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Lie Symmetry Analysis of Seventh Order Caudrey-Dodd-
Gibbon Equation

Hariom Sharma and Rajan Arora

Abstract. In the present paper, seventh order Caudrey-Dodd-Gibbon (CDG) equa-
tion is solved by Lie symmetry analysis. All the geometry vector fields of seventh
order KdV equations are presented. Using Lie transformation seventh order CDG
equation is reduced into ordinary differential equations. These ODEs are solved by
power series method to obtain exact solution. The convergence of the power series is
also discussed.

1 Introduction

Nonlinear PDEs with high non-linearity have a very deep impact not only in nonlinear
sciences but also in applied mathematics as well as in theoretical physics. The solution of
these equations helps us understand the complete physical phenomena involved therein.
There are number of methods used to solve the nonlinear PDEs; commonly used methods
are exp function method [1], G'/G method [6], tanh method [3], Lie symmetry method [4],
2] etc. It is well known that Lie group method is a powerful tool to construct the exact
solution of nonlinear PDEs; depending on Lie group various kind of solution are obtained
as traveling wave solutions, soliton solutions, fundamental solutions and so on. The general
form of seventh order Korteweg-de Varies (KdV) equation is given by

up + auPug + bud 4 cutguo, + dutus, + eugpUs, + fugtiyy + guts, + ur, =0, (1)

where a, b, c,d, e, f, g are constants.
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In the present paper, we deal with CDG equation which is a particular form of above
equation with a = 420,b = 0,c = 420,d = 210,e = 70, f = g = 28 as follows

wy + 4200, + 420ut,tg, + 210U us, + 70U Usy + 28Ugtiyy + 28Utisy + Uz = 0. (2)

where u, x,t denotes the wavelength, space and time variable respectively u,, denotes
the n-th partial derivative with respect to x. This equation is formed in various areas of
science and engineering e.g. fluid dynamics, plasma physics, laser optics, traffic flow and
elastic media etc. The paper is organized as follows. Section 1 contains some background
information related to Lie symmetry analysis. In section 2, with the help of Lie algebra
the vector field of Eq. (2) is obtained. In section 3, symmetry reduction is done to obtain
ODEs. Power series solution and convergence of the ODE are presented in section 4.
Section 5, contains results and discussion. Finally, conclusion is drawn in section 6.

2 Group Analysis of CDG Equation
We consider one-parameter Lie group of infinitesimal transformations:

t* =t +er(w,t,u) + o(e?),
=1+ ef(x,t,u) + o(e?),
ut = u+en(z,t,u) + o), (3)

where € < 1 is a small parameter. The geometric vector field of a PDE is given by
V =7(x,t,u)0 + &(x, t,u)0p + n(z, t,u)0,. (4)

If the vector field (4) generates a symmetry of the equation (2), then V' must satisfy the
Lie symmetry condition

PriV(A)|azo = 0, (5)
where

A = uy + 420u3u, + 420uuus, + 210uus, + 70U Usy + 28Ugtiay + 28Utisy + Uzy,
(6)

and

PriV =70, + £0x + n0u + 1Oy + 07Oy + 0" Ousy + 17 Ougy + 11" Oy + 17 Oy, + 0" Oy,

(7)

is the 7-th order prolongation of V', where, for each k € {1,2,3,4,5,7}, the coefficient
function n** is given by

ka = DI; (77 — TUt — gux) + TUggt + gu(k+1)x~ (8)
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Here, the symbol D, stands for total differential operator and is given by
D, = 0; + up0y + 0y, + Uz Oy, + - . .. (9)

Using the Lie symmetry analysis method, we obtain

1 2
T = 1l + co, §= ?Clx + cs, n= —;clu, (10)

where ¢y, ¢9, c3 are arbitrary constant. So we have the following geometric vector fields

1 2
Vi= ?xé?x +t0, — ?uau, Vo=0,, V3=20,. (11)

Further, it is necessary to show the vector fields of Eq. (2) are closed under the Lie bracket,
we have

Vi, Vil=0, i=1.23. (12)
1
Vi, Vo] = =[Vo,Vi] = Vo, [V1, V3] = —[V3, V] = ZVs, [Va, V3] = =[V3, V2] = 0. (13)

3 Similarity Reductions

In this section, we obtain the reduction equations with the help of similarity variables
and find the exact solutions of these equations.
Case (i): For the generator V; we have

u= t_%f(g), where (= ot (14)
Substituting Eq. (14) into Eq. (2), we have the following ODE:
—(2f + CfW) + 4203 f D - 420 F O fO 42102
+70f@ O L og fM @) L 9gf ) 4 (D — (15)

where f(") = 5;—,{.
Case (ii): For the generator V5, we have a trivial solution u(z,t) = ¢ where ¢ is an
arbitrary constant.

