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Abstract A Generalized (2+1)-dimensional Caudrey—
Dodd-Gibbon—Kotera—Sawada equation (2D-
gCDGKSE) is an integro-differential equation that
describes tow-layer fluid interaction. The non-
autonomous (2+1)-dimensional gCDGKSE (NAUT-
gCDGKSE) was rarely considered in the literature. In
the previous works, the concepts of two-layer fluid
interaction and non-uniform fluid were not explored.
This motivated us to focus the attention on these
themes. Our objective is to inspecting waves structures
in non-uniform fluid which describes fluid flows near
a solid boundary. Thus, the present work is completely
new. Our objective, here, is to inspect waves which
are similar to those created in waterfall, water waves
behind dams, boat sailing, in the network of canals dur-
ing water release, and internal waves in submarine. In
a uniform fluid, rogue waves occur in open oceans and
seas, while in the present case of non-uniform fluid,
towering and internal rogue waves occur near barriers
(islands) and near submarine, respectively. This was
consolidated experimentally, as it was shown that rogue
wave is produced in a water tank (which is with solid
boundary). The exact solutions of NAUT-gCDGKSE
are derived here, by implementing the extended uni-
fied method (EUM). In applications, it is found that the
EUM is of lower time cost in symbolic computation,
than when using Lie symmetry, Darboux and Auto-
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Bucklund transformations. The results obtained here
are evaluated numerically, and they are displayed in
graphs. They reveal multiple waves structures with rel-
evance to waves created near a solid boundary. Among
them are towering and internal rogue waves, internal
(hollowed) and bulge-U-shape wave and S-shape wave,
water fall, saddle wave, and dromoions.

Keywords Non-autonomous - Caudrey—Dodd-
Gibbon—Kotera—Sawada equation - Towering -
Internal - Rogue waves - Waterfall

1 Introduction

Indeed, the Caudrey—Dodd-Gibbon—Kotera—Sawada
equation (CDGKSE) and the generalized CDGKSE
(gCDGKSE) describe two-layer fluid interaction. The
gCDGKSE was currently considered in the literature.
It is a higher-order generalization of the celebrated
Kadomtsev—Petviashvili equation. In [1], a (2+1)-
dimensional gCDGKS equation (2D-gCDGKSE) was
studied by the Hirota bilinear method (HBM). A hier-
archy of bilinear CDGKSE with a unified structure and
a nonlinear superposition formula was proved under
certain conditions [2]. Under the HBM, the specific
expression for N-soliton solutions of 2D-gCDGKSE in
fluid mechanics was given [3]. In [4], the 2D- CDGKS-
like equation was investigated, based on bilinear neural
network method, where novel solutions were derived.
The N-soliton solutions were found by focusing on the
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nonlinear superposition between one lump and other
types of localized waves of the2D-gCDGKSE [5]. By
means of the HBM, lump-type solution and two types
of interaction solutions of the 2D-Caudrey—Dodd-
Gibbon—Kotera—Sawada equation were obtained [6].
The interaction phenomenon between the lump waves
and stripe solitons in the 2D- CDGKSE, by making
use of the HBM, was investigated [7]. The CDGKS
hierarchy associated with a matrix spectral problem
was suggested, based on Lenard recursion equations
[8]. In [9], Bernoulli sub-equation function method was
applied to obtain some new exact oscillating solutions.
The CDGKSE was analytically investigated by using
the HBM, where N-soliton solution was derived [10]. In
[11], M-lump and interaction between lumps and kink
solitons of the 2D- CDGKSE were studied based on
HBM. Novel analytical and numerical solutions of the
CDGKSE were established by means of Tanh method
and order residual power series method [12]. The HBM
was used to obtain some breather wave and lumps
solutions to the CDGKSE that was converted into its
potential version together with implementing of Cole—
Hopf transformation [13]. The Lie symmetry analy-
sis, exact solutions, and conservation laws to the time
fractional CDGKSE with Riemann—Liouville deriva-
tive were investigated [14]. The solution of the third-
order isospectral equation of the CDGKSE for soli-
ton potential was obtained recursively from the Riccati
equation via the auto-Backlund transformation [15].
The symmetry transformations of the 2D- CDGKSE
with Lou’s direct method that based on Lax pairs were
considered [16]. The Bicklund transformation and Lax
pair for a differential-difference CDGKSE were pre-
sented in [17]. The HBM of 2D- CDGSKE was used
to obtain, a class of solutions, among them, lump,
strip soliton, a pair of resonance solitons as well as
the rogue wave [18]. A 2D- CDGKSE was investi-
gated with the help of the HBM, where some sin-
gular soliton, shock-wave, breather-stripe soliton, and
hybrid solutions were found [19]. In [20], the HBM
combined with the simplified Hereman method was
used to determine the N-soliton solutions for the fifth-
order CDG equation. Some works related to the present
work on CDGKSE with variable coefficients (VCs)
have received the attention of many research works.
The interaction between solitons and the cnoidal peri-
odic waves of the2D- CDGKSE was explored via the
consistent Tanh expansion [21].The Darboux trans-
formation, associated with nonlocal symmetry of the
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2D- CDGKSE, was localized by introducing four field
quantities [22]. It is worthy to mention the CDGKSE
with variable coefficients is modestly studied in the
literature. In [23], soliton solutions of the 2D- VCs-
CDGKSE were derived via a new velocity resonance
condition. The (2+1)-dimensional variable-coefficient
CDGKSE was studied, and N-th-order Pfaffian solu-
tions were constructed [24]. In [25], the HBM was
used to derive M-lump solution and N -soliton solution
to the 2D- VCs-CDGKSE. Multi-waves and breathers
solution of the 2D- VCs-CDGKSE, under the HBM,
were obtained [26]. In [27], the bilinear form, bilin-
ear Bicklund transformation, and Lax pair of a 2D-
VCs-CDGKSE were derived via Bell polynomials. The
HBM was employed to study the 2D- VCs-CDGKSE
[28].In these works, the studies focused on waves gen-
erated in a uniform fluid, while the notions of nonuni-
form fluid and the two-layer fluid interaction were not
invoked there. In contrast with this, here, these charac-
teristics are dealt with. The solitary wave ansatz method
along with HBM and numerical simulations was used to
study the CDGKSE and its bidirectional form [29,30].
An algebraic method with symbolic computation was
employed to construct a series of exact solutions of
the 2D-CDGKSE [31]. Based on bilinear neural net-
work method, the lump solutions were constructed by
activation functions in the single hidden layer neural
network model and the “3-2-2” neural network model
[32]. The bilinear residual network method was pro-
posed to solve the steady state CDGKSE, where rogue
waves were shown [33]. After the graphs displayed in
[33], they show peak waves and not rogue waves. We
think that rogue waves are produced in a system, when
it is in the unsteady state. Some relevant works were
also carried in [34,35].

