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1. Introduction

The theory of nonlinear evolution equations (NLEEs)
is one of the key issues in applied and theoretical physics
as well as in engineering sciences and applied mathe-
matics. These NLEEs appear in fluid dynamics, nonlin-
ear optics, plasma physics, nuclear physics, mathemat-
ical biosciences, and several others [1-11]. Integrabil-
ity aspect is one of the main focus areas of research for
these NLEEs. There are several integration tools that
are proposed and successfully applied to handle NLEEs
during the past couple of decades. Some of these tools
are Adomian decomposition method, G'/G-expansion
method, exp-method, the Lie symmetry analysis, the
Riccati equation approach, simplest equation method,
the Kudryashov method and several others [4, 6, 7, 9].
These techniques are well beyond the classical inverse
scattering transform (IST) that has very limited applica-
tions [12-14]. Once upon a time, IST was a monopoly to
study NLEEs and it was applicable only to those NLEEs
which passed the Painleve test of integrability. However,
these current tools are applicable even to equations which
fail the Painleve test. Thanks to these modern methods
of integrability that widens the scope of integration for
such NLEEs.

While this paper addresses complex-valued NLEEs,
there are several real-valued NLEEs that exist in the
literature. Those results are reported and have ex-
hausted the literature. Some of these are the well
known Korteweg—de Vries (KdV) equation, the Boussi-
nesq equation, the Kawahara equation, the Benjamin—
Bona-Mahoney equation, the Peregrine equation, regu-
larized long wave (RLW) equation and others. These
models study shallow water wave flow along lake-shores
and sea beaches. Besides them, there are additional mod-
els in real domain that describe these features such as the
Rosenau-KdV equation, the Rosenau-Kawahara equa-
tion, the Rosenau—KdV-RLW equation. These model

dispersive shallow water wave dynamics. Finally, coupled
NLEEs such as the Bona—Chen equation and Gear—
Grimshaw model study two-layered shallow water waves.

This paper focuses on vector coupled complex-valued
NLEEs that are applicable in several physical situations.
One such model is the Davey—Stewartson equation that
describes the evolution of three-dimensional wave packet
on water of finite depth. Another one is vector coupled
nonlinear Schrédinger’s equation that is studied in bire-
fringent fibers, optical couplers as well as in dense wave-
length division multiplexed (DWDM) system. This pa-
per will, however, focus on the Schrédinger—Boussinesq
equation, the Higgs field equation and the Maccari equa-
tion. The following subsection introduces these models
in a very succinct manner. Subsequently the integration
algorithm, employed in this paper, will be reviewed and
finally it will be applied to the three models.

1.1. Complezx-valued coupled NLEFEs

The generalized complex coupled Schréodinger—
Boussinesq equations study the stationary propagation
of coupled nonlinear upper-hybrid and magnetosonic
waves in magnetized plasmas [15-21]. The complex
coupled generalized Schrédinger—Boussinesq equation
can be written as

iUy + Ugr + Qu = uv,

3Utt — Ugzax + 3 (1)2)ww + 5”?&% = <|U|2) . (1)

The complex coupled Higgs field equation introduces
quantum field (or the Higgs field) to illustrate the
generation mechanism of mass for gauge bosons [15, 21]
can be written in the form

utt—um—au—i—ﬁ|u|2u—2uv:0

Vit + Vg — B (|U|2)m =0, (2)

where v and wu represent complex scalar nucleon field
and scalar meson field, respectively.
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The complex coupled Maccari equations is a nonlinear
evolution equations described the motion of the isolated
waves, localized in a small part of space, in many fields
such as hydrodynamic, plasma physics, nonlinear optics
and others [22-28]. Complex coupled Maccari equation
derived from the Kadomtsev—Petviashvili equation (the
best known two-dimensional generalizations of the KdV
equation) and can be written in the form

iUy + Ugy +uv =0,

vty + (luf) =0, 3)

which is called integrable (2 + 1)-dimensional nonlinear
Maccari system [23].

