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Abstract. In this paper, we study the time variable coefficient modified Korteweg-de Vries
(mKdV) equation from group-theoretic point of view. We obtain Lie point symmetries
admitted by the mKdV equation for various forms for the time variable coefficients. We
use the symmetries to construct the group-invariant solutions for each of the cases of the
arbitrary variable coefficients. Finally, the solitary wave ansatz will be used to carry out
the integration of the mKdV equation that will be supported by a concrete example.
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1. Introduction

There are various nonlinear evolution equations (NLEESs) that are being presently
studied in the literature. The issues that are addressed in these studies are the
integrability aspects, conservation laws, symmetry analysis, stochasticity aspects
and others. One of the main interesting and most widely studied aspects is the
integrability issue. Sometimes these NLEEs have time-dependent coefficients that
are more closely related to real life situations. Therefore it is more practical that
these time-dependencies be taken into account.

There are various methods to address the integrability issues. Some of these
common methods of integrability issues are Adomian decomposition method, Inverse
Scattering Transform, G’/G method, exponential function method, F-expansion
method and many others (see e.g. [1, 2,9, 11, 8,7, 12, 13, 14, 15] and the references
therein). In this paper, the method of Lie symmetry will be used to carry out the
integration of an important NLEE that is the mKdV equation with time-dependent
coefficients. For the theory and application of the Lie symmetry groups the reader is
referred to [3, 6, 10]. This equation is used as a mathematical model to study physical
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phenomena arising in several areas of interest. For example, in the study of coastal
waves in ocean and liquid drops and bubbles, in the issues of atmospheric blocking
phenomenon and dipole blocking (see [2, 9, 15]). The dimensionless form of the
mKdV equation that will be studied in this paper with time-dependent coeflicients
is given by

@+ *qx + a(t)q + b(t)qres = 0. (1)
In (1), the first term represents the evolution term while the second term represents
the nonlinear term. The third term represents linear damping while the fourth term
is the dispersion term. The time-dependent coefficients of damping and dispersion
are a(t) and b(t), respectively. Equation (1) will be studied by Lie symmetry methods
and also 1-soliton solution will be obtained by the solitary wave ansatz method.

2. Lie point symmetries and group-invariant solutions

In this section, we present the Lie point symmetry generators obtained for various
cases of the time variable coefficients a(t) and b(t). Moreover, we obtain the exact
solutions for these special cases using the symmetry generators or combination of
symmetry generators of the equations.

1 K
Case 2.1. a(t) = -, b(t) = —, K is a constant.
t 12

In this case, equation (1) takes the form

1 K
qt + q2%c + ;q + tj‘]wxac = 0. (2)
A vector field
X = €t 0,0) 0 + €t 2, 0) o + (2, 0) o 3)
- ) ’q at b) 7q 8:1:‘ /r] b 7q 8(]7

is a generator of point symmetry of equation (2) if
1 K
X[3] <Qt + (]2% + ?q + tQszz> = 07 (4)

whenever (2) is satisfied. Here the operator X®l is the third prolongation of the
operator X defined by

0 . 9

and the coefficients (;, (, and (., are given by

G = De(n) — QtDt(f ) — (Ia:Dt(f ),

Co = Da(n) = ¢t Do (€)= ¢ D (€7),

Cow = Du(Ca) = @ut Da(€') — qua Da(67),

Coze = Da(Coa) = GootDa(€) = GuaaDa(€2).

The operator D; denotes the total derivative operator and it is defined by
0

0 0
Di_ 7 % teey ':1727
D +qa +qja + (

X =x 462 g0
g
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and (z',22) = (¢,z). Moreover, we use the notations ¢1 = q;,¢2 = o, Q11 = Qst, o1 =
Gzt, and so on, to denote a different order of partial derivatives of the dependent
variable ¢ with respect to the independent variables t and .

The functions ¢!, €2 and 7 are calculated by solving the determining equation
(4). The coefficients ¢!, €2 and 7 are independent of the derivatives of q. Hence the
coefficients of like derivatives of ¢ in (4) can be equated to yield an overdetermined
system of linear partial differential equations (PDEs). Therefore, the determining
equation for symmetries after some tedious calculations yield

¢=¢(t), & =0,19 =0, (5)
9ok |, K , 3K ,
nlq_gizzov (7)
K
2+ 4" & — & — &+ 5 Bnaag — &) =0, (8)
1 1 1 1 K
— G Nt = TN a8+ @ e e =0, (9)

Solving equations (5-9) we obtain

2
¢ =c1t? —cst, 522%3334'62, n= (;3—61?5)(17

where ¢, co, c3 are constants. Thus, equation (2) admits a three-dimensional Lie
algebra of symmetries given by

