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Abstract

The analytical nonautonomous rogons are reported for the inhomogeneous nonlinear Schrodinger equation
with variable coefficients in terms of rational-like functions by using the similarity transformation and direct
ansatz. These obtained solutions can be used to describe the possible formation mechanisms for optical,
oceanic, and matter rogue wave phenomenon in optical fibres, the deep ocean, and Bose-Einstein condensates,
respectively. Moreover, the snake propagation traces and the fascinating interactions of two nonautonomous
rogons are generated for the chosen different parameters. The obtained nonautonomous rogons may excite
the possibility of relative experiments and potential applications for the rogue wave phenomenon in the field

of nonlinear science.
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The nonlinear Schrodinger (NLS) equation is a foundational model describing numerous nonlinear physical
phenomenon in the field of nonlinear science such as optical solitons in optical fibres [T, 2 [3], solitons in the
mean-field theory of Bose-Einstein condensates |4l [5 [6], and the rogue waves (RWs) (also known as freak waves,
monster waves, killer waves, giant waves or extreme waves) in the nonlinear oceanography [7, 8, [, [10]. RWs
are single waves generated in the ocean with amplitudes much higher than the average wave crests around
them [I1, 12]. Recently, the RWs have attracted more and more attention from the point views of both
theoretical analysis [21],22] 23] 24 28] 28| [29] [34] and experimental realization [13} 14} B0, 31132, [33]. The oceanic

RWs can be, under the nonlinear theories of ocean waves, modelled by the dimensionless NLS equation [7] [8]

oY 10% 2,
z§+§ﬁ+|¢| P =0, (1)

which describes the two-dimensional quasi-periodic deep-water trains in the lowest order in wave steepness and
spectral width. In addition, it has been shown that the RWs can be generated in nonlinear optical systems
and the term “optical rogue waves” was coined by observing optical pulse propagation in the generalized NLS
equaiton [I3],[T4]. Some types of exact solutions of Eq. (1) have been presented to describe the possible formation

mechanisms for the RW phenomenon such as the algebraic breathers (Peregrine solitons) [15], the time periodic
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breather (Ma solitons) [16], the space periodic breathers (Akhmediev breathers) [I7, [I8]. More recently, the
Akhmediev breathers were also further studied [19] 20, 211, 22]. A possible mechanism for the formation of RWs
was also exhibited by using two-dimensional coupled NLS equations [24] 25| 26] describing the nonlinearly
interacting two-dimensional waves in deep water. The three-dimensional mechanism of RW formation was
studied in a late stage of the modulational instability of a perturbed Stokes deep-water wave [27]. Furthermore,
the optical RWs were also found in the NLS equation with perturbing terms (the higher-order NLS equation
with the third-order dispersion, self-steeping, and self-frequency shift) [23]. Recently, the existence of matter
RWs in Bose-Einstein condensates was predicted to either load into a parabolic trap or embed in an optical
lattice [34].

Here we point out that based on physical similarities between the rogue waves and solitary waves, first
observed by Russell in 1834 and further known as solitons by Zabusky and Kruskal in 1965 [45], we coin the
word “Rogon” for each such “Rogue Wave” (or the word “Freakon” for the “Freak Wave”) if they reappear
virtually unaffected in size or shape shortly after their interactions. Similarly, there also exist the corresponding
new terms “oceanic rogons”, “optical rogons”, and “matter rogons” for the oceanic rogue waves [7, [8, [, [10],
optical rogue waves [13, 14 21] 22, 23, 28| 29], and matter rogue waves [34], respectively.

