 6 2.2 2 4 2.2
D, = 282K2{—K 4+ 26k (=6 +k°) +67(10 — 4t°k7)
+8k(128% — 1262 + 5k*) cos(ti) + 28°[8 cos(2t«)
+4tic? sin(t)] — 64x78°k o} ). (16)

This solution is shown in Fig. 14. Comparing Fig. 14 with
Fig. 12(a), we note that the localization along the x axis is
lost. The two parallel breathers in Fig. 12(a) are transformed
into a plane wave in Fig. 14, with low-amplitude ripples on
the background. The main feature of this solution is the high-
amplitude central peak at the origin (0,0). Now, due to the
absence of localization along x, it looks more like a collision
of two solitons as shown in the inset in Fig. 14.

Solution (16) for the higher value of ¥ = 1.7 is shown in
Fig. 15. This profile is similar to the one shown in Fig. 14

FIG. 13. Second-order rogue-wave solution of Eq. (1) with ay =
1/2 and oy = 1/16 given by Eq. (15).

FIG. 15. Two-breather solution, (16), with the higher modulation
frequency k = 1.7 and g = 1/8.
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FIG. 16. Solution (17) with @, = 1/2 and oty = 1/8.

except for the weaker periodic modulation of the background
and lower amplitude of the central peak. In the limit « — 2 in
Eq. (16), any modulation disappears and only flat background
is left.

Another limiting case appears when k — 0 in Eq. (16). It
is given by

Gy = —12(=3 + 241> + 161%),
H, = 2304(1 + 4t)xa,
Dy = 9+ 108t + 481* + 641° +36864x%a;.  (17)

Equation (17) can also be derived from the second-order rogue
solution, (15), by taking the stretching factor B = 0, using the
relation op = —6ay. This solution is shown in Fig. 16. It is
reminiscent of the degenerate case of two-soliton collision
[42] but occurs on a finite background. The solution, Eq. (17),
was obtained recently in Ref. [33].

C. Influence of differential shifts

The Taylor expansion that we carried out in deriving
Eq. (14) does not allow us to obtain the solution with nonzero
translation parameters x; and ¢;. To take their influence
into account we have to use the concept of differential
shifts [38,43]. The latter are modulation-frequency-dependent
translations. Applying the concept of differential shift to the
degenerate solution requires special treatment [30], as general
procedures fail.

Namely, taking series expansion of the numerator compris-
ing G, and H,, the lowest-order coefficient remains with el
Carrying out a similar series expansion on the denominator
D,, the lowest-order coefficient remains with the term €°
andis 48%{cos[x(t; — t,)] — cosh[Vy (x; — x2)]}. Applying the
I’Hospital rule when using the Taylor expansion will not
produce an appropriate limit unless x; = x, and #; = 1, in the
denominator. In order to overcome this difficulty, we replace
xj = Xje and t; = T;e and then perform the series expansion.
As aresult, we obtain the desired limit of (G, + i H,)/ D, with
the lowest-order coefficient at €':

1
G, = %{K cosh(x Vi)[—(882 + «*) cos(tx)

+ 88k cosh(x Vi) — 48%k (t + t4) sin(tx)]
+ k' cos(tk) sinh (x Vy)},

PHYSICAL REVIEW E 96, 042209 (2017)
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FIG. 17. Degenerate solution, (18), with nonzero differential shift
parameters 7, and x,: (a) t; = —6,x, = 0; (b) 1, = —14.88, x, = 0;

(¢) x4 =1, t; =0; and (d) x4 = 40, 1, = 0. Other parameters are
Kk =0.65, a, =1/2,and oty = 1/8.

H, = SL{Q/[(S cos(tk)cosh(xVy) — k] — 483[cos(t/<)
K
+ x(t + tyk) sin(tk)] sinh(x Vi)

_ %,{(_452 + %) sinh 2x Vi),

o577 (88" cos(2rie) + 2[88" — «®

+28%k%(—6 + k)] cosh(2x Vi)
— 88k Q2 cos(tx) sinh (x Vi) + 48k cosh(x Vi)
x [(128% — 12k% + 5k™*) cos(tk)
+ 88%k sin(tx)(r + k)] — IC6(2 + xzszé)
+48% -6+ k2 + 2x/c2V,3(x + kxy)]
— 8843 + 217k + 2312t + Kty)
+2Vi(x 4 kxg)'] — 32x8 K (' — 8x8 kP as) |,
(18)
where x;=(X| — X»), t;=(T; — T»), and Q/ZXKZ(K2VH+
1683as) — 48°Vy(x + kx4). The parameter § remains the
same as in Eq. (14). Equations (18) contain additional free
parameters, x4 and t;. When these are 0, Egs. (18) are the
same as Egs. (14).
How do the values #; and x, affect the solution? Figure 17
provides a few illustrations answering this question. The

