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Abstract

In this paper we study the modified equal-width equation, which is used in handling simulation of a single dimensional wave
propagation in nonlinear media with dispersion processes. Lie point symmetries of this equation are computed and used
to construct an optimal system of one-dimensional subalgebras. Thereafter using an optimal system of one-dimensional
subalgebras, symmetry reductions and new group-invariant solutions are presented. The solutions obtained are cnoidal
and snoidal waves. Furthermore, conservation laws for the modified equal-width equation are derived by employing two
different methods; the multiplier method and Noether approach.

Keywords: modified equal-width equation, Lie symmetries, optimal system of one-dimensional subalgebras, cnoidal and snoidal
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1 Introduction
In this paper we study the third-order modified equal-width (MEW) equation
u + 30ty — Bug =0, a #0, B #0, (1)

where o and B are non-zero real parameters. Equation (1) is used in handling the simulation of a single di-
mensional wave propagation in nonlinear media with dispersion processes [1]. Some researchers have used
different techniques and methods to construct travelling wave solutions of (1). Recently MEW equation (1) was
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investigated in [1], where the researchers employed extended simple equation method and also the exp(—¢(&))
expansion method to generate travelling wave solutions of the equation. In [2], dynamical system technique
for integer order was used and travelling wave solutions of the MEW equation were found, which comprised of
solitary, periodic waves and also kink and anti-kink wave solutions. Homotopy perturbation method was applied
to (1) and numerical solution of the MEW equation was obtained in [3].

In our study we use an entirely different approach to obtain new exact travelling wave solutions, namely
cnoidal and snoidal wave solutions of MEW equation (1). Moreover, for the first time we derive conservation
laws of the MEW equation by employing both the Noether approach as well as the multiplier approach.

2 Exact solutions of (1) constructed on optimal system

In this section, we first compute Lie point symmetries of (1) and then use them to construct an optimal system
of one-dimensional subalgebras. Subsequently, we utilise this optimal system of one-dimensional subalgebras
to obtain symmetry reductions and group-invariant solutions of (1) [4—8].

2.1 Lie point symmetries of (1)

The vector field
d d d
X=T(l,x,u)g—i—é(t,x,u)a—l-n(t,x,u)%, (2)
where 7, & and 1 depend on ¢, x and u is a Lie point symmetry of equation (1) if
pr(3)XA|A:0 = 0, (3)
where

A= u, +30u, — Buts
and pr(3)X is the third prolongation [6] of (2) defined as
0 d d d
OX =X+ —+ =+ G — 4
pr + Cl‘ aul + CX aux + Clx autx + Ctxx autxx ( )
Here &, ,, §x and §;y, are determined by

& =Di(n) —u;Dy(t) —u Dy (§),

e = Dx(n) — u:Dx(7) — uxDx(§),

Cix = Dx (&) — uy Dx(T) — urxDx(8),

Coox = Dx(Gix) — unxDx(T) — D (&),
where the total derivatives D, and D, are defined as

“ ot Y ou T M o T o, ’

PR P ) ©)

Do gx g e g, T g T
X t

&)

D,

Expanding (3) and splitting on derivatives of u yields an overdetermined system of linear homogeneous partial
differential equations (PDEs). Solving these equations we obtain the values of 7, & and 1, which lead to three
Lie point symmetries of (1) given by

I R R )
o P o T %o ou

The infinitesimal generator X3 represents scaling symmetry whereas the one-parameter groups generated by X;
and X, demonstrate time and space-invariance of the MEW equation.

X) =
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2.2 Optimal system of one-dimensional subalgebras

We now calculate an optimal system of one-dimensional subalgebras by using Lie point symmetries of (1)
obtained in the previous subsection. We employ the method given in [6]. We first construct the commutator
table. Thereafter we compute adjoint representation using the Lie series

> g" g2
Ad(exp(eX;))X; =) —7(adX:)" (X)) = X; — e[Xe, Xj] + o X3, (X3, X ]| = -
= n! !

where € is a real number and [X;, X;| denotes the commutator defined by
Xi, Xj] = XiX; — X;X;.

The table of commutators of Lie point symmetries of equation (1) and adjoint representations of the symmetry
group of (1) on its Lie algebra are presented in Table 1 and Table 2, respectively. Consequently, Table 1 and
Table 2 are used to compute an optimal system of one-dimensional subalgebras for equation (1).

Table 1. Lie brackets for equation (1)

[.] X X X3

Xi 0 0 2x
X, 0 0 0
X3 -2, 0 0

Table 2. Adjoint representation of subalgebras

Ad X, X X3
X1 X1 X, —2eX1+X3
X, X X X3
X3 X, X X3

Thus following [6] and utilising Tables 1 and 2 we can obtain an optimal system of one-dimensional subalgebras,
which is given by {X) + ¢X;,X3 +aX; }, where ¢ and a are arbitrary constants.