The NAUT- DGKSE ( with time-dependent coeffi-
cients) describes waves in nonuniform fluid, where the
velocity is space dependent at a fixed time. It charac-
terizes every fluid flows near a solid boundary. Thus,
waterfall, water waves behind dams, and water flow
in the network of canals during water release are non-
uniform fluid flow. Here, a (2+1)-dimensional - NAUT-
gCDGKSE is considered. So, we are concerned with
inspecting waves in nonuniform flow. The exact solu-
tions are found here via the extended unified method
(EUM) [36-40]. Further papers on the neural network
method were carried [41,42]. Some works on rogue
waves and dynamical fluid equations were presented
[43-50].



Towering and internal rogue waves induced

1609

The outlines of this paper are as follows. In Sect. 2,
the model equation and a brief account of the EUM are
presented. Section 3 is devoted to polynomial solutions,
while rational solutions are given in Sect. 4. Section 5
is concerned with discussions, while some conclusions
are given in Sect. 6

2 The model equation and outlines of EUM
2.1 The model equation

The (2 + 1)-dimensional gCDGKSE was considered in
(11,
36U + (Uxxxx + 15uttyy + 15uxyy)x — o [uyydx
—¥ (Uxxy + 3uuy + 3uy [uydx) =0,
(D
where u = u(x, y, t) is the wave function ; « and y

are real parameters. In (1), we put v = f uydx, so, (1)
reduces to

36u; + (Uxxxx + 15uttyy + 15Uxxx)x — avy
=y (Uxxy + 3””)} + 3uyv) =0, (2
Uy = Uy

A more general CDGKSE is proposed, here, by
Brur +v (uxxxx + Bouuyy + ’32"{3)):

—avy — ¥ (uxxy + B3uuy + B3uv) =0, 3)
Uy = Uy.

In (3), when 1 = 36, B = 15, B3 = 3, v = 1,then
(3) reduces to (2). As, we are interested in studying non-
autonomous gCDGKSE, we consider (3) with time-
dependent coefficients

Bius + v (1) (uxxxx + Bauuyyx + ,32143)x
—a(Dvy —y () (uxxy + Bauuy + ,33“xv) =0, 4

Uy = Uy.

Equation (4) suggests to introduce a stream function
¥ (x,y,t)suchthatu = v, and v = v, and itreduces
to the closed form

—a(OYyy + Pri — v ()
(B3 (Vs +0) +¥raes)
+(0) (B2 (3U2er + +¥ecVreas + Vi)
+ Yrereerr) = 0. )

In (5), we consider the similarity transformations
vix,y.1) = @@ 1),z = pn)x +o@)y, and t =

t, where z and ¢ are independent variables. Thus, (5)
becomes

—Biu()g — a (o ()¢
—y (OR1*0 (1) 2B3¢:922 + 11 Pzz22)
+v(1) (/32#(1)4 (3%290& + @222+ M(ﬁ‘ﬁz‘ﬂzzzz)
‘H‘«(f)G‘Pzzzzzz =0. (6)

The exact solutions of (6) are found, here, by using
the EUM.

2.2 Outlines of the EUM

Consider the NLPDE’s , with explicit time-dependent
f(t’ Uy, uyvuzuﬁ Ux, vavzvlvuxxwm):()- (7)

We introduce the similarity transformations
ulx,y,z,t) = U(z,t), z = a(t)x + B(t)y, and
t := t;thus, (7) is rewritten as

F(tv UtvUZ’ Ul‘IrUZZ9"") = 0. (8)

The EUM asserts that the solutions of (6) are expressed
in polynomial and rational forms in an auxiliary func-
tion that satisfies suitable auxiliary equations. It is wor-
thy to mention that the EUM can be considered as an
alternative technique to the use of Lie group symme-
tries of NLPDEs. In the application, it is found that
the use of the EUM is of lower time cost, in symbolic
computations, than the Lie symmetry. So we think that
it prevails the use of Lie symmetries as the later tech-
nique requires a long hierarchy of steps. On the other
hand, it provides a wide class of solutions.