To the best of our knowledge, there was no report on exact solutions related to the modified RWs (rogons)
with variable functions before. In this Letter, we will extend the NLS equation (IJ) to the inhomogeneous NLS
equation with variable coeflicients, including group-velocity dispersion 8(t), linear potential v(x,t), nonlinearity

g(t) and the gain/loss term ~(t), in the form [35] 36} B7, B8]

9 0
z’a_zf + @3_;2& +o(z, )Y + gy = in (), .

which is associated with 6£/6¢* = 0, in which the Lagrangian density is written as £ = i(p* — ¥1)f) —
B |vz]? + g®)[|* + 2[v(z,t) — iv(t)][1|?, where ¢ = v(z,t), and ©* denotes the complex conjugate of the
physical field 1. Eq. (@) can be also known as the generalized Gross-Pitaevskii equation with variable coefficients
for A(t) =1 4, B 6l @4]. Our goal is focused on the first-order and second-order rational-like solutions of Eq.
@) to describe the possible formation mechanisms of optical RWs by using the similarity transformations [39]
40, [4T] [42], 43|, 44] and direct ansatz [21], 22]. Moreover, we analyze the dynamical behaviors of these solutions
and interactions of two optical RWs (rogons) by choosing the different functions.

Similarity transformation and nonautonomous rogons— To investigate the analytical rational-like solutions
of Eq.[@) related to the optical nonautonomous rogons, we employ the envelope field ¥ (x,t) in the gauge

form [41] [42] 43 [44]
P(x,t) = [Ur(z,t) + iV(x,t)] e(@0) )

whose intensity can be written as [¢(z,t)]* = |Ur(z,t)[* + |V1(z,t)[*, where Ug(z,t), Vi(z,t) and p(z,t) are

real functions of space-time x, t. The substitution of transformation (3)) into Eq. (@) yields the system of coupled



real partial differential equations with variable coefficients

t
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t
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By introducing the new variables n(z,t) and 7(t), we further utilize the following similarity transformations
for the real functions ¥g(z,t), Ur(z,t) and the phase (x,t)
Ur(z,t) = A(t) + B(t)P(n(z,1), 7(1)),
Ui(z,t) = C()Q(n(z, 1), 7(1)), (5)
p(z,t) = x(x,t) + pr(t),

to system () such that we deduce the following similarity reduction

Nza =0, (6a)
e+ B(t)Xanz =0, (6b)
2xt + Bt)x2 — 2v(z,t) =0, (6¢)
200 + [B(t)Xea = 29(1)lo =0 (0= A4,B,C), (6d)
7 BP; + @ngc@m —urCQ + g(t)CQ[C*Q* + (A+ BP)*] =0, (6e)
—17CQr + @niBP,m — uti(A+ BP) + g(t)(A+ BP)[C?Q* + (A + BP)?] =0, (6f)

where p is a constant, and n(z,t), x(z,t), A(t), B(t), C(t), 7(t), P(n,7), Q(n,7) are functions to be deter-
mined. After some algebra, it follows from Eqs. (6a))-(6d]) that we have

B(t)

at) =l 80, xont) = —goitoet = e el v ) =t S (T
A(t) = ap\/Ja@®)] e 7 B(t) = bA(), C(t) = cA(t), (7b)

where ag, b, ¢ are constants, a(t) (the inverse of the wave width), d(¢) (—d(t)/a(t) being the position of its
center of mass), and x(t) are all free functions of time ¢.

To further reduce Eqgs. (Ge) and (6I) to the system of coupled partial differential equations with constant
coefficients, We require the conditions: 7 = @ng and g(t) = @GA‘Q(t)ni (G = const.), which can generate

the constraints for the variable 7(¢) and nonlinearity g(t)

T(t) =3 /0 a®(s)B(s)ds, g9(t) = Ga(t)B(t) .

B 20%62 j(f ~v(s)ds
such that Egs. (6d) and (6I) reduce to the coupled system of differential equation with constant coefficients

bP; + cQuy — peQ + cGQ[*Q* + (1 4 bP)?] = 0, (9a)

—cQr + bPy,; — u(1+bP) + G(1 +bP)[c*Q* + (1 + bP)?] = 0. (9b)



Following the direct approach developed in Refs. [28 [29], we can obtain the rational solutions of system (@)
such that the corresponding rational-like solutions (nonautonomous rogons) of Eq. (2] can be found in terms of
similarity transformations ([B]) and (Bl). In the following, we will exhibit the dynamical behaviors of rational-like
solutions with many interesting nontrivial features.