2.3 Solutions and symmetry reductions

We now utilise the optimal system of one-dimensional subalgebras obtained above in the previous subsection
and find group-invariant solutions and symmetry reductions for equation (1).
Consider the first operator X; + cX> of the optimal system. This operator has two invariants

E=x—ctand U = u,

which give the group-invariant solution U = U(&). Using & as our new independent variable, equation (1) is
transformed into the nonlinear ordinary differential equation (ODE)

cBU" (&) +3aU(E)U'(E) —cU'(§) =0. (7)

We now use the extended Jacobi elliptic function expansion method [9] to obtain travelling wave solutions
of (1). We assume that solutions of the third-order nonlinear ODE (7) can be expressed in the form

u(g) = ;MA"H@’ 8)

where M is a positive integer obtained by the balancing procedure and A; are constants to be determined. Here
H (&) satisfies the nonlinear first-order ODE

H'(E) = /(1 - (&) (1 - 0 + 0H2(£)) ©)
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or
H'(E) = /(1 - H2(£))(1 - 0H2(£)). (10)
We recall that the Jacobi cosine-amplitude function
H(G) =cn(§|) (11)
is a solution to (9), whereas the Jacobi sine-amplitude function
H(§) = sn(§|w) (12)

is a solution to (10). Here @ is a parameter such that 0 < w <1 [9, 10].
We note that when @ — 1, then cn(&|®) — sech(§) and sn(&|@) — tanh(&). Also, when @ — 0, then
cn(§|@) — cos(&) and sn(&|w) — sin(§).

2.3.1 Cnoidal wave solutions

Considering the nonlinear ODE (7), the balancing procedure yields M = 1. Thus (8) takes the form
UE)=A1H (&) +Ac+AH(E). (13)

Substitution of U from (13) into (7) and utilising (9) we obtain

H(EVBcA_ —H(E)BcA +H(E)* BcA —TH(E)?BcA_ —12BcwA_,
+6Bco’A_ +3H(E)PawA? —6H(EBawA;? —H(E)ScwA,
+6H(E) aApA 2 +3H(E) awA? —3awA_ P —3H(E) oA +3H(E)aA,®
—H(E) A +H(E)* A+ H(E)*cA_| —3H(E)*aA_ P —H(E)*cA_
—10H(E)Bea’A; —2H(E)°Beca’A | —TH(EPBcwA, +14H(E)3B cw’A
—6H(E)"'Bca’A +21H(E)BcwA | —14H(E)Bcw’A | —3H(E)*BcwA,
—10H(E)*BewA_| +2H(E)*Bcw’Ar +10H(E)*Bew’A_1 +10H(E)Bew A,
+H(E)BewA 1 +3H(EP P awAg®A1 +3H(EPawA 1A7> +6H(E) awAjA,?
—6H(E)awA 1*Ag—3H(E) awA 1Ay —3H(EVawA_*A| +12H(E P amA_ 1Ay
+3H(E) ' awA)?A +3H(E) ' awA_ A2 +6H(E)  awA_1Ay +6H(E) ' awA_ %A,
+6H(EV awA)A > —6H(E) awA_12Ag—6H(E)amA)? A, —6H(E)awA_1A,?
—3H(E)awA_1A> —3H(E) awA_?A, — 12H(E) awAgA > + 6 H(E)aA_ %A
+3H(EYaA 1Ag* +H(E)coA_ | +3H(E) > aA_*A +6H(E)VawA_?
—H(E) coA —6H(EY aA_*Ag—2H(E) coA_| —3H(E)*aA_1A,°
—3H(E) aAg?A] —3H(E) ' aA_2A| —3H(E) 0 A_1Ag> +2H(E)Ccom A,
—6H(EY aAjA”> —3H(E) ' awA 1P +3H(E) A 1A> +3H(E) a A
+H(E)cwA | +6BcA 1 +3aA P =0.
The above equation can be separated on like powers of H(&) to obtain an overdetermined system of eleven
algebraic equations

ApA 2 =0,

A_1?Ag— wA_12A¢ =0,

20A_1*Ag—A_1? Ay =0,
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AoA1Z —20A0A;% =0,

QAP —2BcwA; =0,

®AA1Z — wA_17Ag —ApA,2 =0,

2Bcw*A_ | —awA_P+aA_P—4BcwA_1 +2BcA_ =0,
300WA_ 1A +300AA —600A” +14Bco*Al +3aA;° —TBcwA; —coA; =0,
6a0A_1> —30wA_ 1A —3awA_1A)> —14Bco*A_1 —3aA_°> +30A_ %A,
+30aA_1A)> +21BcwA_ | —TBcA_1+cwA_| —cA_| =0,

300mA;”} —300A_12A1 —300A_1A)> —60®A_ AP —60®AGA — 2B ca’A_
+3aA_1A;2 —10Bca’A +3aAA; —3aA +BcwA_ | +10BcwA; — BcA+cwA_
+2cmwA;—cA; =0,

6a0A_1’A1 —3a0A_ 1P +6awA_1A)> +3awA_1A>+3awA*A; +10B cw’A_;
+2Bcw’A; —30A_ 1A —30A 1A —30A 1A —3aAg*A —10BcwA_
—3BcwA;+BcA_1+BcAI —2c@A_| —cwA]+cA_1+cA; =0.