parameter 7; shifts one breather relative to the other. For
example, a small shift may unbalance the synchronization
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achieved in Fig. 12(a). Comparing Fig. 17(a) with Fig. 12(a),
we can see that for the small value of t; = —6 and x; = 0, the
central second-order profile breaks into three first-order rogue
waves. As the breathers are periodic, a larger value of #; may
restore the synchronization. This is achieved precisely at the
value 7, = —14.88 as shown in Fig. 17(b). The second-order
structure is restored here but shifted along the ¢ axis to the right.
Disintegration and restoration of the second-order structure
occur periodically with a change in the parameter 7, value. The
use of a negative value of #; results in a move in the positive ¢ di-
rection. A negative sign will reverse the direction of this move.

The differential shift x,; separates the two breathers along
the x axis. This is shown clearly in Figs. 17(c) and 17(d).
With a small separation, when x; = 1, the central second-order
structure splits into three first-order rogue waves. This is shown
in Fig. 17(c). When the separation is larger, x;, = 40, the two
breathers are completely separated as Fig. 17(d) demonstrates.
Changing the sign of x; leads again to separation of the two
breathers, with the patterns reversed in x. Thus, changing either
of the parameters, f; or x;, may break apart the second-order
profile at the origin. However, the reason for the splitting in
each case is different. Unlike changing #,, increasing the value
of x,; cannot restore the triplets to form a second-order profile
periodically.

Changing « — ik in Eq. (18) transforms ABs to KM
solitons. This action introduces the 90° rotation shown in
Fig. 12. This is explained in Sec. III B. In order to see the effect
of the differential shift parameters on KM solitons we must
also change t; — it; and x4 — ix,;. When these parameters
are varied, the degenerate KM solution experiences effects
analogous to those shown in Fig. 17.

The limit « — 0 in Eq. (18) is also not simple. In order to
approach this limit, the coefficient in front of the differential
shift parameter must be ~k? [43]. In Eq. (18), the coefficients
in front of #; and x,; are ~« and taking the limit will lead
us to a plane wave solution unless we replace 7; — kt; and
X4 —> kx(’j, thus defining the coefficients in front of t(’j and
x!; ~ k% Now taking the limit « — 01in Eq. (18) reduces it to
a second-order triplet solution:

G, = —12{=3 + 8[2¢* + 160B*x* + t2(3 + 48 B>x?)
— 241ty + 12Bx(—8Bxy + 3xay + 34xay)l},
H, = —48{256B°x° + 24B(1 + 41> — 16B*x*)x4
+x[—15 — 241% 4 16t* + 32B>(1 4 41H)x?
— 19214y 4 6x[—23 — 56¢* + 16¢*
+32B%(5 + 41%)x? — 1921t4]as},
Dy = 9 + 641° + 4096 BSx® + 481*(1 4+ 16 B*x?)
+ 126%(9 + 256 B*x*)
+48t,{41(=3 + 41> — 48B°x?)
+ 4812 + 192B%x3 — 16Bxx4[9a,
+2(—6Bt* 4+ 8B3x* 4 51ay)]
+x%[33a3 + 1202(—2B1* + 12B°x* + 5704)
+404(—132B1* + 344B°x* + 21|}, (19)

where, for simplicity, we have omitted the primes over the free
parameters #; and x,. This solution is shown in Fig. 18. It was

PHYSICAL REVIEW E 96, 042209 (2017)

FIG. 18. Rogue-wave triplet, (19), for x; = 25, t; = =25, an =
1/2, and oy = 1/32.

given in Refs. [20,23]. As shown in Fig. 18, the differential
shift parameters x, and ¢, break apart the second-order profile
shown in Fig. 13 and disintegrates it into three separate first-
order rogue waves. Naturally, if we take x; = #; = 0, Eq. (19)
will reduce to Eq. (15) and the triplet will merge and form a
second-order rogue wave solution. Taking oy = 0 in Eq. (19)
will further reduce the solution to the standard NLSE rogue
wave triplet that has been given in Refs. [38,43].

Now, if we look at Egs. (14) and (18), again, the parameter
Vy is responsible for localization in x. It can be 0, Vg =0,
when a; = a4(k? — 6). In this particular case, the solution,
Eq. (18), is reduced to

1
G, = —%K{(SSZ + k™) cos(tk)

+ 48k [—2 + 8 sin(tx)(t + kty)]},
H, = 16x82K[—K + & cos(tx)]ay,

D, = {—K®+28%*(—6 + k%)

282k
+ 8k (128% — 12k + 5k*) cos(tk)

+283(8 cos(2tk) + 4% sin(ti)(t + kty))
=285+ 26%(t + k1g)*] — 64x78k ). (20)
Solution (20) is more general than (16), as it has a free

parameter f;. However, there is no x, in this solution. This

30
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FIG. 19. Plot of degenerate solution, (20), with 7, = 0.5 and
0y = 1 / 4.
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FIG. 20. Transformation of a triplet into a single rogue wave
revealed by Eq. (21) with oy = 1/4 when the differential shift
parameter is small, z; = 1.

happens because x,; always appears in Eq. (18) in combination
with Vg, which is 0.