First-order rational-like solution—1It follows from system (@) that we have the solution P(n,7) = —4/[b.A1(n, 7)]
and Q(n,7) = —87/[cA1(n,7)] with A1(n,7) = 1 + 2n* + 472 for 4 = G = 1. Thus based on the similarity

transformations ([@B) and (B]), we obtain the first-order rational-like solution (nonautonomous rogon) of Eq. (2]

4 4 8it(t)
2

dalet) = aoVlalOl o 1 - o e

etx(@ )+ (t)] (10)

whose intensity can be written as

62137($d5{2k1@)x—ké(ﬂ]24—472@)——3}2—F6472@)
{1+ 2[a(t)z + 6(t)) + 472(1)}?

where x(x,t) and 7(¢) are given by Egs. (a) and (g].

[¥1(z,t)* = aglo(t)]

: (11)

It is easy to see that the rational-like solution (I0) is different from the known rational solution of the NLS
equation () [I5, 16l 2T, 22, 23] 28 29], since it contains some free functions of time ¢, which will generate
abundant structures related to the optical RWs. In particular, when a« = 2, a9 = 5 =1, xo =y = 0, resulting
in g =1, Eq. @) reduces to Eq. () such that the nonautonomous rogon solution (I0) reduces to the known
rogon solution in Refs. [21] 28]. In what follows, we will choose some free functions of time to exhibit the
obtained rational-like solution (I0).

For the fixed parameters ag = 1, xo(t) = 0 and ~(¢) = 0.1 tanh(¢)sech(¢), i) if we choose other free functions
as the polynomials of time ¢, i.e. a(t) = 1, B(t) = 0.5¢?, then Figures la and 1b depict the dynamical behavior
of the rational-like solution (I0) for different terms §(¢) = ¢, 2, respectively, in which the other coefficients g(t)

and v(z,t) in Eq. (@) are given by

1
g(t) _ Zth[scch(t)fl]/a (12&)
v(x,t) =4t 3x+t72 for §(t) =t, (12b)
v(w,t) =4t 2z +4 for §(t) =t% (12¢)

ii) if we choose other free functions as the periodic functions of time ¢, i.e. a(t) = dn(¢, k), (t) = cn(t, k), then
Figures 2a and 2b display the dynamical behavior of the intensity of the rational-like solution () for different

terms () = sn(t, k), cn(t, k), respectively, in which the coefficients g(t) and v(x,t) in Eq. (@) are given by

mw:%m@mmm¢wmm%wi (13a)
k2en(t, k) , 1

)= —~"2 " Zen(t, k)[K2sd(t, k)x — 1]% f t) = sn(t, k 13b

U(Ia ) 2dn2 t,k)x + 2Cn( ) )[ S ( ) )ZE ] or 6( ) SIl( ’ )7 ( 3 )

(
k2en(t, k) dn(t, k) 1 B .
= 2dn2(t, 5 z? + (1, k)x + Ecn(t, E)[k%sd(t, k)x + sc(t, k)]? for 6(t) =cn(t,k); (13c)



i) if we choose other free functions as the periodic functions of time ¢, i.e. «(t) = cu(t, k), B(t) = dn(¢, k),
then Figures 3a and 3b exhibit the dynamical behavior of the rational-like solution ([0 for different terms

d(t) = sn(t, k), dn(t, k), respectively, in which the coefficients ¢(t) and v(z,t) in Eq. (2) are given by

g(t) = % en(t, k) dn(t, k)elsech® =175, (14a)
o dn(tv k) 2 1 2 _
v(z,t) = Wx + 3 dn(t, k)[sc(t, k)x — 1]* for 6(t) = sn(t, k), (14b)

k*dn(t, k) 5 = KkZen(t, k)
v(zt) = 2cn2(t,k)x dn?(t, k)

x+ %dn(t, E)[sc(t, k)x + k?sd(t, k)]* for 6(t) = dn(t,k). (l4c)

It follows from these figures that the rational-like solution (I0) is different from the known rational solution of
the NLS equation () [15] 16l 211 221 23] 28, 29], and may be useful to raise the possibility of relative experiments
and potential applications for the RW phenomenon.