Solving the above system of equations we obtain

c(Gk+8p—1) , _ 3BLk

8B +3k—1
=P T A =0, A=y Py = PR
16 0T A Sa ol B+1"

with k = /8B + 1.

Thus reverting to the original variables the solutions of (1) are

utr) =y CEE=D en e o) - (P (¢ o)}, (14)

where nc = 1/cn.
2.3.2 Snoidal wave solutions
‘We now obtain snoidal wave solutions for equation (1). Here again M = 1. Substituting the value of U from

(13) into (7) and making use of (10) we obtain

3H(E)aA?> —H(E) Al +H(E)cA_|+3H(E) aA P +3H(E) oA A
) oA 1Ag” +H(E)BeAr —H(E) BeA 1 —H(E) BeAi +TH(E) BeA,
EV'aA 1A +3H(E)  aAPA +3H(E)PawA? —3H(E)BawA} —H(E)RcowA,
EVaApA1> —3H(E) oA 1A —3H(E)aAy’Al +H(E)ScwA | +H(E)cwA,
+6H(E aAA > —3H(E) 'awA P —3aA P —6H(E) awAjA> —3H(E)awA %A,
EamA_1A> —3H(E) awA A2 —3H(E)amAPA —6H(E)P amA_1?Ag
+3H(E) 'awA_12A +3H(E)  awA_1A> +6H(E) awAA> +3H(E)PawA_1A,?
+3H(EPawA?A —3H(E)aA? + H(E)°cA —H(E) cA_| —6BcA_,
)

2BewA_ —H(E)'BewA; —8H (E) BewA_| —H(E)*Bcw’A_ +8H(E)°BcwA,

—H(E)*cwA | +6H(EY aA Ao+ 6H(E)Bcw’A +6H(E) awA 1?A)=0.
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Splitting on powers of H (&) yields the following overdetermined system of algebraic equations:

A_i%Ay) =0,

ApA2 =0,

QA_P+2BcA 1 =0,

®A_1?Ag+A_1*Ag =0,

®AA> +AoA 2 =0,

QAP +2BcwA; =0,

®A_1?Ag—ApA > =0,

30mA_1A2+3a0A’A —3awA;? —TBcw’A —30A} —TBcwA; —cwA; =0,
3awA_P+30A 1P —30A_1?A1 —30A_ 1A +TBcwA_ +TBcA_ | +cA_| =0,
Bew’A_| —3awA_1?A1 =30 0A_1A)> =30 0A_1A;> =30 0A)A]| + B coA,

+30A;° —30A_ A2 —30A0A 1+ BcwA_ 1 +8BcwA| + B cAl+cwA_| +cwA| +cA; =0,
3000A_1PA] —300A_ P +3a0A_1A) — Bcw’A_| +30A_1PA +3aA_1A> +30A_ A2
+3aA’A; —8BcwA_| —BcwA —BcA_| —BcAy —cwA_| —cA_| —cA; = 0.

Solving the above system of equations we get

1 2¢(B+1)
e A =Ag=0,A4 =+ T
e ! o

Reverting to original variables we obtain solutions of (1) as

2¢(B+1)

u(t,x) ==+ p

sn(E o). (15)

We now consider the second operator X3 + aX; of the optimal system. This symmetry operator yields two
invariants J; = 142 and J = ut'/2, Thus Jo» = f(J1) provides a group-invariant solution to (1). That is

U= tfl/Zf(extfa/Z).
Substituting the above value of u in (1), we obtain the third-order nonlinear ODE

aBZ " (2) + B Ba+ 122 f"(2) + (aB —a+ B)zf'(z) + 60zf (2)* f'(z) — f(z) =0,

where z = ¢t~ 9/2,

3 Conservation laws of the modified equal width equation (1)

In the section we derive conservation laws for (1) by employing two different techniques, namely the multi-
plier method and Noether approach.