2. Recapitulation of generalized tanh method

In this section, the method will be described briefly.
Consider the given NLEEs

) =0. (4)
The first step is to unite the independent variables x, y
and t into one particular variable through the definition

<:I+O‘y+5ta u(x,y,t):U(C),

and Eq. (4) will be changed into the ordinary differential
equation (ODE):

cuu,u’u”,.)=o. (5)
Our aim is to obtain exact solutions, if possible, for this
ODE. To this end, we propose a new variable

¥ =1(Q),

which is an exact solution of the Riccati equation

G(u,ux,uy, Uty Uy -+

v o=kt ot (6)

Let the following series expansion is a solution of Eq. (4):

u(@,y,t) =U() =D an’. (7)
=0

We can evaluate m by balancing the highest order of the
linear term(s) with highest order of the nonlinear one(s).
Normally m is a positive integer, so that an analytic so-
lution in closed form may be obtained. Substituting (6)
into (7) and comparing the coefficients of each power of
in both sides, an over-determined system of nonlinear al-
gebraic equations in terms of to k, ag, a; ... is obtained.
One may find the solution of this over-determined sys-
tem e.g. by means of symbolic computation program, say
MATHEMATICA. We can obtain several exact solutions:
(i) for k<0

o [ —VReom (R, .
| —V=Ektanh(v=kQ),
(ii) for k=0
~1
v=ro
(iii) for £ > 0

= { —Vk cot(VEC),

9)

VEtan(VEC). (10)

Another advantage of the Riccati Eq. (6) is that the sign
of k can be used to exactly judge the amount and types
of traveling wave solution of Eq. (4).

3. Applications

Applications of this integration algorithm is
widespread as seen in various journals and books.
This paper will apply the tool to a few specific type
of NLEEs. These are complex-valued coupled NLEEs
which are applicable to various areas of applied and
theoretical physics. The detailed discussions are in the
next three subsections.

3.1. Higgs field equation

We first consider the complex coupled Higgs field

equation

Upt — Uge — et + Blul?u — 2uv = 0,

Vit + Vgy — 6(|u|2)a:1 = Oa (11)
using the transformations

u(z,t) = eiQU(C), v(z,t) =V ((),

C=xz+vt, 0=pz+rt, (12)
we obtain the relation p = rv and carry Eq. (11) into the
system of ordinary differential equations (SODEs):

W= 1)U" + (p> = 1% —a)U + U — 20V =0,

WV +1)V —28(U)*-280U" =0, (13)
integrating the second equation in Eq. (11) twice gives
(V* 4+ 1)V = U= (14)

Using Eq. (14) into Eq. (11), yields only one ODE:
W=D+ DU + P —1* —a)U

+8(v?* —1)U? = 0. (15)
Balancing the term U” with the term U3 we obtain m = 1
then

1
U(Q) =) aw' = ag + a1y, (16)
i=0
substituting Eq. (16) into Eq. (15) and comparing the co-
efficients of each power of ¢ in both sides, we get an over-
determined system of nonlinear algebraic equations with
respect to v, a;; ¢ = 0,1. Solving the over-determined
system of nonlinear algebraic equations using of MATH-
EMATICA, we obtain

ap =0, a3 ==xi/2(1+v2)/B
r?(1-v)+a
and k = —2(V2 SV (17)
we find the following solutions of Eq. (15):
[i.] for k<O
204+ 2)(r2(1 — v2) + @)
==+
Ui 1\/ 2801 — 1)
r?(l-v?)+a
h R S e
X cot < 21— 12) (),
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USA:ii\/2(1+u2)(r2(1—u2)+a)

261 2)
» tanh ( TW(> , (18)
[ii.] for k=0
Vo= ii\/2(1c+ /B (19)

[iii.] for & >0
2 2 _ 12
Um:ii\/g(uy)(r (1-12) +a)

2502 — 1)
r?(l—-1v?)+a«
X cot < 2(V2_1)<> ,

Ug’w:ii\/2(1+u2)(r2(1—uz)+a)

282 —1)
X tan (

r2(l—-v?)+a ¢
212 —1) '

Then the solutions of the complex coupled Higgs field

Eq. (11) are

Uy = :tiei(ruw+rt)\/2(1 + VZ)(,,»2(1 — VQ) + Oé)

268(1 —v?)
x coth ( (x + Vt)) )

2(1 4+ ) (r*(1 — v?) + )

(20)

r?(l—v?)+a
2(1 — v?)

NI
x coth? ( W(x + Z/t)> ) (21)

. 2(1 2 2 1— 2
u3,4=iiel(r””+”)\/ (1+v2)(r?(1 = v?) + )

26(1—12)
x tanh ( (x + Vt)) )

2(1+v2)(r?(1 — v?) + )
2602 1)

« tanh? (, /’Wu + ut>> , (22)

21+1v2)/p
(z + vt)

21+ 07

V5,6 = *mv

r2(1-v?)+a«
2(1 — v?)