2.2.1 Polynomial solutions

The polynomial solutions of (6) are expressed in the
form

j=n

9. 1) =Y aj(t) gz 1)/,
j=0

Jj=pk _

(8:(z P =p Y cjglz. 1),

Jj=0
Jj=pk '
(@& 20 =h@) ) cjgz ), p=1,2. (9

j=0
The solutions in (9) exist if there exist integers 7,
and k. Thus, our objective is to show that there exist
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integersn, and k with relevance to (6). For achieving
this, we use two conditions: the balance and consis-
tency conditions. We consider the case when p = 1.
By inserting (9) into (7), we find that the balance con-
dition gives rise to n = k — 1. For the consistency
condition, we need to calculate:

(i) Thenumber of equations thatresults from inserting
Eq. (7)into Eq. (4) and by setting the coefficients of
g(z, 1) ,i =0,1,2, .. etc. equals to zero; r (k) =
Tk — 6.

(ii)) The number of arbitrary functions and parameters
in Eq. (7), namely c;, a;(z, t), s(k) = 2k + 1.

Together with using the condition r (k) — s(k) < ¢q,
where ¢ is the highest order derivative in (6) (¢ = 6),
the last conditions lead to 1 < k < 13/5.

When p = 2,the same results hold. We mention that
the solutions of Eq. (7) are hyperbolic functions when
p = 1., while, when p = 2, they are periodic or elliptic
functions.

2.2.2 Rational forms

The rational solutions of Eq. (6) are expressed in the
form

a18(z, 1) +aop

Uz, 1) = A1) 5121 50"

(10)

(8:(z, )P = Zf,:igk cjg(z, 1)/,

i . 11
(gr(z, )P = h(1) Zj-;é’k cjglz, 1)), p=1,2. (b

3 Polynomial solutions of (6)
31 Whenp=1Lk=2,n=1

In this case, we write

@z, 1) = a1()g(z, 1) + ao(t), (12)
and the auxiliary equations (AEs) are

g:(z,1) = c28(z, )% + c18(z, 1) + co,
8z, 1):=h(t) (c28(z. ) + c18(z, 1) + o) -

Inserting (12) and (13) into (6) and by setting the
coefficients of g(z, t)j,j = 0,1, 3, ..., equal to zero
lead to

13)
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u(t) =r, ai(t)
e (\/,82 (B2r + )2 = 120r2) + o (2r + 1))
B B2 ’

o(t) = % <}’ZC% —dcocr B <\/ﬂ2(f}2(2r + 12 —120r2)

B (2r2 13+ 1)

—60r2 +r\/,32(}32(2r + 1) — 12Or2)> U(t)) ,

K=2 (ﬁz\/ﬂz(ﬂz(Zr + 12 - 120r2)
+B2(B3(2r + 1) —6r)) y (1),
1
h(t) = M(\/ﬂz(ﬁz(Zr + 12 = 120r2)((e — 4eoes ) 2

—rv(e) (—4psr? (B 2r + 1) +9) 7 (1)?

F2B2r (r + 1) (B32r + 1) = 3r)y (1) — 30ra (t)v(t)
+B3( + 1D2@r + Daov) — 1 (e = depez) 2o
(24083ry (07 + B2 + 3r + 2w ()
—4B(r2(=72r% + 33(16r + 13)r

+B32r + DH)y(1)? — 450r*a(t)v(1))
+2B3r(r 4+ 1) (2r + 1) (B32r + 1)
31y ()% — 30r3r + 2)a(z)u(z)))),
M = 8B183ry (1)* — 24B1 B3ry (1)*
+48182y 0 Ba(B2r + 12 — 12012)
—24081 B3r2y (1)* + 1681 B2 p3r2y (1)?
+7281Bory (1)* — 481 o par?y (1)?
+16B1B2B5ry (1) — 24P1Paary (1)?
+4B1B2B3y (1)*. (14)

The solution of (5) (or (6)) is

1
Yy D=5 Ba(aCar + 177 — 120r%)

+B(2r + 1) <\/ i —4cocr
1
+c1Tanh [ﬁ,/c% —4cpcr (rx + B(t)

+ (rzyc% —dcocr fo (—601’2
+B2 (2r* +3r + 1)

+\/,32(,32(2r + 12 =120r%)(r + 1)) v(l))))+ao(t),

M =2 <ﬁ3\/ﬁ2 (B22r +1)2 — 120r2)
+B2 (B3(2r + 1) —6r) y (1)),
t
B(t) = / h(s)ds, (15)
0
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where h(t) is given in (14). —1919359800000+/308;"° + 72994770000~/308;
The two-layer solutions are u = ¥, and v = I/Iy, +876582000\/%ﬁ27/2 — 1000686150003
and they are —48431250+/308"°
1 1 \/27 +331560/308, /% + 1024+/308, "
ux, v, 1) = gp-rSech [W €1~ 4cocy (rx + B — 18624065 + 715972563 + 15610927508 v(1),
_ 182 2 112
+((t - 4eoc2) 2y p2 <\/ﬂ2 (B22r + D2 = 12072)(r + 1) 0 = 1863 (5> = 30) (128V30 (1685 — 199)
2 , . 1614488 + 33756345000008330618000008; (4215
+h2 (2’ T3+ 1) — 60r ) V) (Cl - 4COC2> —630) — 16074450000~/30,/B2 (4083 — 21)
<\/ﬁ2 (F2r + 17 — 120) + Br(2r + 1)) ’ (16) +105/30 (97685 + 26625) B3> — 240 (104083
—1281) 5 — 378000 (94783 — 18714) B3
1 1
vy = <r25ech [m,/c% —dcoey (rx + B(t) —1620000+/3083/* — 12600+/30 (349485 + 2841) /2
+3150 (887583 — 41928) A5 + 27000+/30 (8733283
2000 4 2 _ 2
+ (7~ deoen) o (“ + Y8 (B2 + 12— 1207%) —177483) 3% — 810000 (5916185 + 76260) 2
+B2 (2r2 +3r+ 1) - eoﬁ) V) (c% + (127103 — 79569))
y (), (19)

—4coca) ? <\/ﬂ2 (B2(2r + 12 — 120r2)

+622r + 1)) ((r + 1)\//32 (B2(2r + 1)? — 120r2)
+62 (2r2 +3r + 1) - 60r2) U(I)) . 17

The solutions in (16) and (17) are displayed for the
two-layer functions u# and v in Figs. 1 (i)-(vi).