Second-order rational-like solution— It follows from (@) that we have the second-order rational solution of

Eq. @) in the form P(n,7) = P2(n,7)/[bA2(n, 7)] and Q(n, 7) = Qa(n, 7)/[cA2(n, T)], where

1 3 3
Pa(n(z,t),7(t)) = _5774 — 67727-2 — 1074 = 5772 —9r2 4 =
4 2_2 4 2 5 15

Qo(n(z,t),7(t)) = —7 |n* +4n°1° + 47" = 3n° 4+ 27° — ik (15)

1 1 2 1 9 3 9 33 3
Do) = —pb 4 Zpdr2 24 206 24 P24 020 F 0 99 0 9
Aa(n(x,t),7(t)) 5" +2n7' +n°T +3T +877 +27 51T +1677 +8T +32,
As a consequence, based on the transformations (@) and (), we have the second-order rational-like solution
(two-rogon solution) of Eq. (2]

2.1) = an/Tae(f)] eds V()ds Pa(n(@,t), 7(t) +1Q2(n(@,8), 7(1) | itx(a.t)+r(e)
1/)2( 5t) 0 | (t)| 1+ Ag(’l]((E,t),T(t)) * (16)

whose intensity is given by

2 Ji v(s)ds [A2(77(x7 t)v T(t)) + 732(77(557 t)? T(t))]2 + Q%(U(% t)? T(t))
A3 (n(z, 1), (1)) ’

where n(x,t) = a(t)x + §(t), and x(z,t), 7(t) are given by Egs. (fa) and (§). The obtained second-order

(2@, ) = afa(t)] (17)

rational-like solution (8] is also different from the known rational solutions of the NLS equation () [211 28],
since some free functions of time ¢ are involved. Similar to the first-order rational-like solution, the solution
([@I6) can also reduce to the known one of Eq. () in Refs. [21] 28].

For the fixed parameters ag = 1, xo(t) = 0, () = 0.1 tanh(¢)sech(t), i) if we choose other free functions as
the polynomials of time ¢, i.e. a(t) =1, B(t) = 0.5t%, then Figures 4a and 4b depict the dynamical interaction of
the two-rogon solution (6] for different terms 6(¢) = 0.1¢, ¢2; ii) if we choose the free functions as the periodic
functions of time ¢, i.e. «(t) = dn(t, k), B(t) = cn(t, k), then Figures 5a and 5b illustrate the dynamical
interaction of the two-rogon solution () for different terms §(¢t) = sn(¢, k), cn(t, k); iii) if we take other free
functions as the periodic functions of time ¢, i.e. a(t) = cn(t, k), S(t) = dn(t, k), then Figures 6a and 6b exhibit

the dynamical interaction of the two-rogon solution (@) for different terms 6(¢) = sn(¢, k), dn(¢, k).



In conclusion, we have presented the analytical first-order and second-order rational-like solution pairs
(nonautonomous rogons) of the inhomogeneous nonlinear Schrédinger equation with variable coefficients by
using the similarity transformation and direct ansatz. By using the direct approach [28], we can also obtain
the higher-order rational-like solutions of Eq. (2l) which are omitted here. These obtained solutions be used
to describe the possible formation mechanisms for the optical rogue wave phenomenon in optical fibres, the
oceanic rogue wave phenomenon in the deep ocean, and the matter rogue wave phenomenon in Bose-Einstein
condensates. Furthermore, it should be emphasized that we give the explicit solutions for the existence of
matter rogons in Bose-Einstein condensates. Moreover, the snake propagation traces and the interaction of
optical nonautonomous rogons are exhibited by choosing some free functions of time. Some shapes of the
optical nonautonomous rogons and fascinating interactions between two optical nonautonomous rogons are also
achieved with different functions. These solutions modify the known solutions related to the optical rogons.
Moreover, this constructive idea can be also extended to other nonlinear systems with variable coefficients to

generate nonautonomous rogons. This will further excite the study of rogons in the field of nonlinear science.
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List of the Figure Captions

Figure 1. Wave propagations (left column ) and contour plots (right column) for the intensity |41 |* () of the first-
order rational-like solution (10 for a = ag = 1.0, B = 0.5t2, 4(t) = 0.1 tanh(t)sech(t). (a)-(b) §(t) = t;
(c)-(d) &(t) =t

Figure 2. Wave propagations (left column) and contour plots (right column) for the intensity |1]? () of the first-
order rational-like solution (I0) for ap = 1.0, v(¢) = 0.1 tanh(¢)sech(t), k¥ = 0.6, o = dn(¢, k), B(t) =
cn(t, k): (a)-(b) 6(t) = sn(t, k); (¢)-(d) §(t) = en(t, k).