V34 =

+iel (rva+rt)

Us.6 = )

(23)

. 2(1 2 2(1 —p2
u7’8:iiel(rl/w+rt)\/ ( +v )(’f’( v )+a)

26(v% — 1)
X cot <

2(1+12)(r*(1 —v?) + @)

r2(l-v?)+a
TP (x + 1/15)) ,

s 261 1?)
X cot? ( W(m + l/t)> : (24)

L 21+ v2)(r2(1 — v2) + )
-+ i(rvz+rt)
9,10 = 1€ \/ 2812 — 1)

X tan ( r2(21(;2y_2)1.)|_ a(x + ut)) ,

2(1+v2)(r?(1 — v?) + )
28(1 —v?)

X tan? ( w(x + mf)) . (25)

U910 =

22 -1)

3.2. Schrédinger—Boussinesq equation

In this subsection, we present exact solutions for
complex coupled generalized Schrédinger—Boussinesq
equation

iU + Ugy + U = uv,

3'Utt — Uzzax + 3(v2)xw + vax = (‘u|2)x;ra (26)
using the transformation

u(z,t) = ?UC), C=a+vt, O=px+rt, (27)
then we obtain the relation v = —2p and carry Eq. (26)
into the SODEs

(a—r—pHU+U —UV =0,

B+12p2)V" +@3V2-U?) —vW =y, (28)
integrate the second equation in Eq. (28) twice we obtain

(a—r—pU+U" —UV =0,

(B+12p)V +@BV2-U?) -V =0. (29)
Using the techniques in Sect. 2, we find

2
UQ) =D @i’ =ao+ a1y + asy)®,

2=0

2
V(¢) = bap' = bo + byt + bayp®. (30)
i=0
Proceeding as in the previous case we obtain different
four cases:
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[i.]

a; = bl = 0, bo = %(12& — 12r —‘r‘ﬂ),
1 36 — 367 + 303
k=—(12a — 12r + B), =T eE
44( « r+pB), ao 1172
r—a—_
as = 6v?2, by =6 and p = — (31)

[ii.]
7
a; = b1 = 0, b() (12& —12r + ﬂ)

54
1 1200 — 12r + 8
k=—(12a—12 =
36( « T+ﬁ)a ag 3\/5 )
1
ay = +6v/2, by = 6 and p = :tgx/a —r—28/3. (32)
[iii.]

-1
ap =0 =0, bp=—(12a—12r +f),

22
127‘—12&—6
12a0 — 12 _
k= 44( oY r+05), a VG ,
r—a—_
as = 6v2, by =6 and p = —1 (33)

[iv.]
ap =b; =0, b —3(127"—1204—5)
1=00=0, bo= =7 .
120 — 127 +

9v/2 ’

1 —a—28/3
= 462, by =6 andp:igw%.(?ﬂ)

From the first case we find five solutions of the com-

plex coupled generalized Schréodinger—Boussinesq system
Eq. (26) are

YOV comvc; vy P [360‘ — 36r +34 (35)

1
k= £(12r— 1200 — B), ap=

112
12r — 12a— 12r — 12a— g8
- 2200“1< A
r—a—_
— 24—t
_ 36a—36r+38 12r — 12a— 8
v 22 444
12r — 12a—f r—a—_p_
h _ — 2/ —
X cot < 1 (x 1 t>>,
_ el(\/(" a—0B)/11 x+rt) 36c — 36r + 33 (36)
11v2
12r — 12a— 12r — 12a—
6y " P ianh it
6 D tan ( i

><<ac—2 Tﬂl_ﬁt))]
36a736r+35 /1 r—12a—
V2 =
xtanh( 12r—ﬁa ﬁ( /r—a ﬂ))

_ el(\/('f‘ a— [3)/111+rt)[36a—36r+36

112
B 6v/2
x—2y/(r—a—pB)/11t|’
03:36a—36r+3ﬁ_ 6 37)
22 x—2y/(r—a—pF)/11t
_ i /Tmam B i ary | 360 =360+ 38 o
11v2
12a — 121 + f8 120 — 12r + 8
— ———— cot _—
22 44
r—a—_
- ——4
v 73604—36r+3ﬂ7 12a—12r + 8
LT 22 44

12a— 12r + r—a-—_p
—_ - = o —
><cot< 11 (a: 11 t)),

— oi(/rma=B)/1latrt) [360‘ — 3\6;+ 3 (39)
11

1200 — 12r + 8

1200 — 12r + 3
—t
+6 an ( v

22

(=)

36047367’+3B+6 120 — 12r + 8
22 44

12a — 12r + 8 r—a—_p_;
_ — 2 — .
xtan( i (m 11 t))

The last three above cases given other fifteen solutions.