32 Whenp=1,k=3andn =2

The solution of (6) and the AEs are

@z, 1) = ax()g(z, )> + a1 (t)g(z, t) + ap(?),
g:(z,1) = c38(z, 1)® + c28(z, ) + c18(z, 1) + co,
81(z. 1):=h(t) (c3g(z. 1)* + c28(z, )* + c18(2, 1) + <o) .

(18)

From (18) into (6), it gives rise to

2 (Mﬁ - 30) e
B2 — 30 ’
20 (27\/%;3;/ 2168244508, —1410+/30/Ba+1 8900) s

ar(1) = —

ay(t) =
(B2 — 30) (8@,33/2 — 1658 — 390v/30,/B2 + 9450),

V30VB — B2
2(B—30)
9cicrcz — 202
co) = v —
27c3

u(t) =

o(t) = g, P = (c% — 30103) 2,8%

(— 13020304500000+/30+/ B2

+403124242500008;
+50634517500000543408750000/3%

and there exists an equation for A(¢),which is very
lengthy to be produced here.
The solution of (5) is

1
Y y.n = - (10c (e B0+

23 (B()+2)

+e 3
_28261(B(t)+z))(27@ﬂ§/2 _ 16ﬂ22 + 4508,
—1410+/30/B2 + 18900) — 90c; c3(e*1 BN+

2(3+3c1¢3) (B()+2)

+e 3 )(274/308,"% — 1683
+4508, — 14108/304/B2 + 18900)
+20c> (eZCl(B(t)-i-z) _ ech(B(z)+z))

. 23 (B()+2)
)(de c1(BO)+z2) _ 7 3

23 (B1)+2)

e (B(t)+z)\/(c% _ 30163)(8201(B(t)+z) +e G )
(—81v/108% + 16382 — 45036,
+4230+/10y/B2 — 18900+/3)

23 (B1)+2)
43(e 33 + 2B+ 203,32

~30 (9450 — 390v/30,/B2
8/3083/% — 165,82) ao(t)> ,

263 (B(1)+2)

M =3(f2—30)c3e 3
(V30UB: - o) x
2(B> —30)
B() = /0 Chsyds, (20)

4 Q21 (BO+)Y2

z=yo(t) +

)
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(i) x=0

(iii),u(0,y.t)

(ii) x=5

00t
-100 -50 0 50 100

(iv) x=0

(vi) ,v(0,y,t)

30

25F

20

0.0
-100 -80 -60 -40 -20 0 20 40

y

Fig. 1 Figure 1 (i)—(vi). The 3D and contour plots of u and v Figure 1(i) shows double-U-shape internal (hollowed waves).
are displayed against y and ¢ for two values of x, in Figs.1(i)— Figure 1(ii) shows U-shape and S-shape bulge waves. Figure 1
(iii) and 1(v)—(vi), respectively. When «(t) = 3sin(2(r — (iii) shows the same waves.

), v() = e 9 sin2(r — 5))(cos2(t — 2)) + 2), y (1)
JeosQ(t —2)+2,8 = 5. r = 025 ¢ = 2.5,¢
0.7,¢c0=15,83 =03, 8 =0.2.

Figure 1(iv) shows U-shape internal (hollowed wave) and S-
shape bulge wave. Figure 1(v) and (vi) shows the same behavior.

where o (t) and h(t) are given in (19). By bearing in
mind that u = ¥, and v = ¥, it leads to

| (2¢2 + 3c1c3) (2 (B> — 30) B(t) — Ba(x — 2y (1)) — 60yo (1) + @mx)
ulx,y, t) = N 10 [ exp( )

3(B2—30)c3
(63 +6¢163) (282 = 30) B() — Bl — 2y0.1)) — 60y0 (1) + v/30/Fox )
exp( 3(h2— 30) c3 )
(cg - 3CIC3) 230 — B/ Bo (18900 — 1410530/ B,27+/3085% — 1683 + +450,32) , Q1)

@ Springer
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208, - 30) eXp((zcg +3c103) (2 (B2 — 30) B(1) — Ba(x — 2y0 (1)) — 60ya (£) + @mx))

v(x, y, 1) = N 3(B2—30)c3

(¢ +6cic3) (2 (B2 = 30) B(t) = Ba(x — 2y (1)) — 60yo (1) + mmx)
3(B2—30)c3 )

27430837 — 1682 4 4508, — 1410v/30/B2 + 18900) (2 — 3¢ic3) 20 (1),
2 2 2

+ exp(

2 (v30VBa—fa)x
N =3(expQei(B() + yo (1) + — (B2 — 30) )) +exp( 3 )

(B — 30)2 (8@;92?/ 2 1658, —390+/30y/B + 9450) 2. (22)

The solutions in (21) and (22) are displayed for the o )
two-layer functions « and v in Figs.2 (i)-(vii). where h(#)is given in (24).
The two functions (# and v) solutions are