Solution (20) is shown in Fig. 19. It is similar to the one
shown in Fig. 14 but the central high-amplitude profile is
broken and has shifted along the ¢ axis with the influence
of the parameter 7,. The latter is shown in the inset in Fig. 19.
In the limit ¥ — 2, the modulation amplitude becomes 0 and
solution (20) reduces to the background level. In the opposite
limit, « — 0, Eq. (20) reduces to the expressions

G, = 12[3 — 8t(3t 4 213 — 241,)],
H, = 2304(1 + 4t*)xay,
Dy = 9 4 108¢% + 48* + 6416
+192t4(—3t + 42° + 12t,) + 36864x%a;.  (21)

Similarly to the case of Eq. (18), the limit « — 0 in Eq. (20)
is not simple. We first have to replace #; — kt), and only then
take the limit k — 0, thus obtaining Eq. (21). This solution
can also be obtained from Eq. (19). In this case, we need to
take the stretching factor B = 0 with the relation oy = —6a4.

The question arises, What happens to the triplet solution in
the limit B — 0 in Eq. (19)? Figure 20 shows clearly that the
triplet undergoes a transformation. Two of the first-order rogue
waves from the triplet disappear into the background, leaving
only one first-order rogue wave. This transformation becomes
clearer with a further increase in the value of ¢, as shown in

200

3.0
100 25
2.0
1.5
1.0

-100
0.5

_20915 -10

-5 0 5 10

t

15

FIG. 21. Plot of solution (21) with a large value of the differential
shift parameter, #;, = 40, and oty = 1/4.
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Fig. 21. When t; = 40, only a single rogue wave remains,
with the highest amplitude 3, i.e., the same amplitude as for
the Peregrine solution. This transformation takes another form
when we take f; = 0, reducing Eq. (21) to Eq. (17).

Thus, the influence of the differential shift parameters
x4 and t; on the wave profiles is far from trivial. Higher-
order solutions (n > 2) could be even more complicated. For
example, in the case of the NLSE, the nth-order rogue wave
solution has n(n + 1)/2 peaks due to the influence of the
parameters x; and #; [43]. Similar and even more complicated
effects can be found for solutions of Eq. (1).

IV. CONCLUSIONS

Our main results are as follows.

(1) We derive and analyze the first-order breather solution
of Eq. (1). Particular cases of this solution are rogue waves and
KM solitons. We show that for a specific choice of parameters,
the breather solution loses localization but remains periodic.
On the other hand, the rogue wave can be transformed to
a soliton solution. Moreover, a special choice of equation
parameters transforms a periodic KM soliton to a stationary
soliton.

(2) We present a general two-breather solution of Eq. (1)
which has several independent free parameters. Two of them
are the modulation frequencies, which describe the periodicity
of each breather evolving on a constant background. Variations
of them produce a rich variety of wave profiles.

(3) We derive the degenerate two-breather solution when
the modulation frequencies of the two breathers coincide.
Several particular cases of this solution are presented. For
example, the zero-frequency limit of the degenerate solution
leads to a second-order rogue wave solution of Eq. (1).

(4) We introduce two additional differential shift
parameters in the degenerate solution and analyze their
influence on the wave profile.

These structures and their mutual transformations are
relevant to nonlinear optics, plasmas, and hydrodynamics [44]
and Bose-Einstein condensates. In optics, these effects can
be studied similarly to the higher-order modulation instability
that has been found experimentally in Ref. [45]. Turbulence
[46—48] and supercontinuum generation [49,50] are two other
examples of highly complex nonlinear wave phenomena where
our results could be useful.

An important property of the solutions is their stability.
There are various approaches to stability problem [51]. One
of them is stability relative to small perturbations of the
solution [52]. Another one is stability relative to perturbations
of the original equation [53]. There is also an approach
based on numerical simulations [54]. The problem is far from
being simple because the background is involved. Preliminary
studies indicate that solitons on a background are stable
[55]. However, complex analysis is required which we cannot
provide here. Clearly, exact solutions have to be presented
first before stability problems can be even posed in accurate
form as mathematical problems. We leave these problems for
future studies as each of the above mentioned aspects require
a separate lengthy investigation which cannot be presented in
the frame of a single publication.
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