Vs =

3.83. Maccari equation
The (2 + 1)-dimensional nonlinear complex coupled
Maccari equations are the second complex coupled
equations that will be discussed
iy + ugy +uv =0, (|u*). =0, (40)
using the transformations

Vg + Uy +
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u(z,t) = eieU(g), v(x,y,t) =V ((),

(=z+y+vt, 0=pr+qy+rt, (41)
we obtain the relation v = —2p and carry Eq. (40) into
the SODEs

P> +r)U—-U —UV =0,

(v+1)V +20U =0, (42)
if we integrate the second equation in Eq. (42) once, we
obtain

(v+ 1)V =U? (43)
using Eq. (42) into (40), we obtain the following ODE:

(1=2p) (P> +7)U—-(1—-2p)U +U>=0. (44)
Based on the information included in Sect. 2, we obtain

CLQZO, ap == 2—4,

1+ (p* +7)(1 - 2p)

2—4p ’
consequently, one yields the solutions of Eq. (44): [i.]
for k <0

U172 ::I:i\/1+(p2+r)(172p)

X coth (\/1 ha (p24—; i)(zl — %) C);

Usa = +iy/14 (p2 +7)(1 - 2p)

and k = (45)

14 (p? +7)(1 —2p)
X tanh <\/ yP— () ) (46)
[ii.] for k=0
Use = #, (47)

[iii] for k > 0
Urs =+£y/1+ (p? +71)(1 - 2p)

 cot W T c) ,

Ug 1o =+1+ (p2 +7)(1 - 2p)

X tan <\/1 * (pl—&—_riél %) C) (48)

Then the solutions of (2 + 1)-dimensional nonlinear
complex coupled Maccari Eq. (40) are

uy g = Fie! P T (p2 £ ) (1 — 2p) (49)

X coth (\/1 ()= 2p) (x+y— 2pt)>a

4p — 2

L+ (p* +7)(1 - 2p)
V1,2 = -2

4p — 2

x coth? (\/1 + (2 + )L = 2p) (r4+y— 2pt)>,

ugy = +iel@THWHO (02 p )1 —-2p)  (50)

xtanh<\/1+(p2+T)(1_2p)($+y—2pt)>7

4p — 2

1+ (p?+7)(1—2p)

V3,4 =

1-2p
1+ (p? 1-2
X tanh? <\/ + 4+ r>(2 p) (w+y—2pt)>,
p—
B +eiPrtaytrt) /a4y
B )
-2
== 51
0= vy — 2l oy
urg = £l PTHWED T (p2 £ r)(1 - 2p) (52)
14 (p2 1-2
X cot <\/ i 2+Ti( ) (a:+y2pt)>7
—dp
1+ (p* +7r)(1 - 2p)
18 = % —1
1+ (p? 1-2
x cot? (\/ et 2+ ri( P) (x+y— 2pt)> 5
—dp

ug,10 = £l PFHI /T4 (p2 4 r)(1 - 2p) (53)
2 _
X tan (\/1+(p +r){ 2p)(x+y—2pt)),

2 —4p

1+ (p* +7)(1 - 2p)
V9,10 = o1

x tan® (\/1 @+ )1 = 2p) (x+y— 2pt)>.

2—4p

4. Conclusions

We proposed a generalized tanh method for construct-
ing a range of exact solutions for three well-known non-
linear complex coupled equations. Compared with the
existing methods [26, 27], our method further exceeds
their applicability in obtaining a series of exact travel-
ling wave solutions. In this section, we compare with
some existing results:

e The solution (21) with positive sign are equivalent
to the solutions (4.21) and (48) in [26] and [27],
respectively.

e The solution (23) with positive sign are equivalent
to the solution (4.22) in [26].
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e The solution (46) with positive sign are equivalent
to the solutions (5.21) and (61) in [26] and [27],
respectively.

e The solution (47) with positive sign are equivalent
to the solution (5.22) in [26].

Therefore the solutions in [26] and [27] turn out to be
special cases of the results from this paper.

Later, this paper will be studied further along.
One avenue of additional investigation is the issue of
conservation laws. The Lie symmetry analysis with dou-
ble reduction will be implemented to dig out conserved
densities and soliton solutions will lead to conserved
quantities. Moreover, these three equations will be stud-
ied with fractional temporal evolution. This will lead to
further generalized solutions that will be an addendum to
the literature of NLEEs. These results will be reported
soon.
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