33 Whenp =2, k=2andn =1
u(x,y,t)

Case (i)
We consider (12) and the AEs

6 B 1 45)'02m%v(t)
903 V2O PO IO TG

9

45yc2m(2] v(t)

: 1 “
( 5 VMBI ] (k= )))2 %

gZ(Zs t) = (mlg(zv t)

(26)
+mo)y/c2g(z, )2 + 18z, 1) + co. 23) v(x, y, 1) 5rem2o
,1):=h(t 1 Sm 1 Pyeamprt)
81z, 1) g)(rnlg(z ) 405033 YEMOBOHR 0T TG 2
+mo)v/c2g(z, 0* + c1g(z. 1) + co. = - — :
6./c3mo(B()+4 (x+ ——=_0""y)
From (12) and (18) into 6), we have (5"'@ Vo 2 v )ZJEV[I]
u(t) =—3%, o . o
_ (43m3+3ctmd —4comy (ciymo+2com1)) Bovl1] The two-layer functions « and v, given in (26), are
= = , . . N
. mo(Sczmo_zqsnsz)sV[;]1  10eymg dlsplayec‘l.m Fig. 3 (i)-(vi).
0= ™ R 1= o (24) Case(ii)
10 v/30¢3 %o We consider (12) and the AEs
an ="y rE
Br = —1083, h(t) = 81eimiv(o) (4y [t +25e(t)v (1)) g:(z, 1) = /mag(z, )2 +mig(z. 1) + mo
’ 21y P Verg@ n? + e1gzn + . o
The solution of (6) is 8(z.1) = h(t)y/mag(z, ) + mig(z.1) +mo
53 (_1 + e6<—z+B<r)>¢amo) Jeamo Verg(@ 02+ c1g(z. 1) + co.
Yx,y, 1) =— (55 ST B ) From (12) and (27) into (6), it yields
X 4502m(2)v(t)
1), 1=—%— ————=
T 2= T 0
t
B(t) = / h(s)ds, (25)
0
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Fig. 2 Figure 2 (i)-(vii). The 3D and contour plots of u and v
are displayed against y and ¢ for two values of x, in Fig. 2(i)-(iv)
and (v)-(vii), respectively. When v(t) = 2sin(5(t — 5)), a(t) =
3sin(5(t — 5)) + cos(5(t — 5)), 63 = 5,81 = 02, y(@) =
3¢703 B, =0.1,¢; = 0.05, c3 = 0.025, ¢ = 0.5.

u(t) = —3,
- /32(c%(3m%—8m0m2)—252m2(01m1+4com2)+3c%m%)v(t)
o(t) = gm0 ;
m c1—4coc)ma
my = @ — IT’
V/30
my =< i (1) =0, a(t)= —T/C;z\/«/?
B2 = —1083,
h(t) = (c2—4coca)’m2v (1) (25a(N)v(1)+4y (1)?)
N 321ty (1)? '

(28)

The solution of (5) (or (6) ) is

RUCAZ) V) uG.y.t)

(vil) ,v(0,y.t)

Y(x,y, 1) =ao(t) —

Figure 2(i) and (ii) shows waterfalls. Figure 2(iii) shows the same
behavior as in Fig. 2(i) and 2(ii). Figure 2(iv) shows doubly peri-
odic waves.

Figure 2(iv) and (v) shows towering rogue wave and internal
rogue wave ( in submarine). Figure 2(vii) shows cyclic waves.

where A (t) is given in (28).
The solutions # and v are

S(C% —4L‘0L‘2)M] yv() _%)
)

5 ,/c%—4c0cz\/r71(3(t)— Sy D
V3, /my(ci —/c] — 4coca tanh( 5

NGl

t
B(t) =/ h(s)ds,
0

NG ’

(29)
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(iii) u(0,y.t)

-0.01
u(S.y.0-0.02

-100 y

Vi) v(S.y.t)

CEEE——

0

-100 -50 0 50 100
Fig. 3 Figure 3 (i)-(vi). The 3D and contour plots of u# and v Figure 3(i) and (ii) shows saddle ( Fan waves) with periodic
are displayed against y and ¢ for two values of x, in Figs. 3(i)- waves tail. Figure (iii) shows saddle waves.
(iii) and (v)-(vi), respectively. When v(t) = e~ 05 sin(5(r — Figure 3(iv) and (v) shows periodic waves cascade. Figure 3(vi)

shows the same behavior.

5))(cos(5(t — 5)) + 2), y(t) = Jcos(5(t —35)) + 2, a(t)
3sin(5(t — 5)), Bo = 5,mg = 0.25, ¢ = 2.5,¢p = 0.05, B3

0.3, 81 == 2.
P 5(0%—4c002)m1yv(’) Y
Jei=aenca i (- =it s
\/g (C% _ 46002) mlsechz( 7 124 )
uGx,y. 1) = — , (30)
8V B3ci
> 5(0%—40002)m1yv(f) x)
61_46002M<_B(0_07_,
5«/5 (C% _ 4COC2) Zm%v(l)sechZ( zﬁ 8cpy(n) 2 )
vy 1) = — ! . 31

32/Bsciy (1)

The two-layer functions u and v, given in (30) and 4.1 When p =1 and k=2

31), displayed in Figs. 4 (i)-(vi). . . . .
(31), are displayed in Figs. 4 (i)-(vi) The AEs take the form given in (13), and into (6) it

gives
4 Rational solutions of (6). wi(t) = — B2 . A =0,
B2 —30
Here, we consider the solution in (10) together with the o (s0 (c151 — €250))
AEsin (11). ' 5t ’
A(r) = _ 60(m — 1)so (280 — c151)
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0.0 {
L
v

u(d,y.)-0.2
|

/

p 4
A

k‘\.