P o 9 9 z0 20
Xy == —tg—, Xy = —t— — = L
on 2T Vg T Mgy T T T30 T 3 0g

First we consider the symmetry generator Xy for the group-invariant solution. The
Lagrange system of equations corresponding to X5 is given by
dt dx  dq
20 —tq

X, =

(10)

Solving the equations in (10) yields the following group invariants, namely, v =
x, [ =tq, so that a group-invariant solution to (2) is given by ¢ = ¢t~!h(x), where
h(z) is an arbitrary function of its argument. Substituting the derivatives of ¢ with
respect to ¢ and x into equation (2) gives a third-order nonlinear ordinary differential
equation (ODE) with a dependent variable h and an independent variable v, viz.,

Kh'" +n%h =0. (11)
We integrate equation (11) with respect to 7 once to obtain
12 h3 ~
h =——+A 12
ag A (12)

where A is a constant. Further integration of (12) yields the following nonlinear
first-order ODE
dh h*

2
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where A and B are constants of integration.
If A= B =0 and K = —1, then solving equation (13), we find that

V6

where C' is a constant. Hence a group-invariant solution to (2) is

V6
q(z,t) = HCta)

Now we consider a linear combination of the symmetry generators X; and Xo, i.e.,
X1 + X5. The group invariants are

1

Thus the group-invariant solution of (2) corresponding to X; + X5 is given by
q(z,t) = t~1h(x+1/t), where h(y) satisfies the following third-order nonlinear ODE

Kh' +n*h —n =o. (14)
We integrate equation (14) with respect to 7 once to obtain

R h -
ho=—t 4 4 A (15)

where A is a constant. Further integration of (15) yields the following nonlinear

first-order ODE )
dh h? h*
— ) =A4+Bh+ — — — 1
<dv> TR TSR (16)

where A and B are constants.
If we take A = B =0 and K = 1, then solving equation (16) yields

h(7) = V6 sech(C + ),

where C is a constant. Hence a solitary wave solution to (2) is

6 1
q(z,t) = % sech {Ci (a:—i— t)] .
Now if we choose A = B = 0 and K = —1 we obtain another group-invariant

solution to (2), namely

o= Y8 e (o],

where C' is a constant.
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Remark 1. Here we restrict ourselves to obtaining some interesting particular so-
lutions of equation (2) by letting the constants, namely A and B, to be zero in (13)
and (16), respectively. However, in general equations (13) and (16) with A # 0 and
B # 0 have solutions expressed in terms of Jacobi elliptic functions (see e.g., [4, 5]).

Case 2.2. a(t) = Ky, b(t) = Kie K0t K, K; are constants.
In this case, equation (1) becomes

@ + ¢*qe + Kogq + Kie 250%q,. = 0. (17)
Lie point symmetries admitted by equation (17) are given by

2rcot, 0 Xy = 9 n 2Koz 0 | Kog O

a _ 2K0tg_ _ —~Y1
Xz=e Ko ot " 3 ox ' 3 oq

X, =2 g
L= o ot © Gy

The symmetry generator X, gives rise to the group-invariant solution
q(z,t) = e~ "'n(z),
where v = x and h(v) satisfies the third-order nonlinear ODE
KB +h*h =o. (18)

This ODE is similar to the ODE (11) and hence it reduces to

dh\? nt
) —A4Bh- 1
(d7> " 6K 1)

where A and B are constants. In (19) by taking A = B = 0 and K; = —1 and
solving the equation one obtains the exact group-invariant solution to (17) given by

\/6 e—Kot

q(z,t) = Cta)

where C' is a constant.
A linear combination of the symmetry generators X; and Xo, i.e., X7 + X5 gives
the following group-invariant solution of (17)

o o—2Kot
t) =e "O'h
g =cb o1 ).

where 7 = 2 + e 2K0t /2K, and h(y) satisfies the following third-order nonlinear
ODE

Koh +h?h —n =o. (20)
Equation (20) can be simplified as before to the following nonlinear first-order ODE

dh\? Rz pt
) A+ Bhy— - 21
(d’Y) * * K, 6K’ (21)
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where A and B are constants.

By choosing A = B =0 and K; = 1 and then solving equation (21) we find that

h(y) = V6 sech(C =+ ),

where C' is a constant. Hence a group-invariant solution to (17) is

—2Kot
q(z,t) = V6 e Kot sech {C + (x + & ﬂ .
2K,

Likewise, one can obtain another exact group-invariant solution

—2Kot
q(z,t) = V6 e 5ot gec |C £ x—i—e ,
2K,

where C' is a constant, to (17) by taking A = B =0 and K; = —1 in (21).