Figure 3. Wave propagations (left column) and contour plots (right column) for the intensity |1|? () of the first-
order rational-like solution (I0) for oy = 1.0, ~(¢) = 0.1tanh(¢)sech(t), k = 0.6, a = cu(t, k), B(t) =
dn(t, K): ()-(b) 8(t) = sn(t, K); (0)-(d) &(t) = dn(t, k).

Figure 4. Wave propagations (left column) and contour plots (right column) for the intensity |¢2|? (IT)of the second-
order rational-like solution (I6) for ap = 1.0, v(¢) = 0.1 tanh(¢)sech(t), k¥ = 0.6, o = dn(¢, k), B(t) =
en(t, k): (a)-(b) 8(t) = 0.1¢; (c)-(d) 6(¢) = t2.

Figure 5. Wave propagations (left column) and contour plots (right column) for the intensity |¢2|? [IT) of the second-
order rational-like solution (I6) for ap = 1.0, v(t) = 0.1 tanh(¢)sech(t), & = 0.6, o = dn(¢, k), B(t) =
en(t, k): (a)-(b) d(t) = sn(t, k); (¢)-(d) 6(t) = en(t, k).

Figure 6. Wave propagations (left column) and contour plots (right column) for the intensity |42 |? (7)) of the second-
order rational-like solution (I6) for oy = 1.0, v(¢) = 0.1tanh(¢)sech(t), k = 0.6, a = cn(t, k), B(t) =
dn(t, k): (a)-(b) 6(t) = sn(t, b); ()-(d) 5(t) = dn(, k).
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Figure 1: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |¢1|? (II)

of the first-order rational-like solution (IQ) for @ = ap = 1.0, B = 0.5t%, v(¢t) = 0.1tanh(t)sech(t). (a)-(b) 6(t) = t;
(c)-(d) 6(t) = t°.
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Figure 2: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |+1|? () of
the first-order rational-like solution [Q) for ap = 1.0, (t) = 0.1 tanh(¢)sech(¢), k = 0.6, «(t) = dn(t, k), B(t) = en(t, k):
(a)-(b) 6(t) = sn(t, k); (c)-(d) 6(t) = en(t, k).



Figure 3: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |1 |* (I} of
the first-order rational-like solution ([IQ) for ag = 1.0, y(¢) = 0.1 tanh(¢)sech(t), k = 0.6, a(t) = cn(t, k), B(t) = dn(t, k):
(a)-(b) 6(t) = sn(t, k); (c)-(d) 6(t) = dn(t, k).

(a)yio

-10

()10 (d)10

-10

-10 X 10

Figure 4: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |12|* (IT) of
the second-order rational-like solution (@) for a = ap = 1.0, y(t) = 0.1 tanh(¢)sech(t), B(t) = 0.5t%: (a)-(b) 6(t) = 0.1¢;
(c)-(d) 8(t) = 2.
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Figure 5: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |¢2|* (IT)
of the second-order rational-like solution (@) for ap = 1.0, ~(¢) = 0.1 tanh(¢)sech(t), k = 0.6, «(t) = dn(t, k), B(¢t) =
en(t, k): (a)-(b) 6(t) = sn(t, k); (c)-(d) 6(t) = cn(t, k).
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Figure 6: (color online). Wave propagations (left column) and contour plots (right column) for the intensity |+2|* (IT7)
of the second-order rational-like solution ([I6) for ap = 1.0, v(¢) = 0.1 tanh(¢)sech(t), k = 0.6, «(t) = cn(t, k), B(t) =
dn(t, k): (a)-(b) 6(¢t) = sn(t, k); (c)-(d) §(¢) = dn(t, k).
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