-0.4

L

0.0

\

\ / \j“’-zu(o,y.o
\L I S z%)/—0,4

Fig. 4 Figure 4 (i)-(vi). The 3D and contour plots of # and v
are displayed against y and ¢ for two values of x, in Fig. 4(i)—
(iii) and (v)—(vi), respectively. When «(t) = 0.3¢=9 sin(5(r —
5))sin(5(t — 5)), v(t) = cos(5(t —=5)+2,,=02,y@) =

(B2 — 30) (a1so — aos1),
o (t) = _Sﬂg’v(t) (4C%ms3 —dcicomsysy + c%s%)
(B2 —30)* (B2 — 10B3) 57y (1),

1
h(t) = < (4c§ms§ —4dcicomsyso + c%slz) 2,BSV(t)

(—100 (,332y(t)2

—15B3y (1)* — 225a(1)v (1))

+p2 (25a(t)v(t) + 4y(t)2)

308, (50w () + (B3 +5) v (1))

K =1 (B2 —30)° (B2 — 1083) *siy (>, (32)

The solution of (5) is

P
Y(x,y, 1) = o’ P = —(60(m — 1)so(c2so — c151)
1 4 —
(ao e+ [Fems (czzso c151) + Tanh
2¢o K

@ Springer

/\(“)f‘:s; (i) u(0.y.t)

(vi),v(0.y.t)

0 o 10 20 30 40

Jeos(5(t —=5)+2,8 = S5¢ = 25m = 15c¢c =
0.7,¢cp = 1.5, 83 =0.3.

Figure 4(i) and (ii) shows internal dromoions. Figure 4(iii) shows
helix-shaped waves.

Figure 4(iv)—(vi) shows the same behavior as in Figs. 4(i)-(iii).

1 [4cymsg (250 — c151) )

51
Sﬂgyv(t) (4c§ms§ —4cicomsyso + C%Slz)
(B(1) — : >
(B2 —30) % (B2 — 10B3) sy (1)

ww))
p—30"]))

1
0O = (a150 — aos1) (B2 — 30)(so — 2en si(er +
e

2
5 ciTanh

dcamsg (c250 — C€151)
+
ST

1 [dcymsg (cas9 — c18
1 4co 0(220 11)+C% (B()
2 s

Sﬂgyv(l) (4c%ms3 —4dcicomsy sy + c%slz)

(B2 —30)2 (B2 — 10B3) siy (1)

Bax
- 30)])),

B(1) = / h(s)ds, (33)
0

where A (t)is given in (32).
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The waves functions u and v are
2

uGeyoty = 2L A) =0, co= L,
Qi der
. . 2
\/4czmso (c250 — c151) + ¢3s? o) = _5(cxmi = 2camo) “v(1)
Py = —60(m — 1)Sech 3 32cy (1)
S1

1
n@) =—5,A@)
5B3yv(t) (4c3mst — dcicomsyso + c%slz) 2

(B(1) — (B2 — 30)2 (B2 — 10B3) 527 (0) _ V3 =Basi/2camg — cimi~/2camg — cimy (cymy — 2¢2mo)
fox 2 4p3/casy (dagcamy — ay (2camg + cymy)) ’
T B — 30)] I = (cimy — 2camg) *v(1) (25a(t)v(1) + 4y (1)?)
Bacaso (caso — c151) (4C%ms§ —4cicomsyso + c%xlz) s 512/316%7/(”2
01 =52 (B2 — 30)% (<2e250 + 51 (@1 =g (i' + zﬂ) . 37)
2 ni

1
+f\/4czmso (c2s0 — c151) + cfslz
51

\/4czms0 (c250 — c151) + 35}
Tanh

The solution of (5) is

P
Yix,y, 1) = o = V3 eam 2camg — ¢ymy

2S1
(B(1) — Sﬂgyv(t) (4C§ms§ —4cicomsyso + c%slz) (al (mo eXp(l\/Em()(B(t)
(B2 —30)2 (B — 10B3) sy (1) 2
Bax 2 5y (eimy —2camo) 2v() x
-2=0)) (34) 2027 0 2
P _ Sy(eymy—2comp)?v() _ x
= G B ——
2 — 1¥1 2«/6
Py = —3000m — 1)Sech | & [4e2mso€aso Zeis) | Sy(eymy—2cm)?v(t) _ x
2 = ~3000m = DSech | 5 [T cmy (B(r) — PEAZIZ0 5
! +ap(2c2 exp( ; )
3 2,2 2.2 2 2Je2
(B(t) — 5By yv(t) (4c2ms0 —4dcicomsyso + clsl) B Box ) 1
(B2 —30)2 (B, — 10B3) s?y (1) B2 —30 —ny exp <§\/C>2m0(3(t)

B3caso (caso — c1s1) V(1) (4c§ms3 —4cicomsyso + cfslz) 2. (35

_Sy (cymy — 202m0)2v(t) _ x))))

The functions u and v given in (34) and (35) are 32cry(1) 2
1 1 1 —(vi Sy(cymy—2cpm, 2y x
displayed in Fig. 5 (i)—(vi). 0 exp(C]m] (B(t) — M&T}W - 7))
2 NG
2
4.2 When p =2and k =2 ! _ y(ermy = 2¢omo) v(®) X
p +m exp (zﬁmow(z) e () 2
. t
We consider (10) and the AEs /= B3 (daocymy — ay Qeymo + cjmy)) , B(t) = /0 h(5)438)
8:(z,1) = \/ng(z, 02 +c1g(z, 1) + co where h(t) is given in (37).
(m1g(z,t) +mg), The two wave functions u and v are

8(z,1) = h(t)\/cag(z,1)? + c18(z, 1) + co
(m1g(z, 1) + mo). (36)
From (10) and (36) into (6), it leads to
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(iii) ,u(0,y,t)

0.000047064 -
u(5.y.t) t
0.000047063 |

}

i

] 0.y.t
Jo.0000a6861 !