Conservation laws have several important uses in the study of partial differential equations, especially for
determining conserved quantities and constants of motion, detecting integrability and linearizations, finding

potentials and nonlocally-related systems, as well as checking the accuracy of numerical solution methods [11—
17].
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3.1 Conservation laws of (1) using multiplier approach

We look for zeroth-order multiplier A = A(z,x,u). Thus, the determining equation for this multiplier is stated

as
1)
S—{A(I,x, u) (u,—|—3(xu2ux—ﬁu,xx)} =0, (16)
u
where 6 /du is the Euler-Lagrange operator defined as
6 d D d D d DD d
du du "ou, *Juy T Qe

and the total derivatives D, and D, are defined as in (6). The above equation yields
U Ay + 30 1Ay — Butre Ay + 60U A — D, (A)—Dy(3 auzA) + BD?CD, (A) =0,
which on expanding gives

U Ay + 3001 Ay — Bty Ay 4 60ui A — Ay — up Ay — 300> A — 60U A — 30 1Ay + BA s
+ ﬁutAuxx + ﬁuxAtux + ﬁut U Ay + ﬁutxAux + ﬁuxAtux + ﬁut U yyux + B%%Atuu + ﬁut M)ZCAuuu
+ ﬁutxuxAuu + ﬁutxAux + ButxuxAuu + ﬁuxxAtu + ﬁuxxutAuu + BuxxtAu =0.

Splitting the above equation on derivatives of u, we obtain
A =0, Aux =0, Ay = 0, BAsxx — 30’ Ay — A, = 0.

By solving the above equations we get two multipliers given by

Ay (t,x,u) =u
and
As(t,x,u) = 1.
Corresponding to these two multipliers, we obtain the following two conservation laws:
Lo, 1,5
Tlt = Eu +§ﬁux7
3
T = Zocu4 — Buuy,
and
T, = u,

N = o’ — By
3.2 Conservation laws of (1) using Noether’s theorem

In this subsection we derive conservation laws for the modified equal-width equation (1) using Noether’s
theorem [18, 19]. This equation as it is does not have a Lagrangian. In order to apply Noether’s theorem we
transform equation (1) to a fourth-order equation which will have a Lagrangian. Thus using the transformation
u =V, equation (1) becomes

Vtx + 3an2Vxx - ﬁVtxxx =0. (17)
It can readily be verified that a Lagrangian for equation (17) is given by
2= _tyy Loy 1ﬁvv (18)
- ) xVt 4 X ) xxVix
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because 0.2 /8V =0 on (17). Here 6/0V is the Euler-Lagrange operator defined as
0 d d d d d

~ =-——D,=——D, D?
5v = av  Digy ~Pigy, TPxgy T PDagy-
Consider the vector field 5 3 3
X:T(t,x,V)E—i-é(t,x,V)a +1n(t,x V)av (19)

where 7, & and 1 depend on ¢, x and V. To determine Noether point symmetries X of (17) we insert the value of
£ from (18) in the determining equation

prX (Z) + 2D, (v) +Dx(8)] = D; (B') + D (BY), 20)

where B' = B'(t,x,V) and B* = B*(,x,V) are gauge terms and pr?/X is the second prolongation of X defined as

d d d

2y —
pr X X + Cl a + CX + CX)C avxx + gt)(f a‘/tx (21)

with §;, &, &, and ;. as defined in (5). Expansion of equation (20) and separating with respect to derivatives
of V yields an overdetermined system of linear PDEs. Thereafter solving these PDEs we obtain the following
Noether point symmetries together with their gauge functions:

d

Xi=~=,B =0, B"=0,
L=
d
X, =—,B' =0,B"=0,
ox

J 1
Xy :f(t)ﬁ, B =0, B* = _Ef (1)V.

Next, we use the above results to compute conserved vectors of the fourth-order equation (17). Using formulae
for the conserved vector (77,T*) [20]

.7 & <

o ))+z o

Vi =

a,,sf
81/ka 1

szzru(é“—w;;rf)( -

we obtain three conserved vectors associated with three Noether point symmetries X, X, and X. Then reverting
to the original variable u, we have

1 1 1

Tlt — _4au4_2ﬁuxut_2ﬁuxx/utdx,
. 2 I 1,1

TV = - /utdx +owu /u,dx—ﬁux,/u,dx—FBu, +[3ux/undx;
5 2 2 2

2 2 2 XXy

3 1 1

Zx = Zau4—§ﬁuux[+§ﬂuxul;

T} = —%f(t)u—l— %Bf(t)uxm
1 1 1 1
T} = —2f(t)/utdx— of ()u® + B O =SB (e + 2f’(t)/udX-

Remark: It should be noted that due to the presence of arbitrary function f(z) we have infinitely many nonlocal
conservation laws.
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4 Conclusions

In this paper we studied the modified equal-width equation (1). For the first time, Lie point symmetries of (1)
were computed and used to construct an optimal system of one-dimensional subalgebras. Thereafter utilising
this optimal system of one-dimensional subalgebras, symmetry reductions and new group-invariant solutions
of (1) were presented. The solutions obtained were cnoidal and snoidal waves. Again for the first time, we
computed the conservation laws for (1) by employing two different methods; the multiplier method and Noether
approach.
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