3. Solitary wave solutions

In order to obtain a solitary wave solution to (1), the starting hypothesis is

A(t)
cosh? [B(t) (z — v(t))]’

Q(mvt) =

(22)

where A represents the amplitude of the soliton, while B is the inverse width of
the soliton and v represents the velocity of the soliton. It needs to be noted that
since damping and dispersion have time-dependent coefficients, one needs to have,

in general,
A= A),
B = B(t)
and
v =v(t).
Thus from (22) one gets
b a2
0’4z = —pA?’B%,
a(t)A
a(t)a = co(slzp T’
WO)tzee = plp+ 1)(p+ DHOAB 2T — (1) AB

3 tanh T

cosh? 7
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Substituting (26) to (29) into (1) yields

dA 1 dv tanh 7
— A) ——— AB — = ’p?
( a alt) ) cosiP7 P (U i dt bt ) cosh? T (30)

pAdB TtanhT 3, tanhT7 3 tanhT
-—————— —pA°’B——— 1 2)b(t)AB®> ————
B dt cost’r P cosh® 7 Fplp+ D+ 2b() cosh? ™2 7

=0.

From (30), one can say that the last two terms match up, provided the exponent of
the cosh functions are the same. This gives

3p=p+2, (31)
which yields
p=1. (32)

Also, from (30), one can see that the functions 1/ cosh? 7, tanh 7/ cosh? 7,
7tanh 7/ cosh? 7 are linearly independent and therefore their coefficients must van-
ish, respectively. This leads to the following relations

dA
— t)A =
7 + a(t) 0, (33)
dv
t—— = bp* B> 4
vtto =bp (34)
and
dB
— =0 (35)

From (33), (34) and (35), one can respectively conclude

A(t) = Age~ ] oWt (36)
o(t) = p2f2 / b(t)dt (37)

and
B(t) = constant, (38)

where Ag is the initial amplitude of the soliton. In order to determine the constant
width B, one needs to set the sum of the coefficients of the last two terms in (30)
to zero. This gives

A2 =b(p+1)(p +2)B, (39)

which yields

2,2 [ a(t)dt 3
Bty —2 | A T ]

24b(2)
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so that from (40), one needs to have b(t) > 0. In order to conform to the fact that
B(t) must be a constant, one needs to have the constraint of the time-dependent
coefficients a(t) and b(t) from (40) related as

b(t) = ke~ 2 a)dt (41)

for some positive constant k. Thus, the solitary wave solution to (1) is finally given
by
At
aa,t) = — (t)
cosh [B (z — v(t))]

(42)

where the soliton parameters A(t), B(¢) and v(t) are given by (36), (40) and (37),
respectively, while the coefficients a(t) and b(t) are related as given in (41). The only
necessary condition for the solitons to exist is that the time-dependent coefficients
a(t) and b(t) must be Riemenn integrable, as evident from (37) and (41).

3.1. Example

In this section, the same example, as considered before [11] will be studied, to
illustrate the above technique. The gKdV equation considered here is

G + ¢°qx + aq + ce 2 qupr = 0, (43)

where a and ¢ are constants. Starting with the same ansatze as in (22), equation
(30) modifies to

%—l—aA 1 _]EdeTtanhT
dt cosh? 7 B dt cosh?r
tanh 7 dv tanh 7
—pA*B——— + pAB t— — cp?Be 2t 44
P cosh® 7 tp (U + a P cosh? 7 (44)
tanh 7
+p(p+1)(p+2)cAB3e 24— =,
Pp D +2) cosh?™2
which leads to the solitary wave solution
A
t)= —————— 45
1) = R TB @ o]’ (45)
where
A(t) = Age™ ™, (46)
1
B= 47
o (47)
and
A2 —2at
o(t) = — 206 (48)
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The constraint relation (40) is meaningful here as ¢ is a constant as seen from the
hypothesis. From (46), it can be seen that

. 0, a>0
tlggo Alt) = {oo, a <0, (49)
while from (48), one can conclude that
. 0, a>0
tliglov(t) - { 00, a<0, (50)

which shows that the amplitude and velocity of the soliton die down gradually,
provided a > 0. Thus, the solitary wave solution of (43) is given by (45) with the
respective parameters defined in (46), (47) and (48).

4. Concluding remarks

We have studied the mKdV equation with time variable coefficients using the Lie
symmetry method. This approach has enabled us to obtain various possible forms for
time variable coeflicients of the underlying equation. For each of the possible forms
of the coefficients of the equation, we derived the Lie point symmetries admitted
by the equation and then used them to construct group-invariant solutions. Finally,
the 1-soliton solution is obtained by using the solitary wave ansatz. In this context,
it was established that time-dependent coefficients must be Riemann integrable for
the solitons to exist.
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