/0.000046860

(Vi) v(0.y.t)

;66/1)00
Figure 5(i) and (ii) shows waves similar to those created behind

and in front of dams. Figure 5 (iii) shows two sets of separated

waves.
Figure 5(iv)—(vi) shows doubly periodic waves.

Fig. 5 Figure 5 (i)—(vi). The 3D and contour plots of u and
v are displayed against y and ¢ for two values of x, in Fig.
5(i)—(iii) and (v)-(vi), respectively. When v(r) = 2sin(5(t —
5))(cos(5(t —5)) +2.), ae(t) = 3¢~ sin(5(t — 5)) + cos(5(t —
5), B1 =0.2,y(t) =0.03/cos(5( —5)) +2,2=0.1,¢c1 =

0.05,¢2 =0.5,83=5,51=12,50=0.5,m=0.7.

P
u(x,y, t)=—, P = x/§m1 (cymy — 2comg) (cymy — cpmg)

32

exp (- (comg + cymy) (4cz Ay @)(x —2B(t)) — Scymomyv(t)) + 2Oc%m(2)yv(t) + SC%m%yv(t))
64c3 %y (1) ’

Sy(cimy=2com)*v(t) _ 1y
2

. Clml(B(t) - 32¢27 (1)

01 =4y —B3Q2crexp NG
1 5y (cimy — 2camg) 2v(t)  x 2

mi eXP(zx/amo(B(t) - 32627 (1) - 5))) ) (39)

P
v(x,y, 1) = m Py = 5¢/3my (cimy — 2camg)® (crmy — camo) v(r)

(camo + cimy) (4ez By (1) (x — 2B(t)) — Scimomyv(t)) + 20c3m3yv(t) + Scimyv(t))

exp | — 5 .0

o' Ty (1)
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By using (39) and (4), the functions u and v are
displayed in Fig. 6 (i)—(vi).

€812
_ (VB3(8B3=9)+283)s0(c152—c251) (a2 B(r) (k1s1+kasa)e 2 4agspecl?)
I/I(X,y,f)— 2512 b
B3s2(azso—aos2)(B(t)(kysi+kasa)e 2 +s0e€l%)

43)
_ Y(1I5(VB3@B3=9)+283)* (VB (43 —9)+4B3)* (cas1 —c152)*v(1)) 3¢
- 883 (2v/B3(AB3—9)+4p3—3) 253y (1) 2>
B(t) = [y h(s)ds,
4.3 Double-wave solutions
In this case, two different AEs are used. We write
_ A@( (z,)+ (z,t)+ao)
§0(Z, t) - slzllé(’é,tz)+s2;§é(zzz,tz)+soao ’
812(z, 1) = c181(z, 1) + 282(2, 1), 41)
g11(z, 1) = h(t) (c181(z, 1) + c282(2, 1))
82:(z, 1) =dig1(z, 1) +daga(z, 1),
g2(z, 1) = h(t) (d1g1(z, 1) + drg2(z, 1)) .
From (41) into (6), we get
A(r) = 5 (2azBasg (c152 — c2s1) + 2a0B35250 (c251 — €152)
B3 (azso — aps2)
—v/ B3 (4B3 — 9)sg (azs0 — aops2) (€251 — €152)),
o) = 3 (VB3 (@B3 =9) +2p3) * (VB (4B = 9) +4B3) * (cas1 — c152) *v(0)
883 (2v/Bs (4B3 — 9) +4B3 — 3) 253y (1) ’
3 d 2_2
p) =—2, dy= =2 g 4 B2 g L DTN g 3085,
2 $2 S1 sy
P
ho) = 50 P == (M3QVAER = 9) + 463 = 37 (@aso — aos)’
(c152 — ¢251)° (3283 + 9 + 4 (4\/ B3 (483 —9) — 15) B3
—12y/B5 (43 = 9)) v(1) (250(0v (1) + 4y (1)?)).
0 = 325381 (ZSo(azso — aps2)(c2s1 — c152)y/B3 (483 — 9) + ax(4B3 — 3)s§(cast — c152)
+ ap(43 — 3)sos2(c152 — c251))° J/(l)z) . (42)

@ Springer



1620

H. I. Abdel-Gawad

0.00010 E

13
0.00005 |
0.00000¥

V(0.y,tr0.00005
-0.00010

Fig. 6 Figure 6 (i)—(vi). The 3D and contour plots of # and v are
displayed against y and ¢ for two values of x, in Fig. 6(i)—(iii) and
(v)-(vi), respectively. When v(¢) = 0.2 sin(5(t — 5))(cos(5(t —
5)) 4 2.), a(t) = 0.3¢7%3 sin(5(t — 5)) + cos(5(t — 5)), Br =
0.1,cp =158 =—1551 = 1.6,50 = 1.3,m; = 1.2, mg =
—1.3,y(t) =3/cos(5(t —5))+2,p1 =13,c1 = —1.6.

where A (t)is given in (42).
The wave functions u andv are

Gy t) = LU Pl = 3exp(—ot
ulx,y, = - = X
PUT o TP o

(iii),u(0,y.t)

(v) x=5 (Vi).v(0,y.1)

10.00010

10.00005 &
10.00000

-0.00005

J-0.00010 V¥

Figure 6(i) and (ii) shows wave breaking which may occur near
barriers, near rocky ocean shores, or near boat sailing. Figure 5
(iii) shows separated waves.

Figure 6(iv)—(vi) shows doubly periodic waves.

3(cps1 + clsz)(s22(45c%yv(t) +4xy (1))

+4563s7 0 (1) = 90e1cas251 (1)) (VB3 (4B5 — 9) + 23 ) s0B (1) (cas1 = c152)?

3casy (3 (45¢Tyv(t) + 4xy (1)) 4+ 45c3s7yv(t) — 90cic25251 yv (1))

(k151 + kas2) , Q1 = 2353 (So exp(

B(t) (k1s1 + kasa) +exp(

8s3y (1) )

¥ )

v(x,y, 1) =

4533 (24/Bs @B3 — 9) +4B3 —3) 2y (1) Q1

2 2 2.2 _ 2

3¢y (s2 (45c1yv(t) + 4xy(t)) +45c5s7yv(2) 90c102szs1yv(t))

. ) (44)
8syy (1)

P> = 15 exp(

3(cas1 +c152)
8s§y(t)

(s§(45c%yv(t) +4xy (1)) + 45c%s%yv(t) —90cicas251yV(2)))soB(t)

(cas1 = c15)* (usi + kaso) (VB3 @Bs — 9) +25) * (VB3 (@83 — 9) +483) 2u(0). (45)
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(i) x=0

-100

(iii) x=0

0.2

v(0.y.h)0.0

-0.2

-100 0 100

Fig.7 Figure 7 (i)—(iv). The 3D plots of u and v are displayed
against y and ¢ for two values of x, in Figs. 7(i) and (ii) and 6
(iii) and (iv), respectively. When v(¢) = 2 cos(25(t —5)), a(t) =
Ssin(15(t — 5)) + cos(15(t — 5)),s1 = 0.6,50 = 0.5, 1 =
3,¢1 =0.6,c0 =04,a0 =25,a1 =05,a, =25,y() =
3¢93 By =0.1,c0 =05, =3,50 =3, k1 = 1, ky = 2.

Equations (44) and (45) are used to display u and v
in Fig. 7(1)—(iv).

5 Discussions

In the present work, multiple different waves struc-
tures were found. Attention is focused to simulate these
waves to those created in a nonuniform fluid, that is, to
waves created near a solid boundary.

0.2
u(s,y,t)

-100 0 100
Y

Figure 7(i) shows different waterfall structures, while 7(ii) shows
bulge and internal waves similar to those created by near a barrier
(island).

Figure 7(iii) and (iv) shows waves similar to those created near
a thin barrier.

(a) Figure 1(i) shows double-U-shape internal (hol-
lowed waves). Figure 1(ii) shows U-shape and S-shape
bulge waves.

Figure 1(iv) shows U-shape internal (hollowed
wave) and S-shape bulge wave.

(b) Figure 2(i) and (ii) shows waterfalls. Figure 2(iv)
shows doubly periodic waves.

Figure 2(iv) and (v) shows towering rogue wave and
internal rogue wave ( near submarine).
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(c¢) Figure 3(i) and (ii) shows saddle ( Fan waves)
with periodic waves tail. Figure (iii) shows saddle
waves.

Figure 3(iv) and (v) shows periodic waves cascade.

(d) Figure 4(i) and (ii) shows internal dromoions.
Figure 4(iii) shows helix-shape waves.

(e) Figure 5(i) and (ii) shows waves similar to those
created behind and in front of dams.

(f) Figure 7(i) shows different waterfall structures,
while 7(ii) shows bulge and internal waves similar to
those created by near a barrier (island).

An experimental work shows rogue wave formation
a water tank (which is of solid boundary). This consol-
idates the results in Fig. 2. Sea also [51].

6 Conclusions

The Caudrey—Dodd-Gibbon—Kotera—Sawada equation
is an integro-differential equation that describes two-
layer fluid interaction. It was currently studied in the
literature when it is with constant coefficients, while,
in the non-autonomous version, it was rarely studied.
Such equation is of time-dependent coefficients. In the
works carried in the literature, in this area, the con-
cepts of two-layer fluid interaction and the notion of
nonuniform-fluid were not invoked. Here, these charac-
teristics are taken into consideration. It is shown that the
time-dependent coefficients play a crucial role in deter-
mining the waves geometry. Here, the later equation
version is considered, which describes waves induced
by two-layer nonuniform fluid. In this fluid, the velocity
is space dependent at a fixed time. It stands for waves
created near solid surfaces, boats, dams, networks of (
under ground) canals, and submarine. The exact solu-
tion of the of the later equation version is found by using
the extended unified method, which is a more efficient
method when compared with those used in the present
case, as itis of lower time cost in symbolic computation.
A class of exact solutions are obtained and they are rep-
resented graphically. A variety of waves structures are
revealed, waves similar to those created, behind and in
front of dams, near boat sailing, water fall, and internal
waves near submarine. The results found in this paper
can be utilized to explain some complex phenomena
in oceans and seas. In future works, the extended uni-
fied method will be used to investigate waves generated

@ Springer

in inhomogeneous or heterogeneous (inhomogeneous-
non-uniform) fluids.
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