Case (iii): For the generator V3, we have
u= f({), where (=u. (16)
Substituting Eq. (16) into Eq. (1), we have the following ODE:

4203 fM) 4420 f fO F& 4 2102 fG) 470 £ fO 4 28 f W fO 4 28 fO) 4 f7) = 0.
(17)
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4 The Exact Power Series Solutions

Now, our aim is to solve the ODEs (15) and (17) by using the power series method.
Suppose that Eq.(15) has a solution of the form

o0

FO =" el (18)

n=0

Putting Eq.(18) into Eq.(15), we obtain

2 p 1 &
—?CO — Z (" — - chngn + 4200301

n n—l 1

+ 420 Z Z Z Z(l —J+ D)cjerer—jricn—i—kC" + 840cocico

n=1 [=0 k=0 j=0

© n J
+420) 3N (G =k +2)(j — b+ 1)(k + 1)ckr1cnjcjopa2C" + 1260c5c
n=1 j=0 k=0

oo n J

+ 210 Z Z Z(n —Jj+3)(n—j+2)(n—j+ 1)ckcj_kcn—j3¢" + 840cocs
n=1 j=0 k=0

+70Y > (n—k+3)(n—k+2)(n—k+1)(k+1)(k+2)cn krachial”
n=1 k=0
4+ 672¢c1¢y

+ 2822(71 —k4+4)(n—k+3)(n—k+2)(n—k+1)(k+ 1)cp_pracerC"
n=1 k=0

+ 33600005

+ 28ii(n —k+5)(n—k+4)(n—k+3)n—k+2)(n—k+ 1)cp_pis5c:C"
+ 50:0_07 —lt n+7)(n+6)(n+5)(n+4)(n+3)(n+2)(n+1)c,7¢" = 0. (19)

Comparing the coefficients for n = 0 in Eq. (19), we have

Cr =

2 — 420cie; — 840cocicr — 1260cics — 840cac3 — 672¢1¢4 — 3360cocs

2
5040 (20)

For n > 1, we have recursion formula
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1
_ 21
W G D 25 B0+ 1 5+ 00 ) 2y
n n—-l 1
X (420 Z(Z - ] + ]-)Cjckcl—j+lcn—l—k
1=0 k=0 j=0
n J
+42()Z (G—k+2)J—k+1)(k+1)ckr1cn—iCjkto
=0 k=0
n 7
+ 210 Zn—j—f—S (n—7+2)(n—j+1)crcj—kCajss
_]:0 k=0
+ 702 n—k+3)(n—k+2)(n—k+1)(k+1)(k+2)cn risCrio
k=0
+28) (n—k+4)(n—k+3)(n—k+2)(n—k+1)(k+ 1o ksacon
k=0
- 2 1
+ 28 Z(n —k+5)(n—k+4)(n—k+3)n—k+2)(n—k+ 1)ch_prscr — ZCn = 7ncn> .
k=0
The power series solution is given by
F(Q) = cot+ a1l +eal® +e3C’ + ealt + 05 + coC” (22)
N %co — 4200301 — 840c¢ycico — 12600303 — 840cyc3 — 672¢1¢4 — 3360c¢ycs C7
5040
+ Z cn+7cn+7’
n=1
where ¢,.7 is given by Eq. (21). Finally the solution u(z,t) of Eq. (15) is given by
u(z,t)
1 1.2 1.3 1.4 _1.5 _1.6
= [co +(at™7) dea(at™7) Feg(at7) +ea(at™7) +os(xtT7) +eolat™7)
%CO — 4200301 — 840c¢ycic9 — 12600303 — 840coc3 — 672¢1¢4 — 3360coes 1.7
+ xt™T)
5040
+ ch 1) "”] 7, (23)

Further, we have to solve Eq. (17) so, once again from Eq. (17) and Eq. (18)
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e

l

oo n n—

4200301 + 420 Z Z (Il — 5+ 1)cjepcijr1cni—kC" + 840cycico
n=1 =0 k=0 j=0
oo n 7
4203 3OS (G =k +2)(j — b+ 1)(k + 1)cip16nmjcjoppaC” + 1260cics
n=1 j=0 k=0

[e%s] n J
4210 3N (n—j+3)(n—j +2)(n — j + 1)crej_pcn—j+3C" + 840cac

n=1 j=0 k=0

+70) > (n—k+3)(n—k+2)(n— k+ 1)(k + 1)(k + 2)ca_pyscrraC" + 672014

n=1 k=0

+28) > (n—k+4)(n—k+3)(n—k+2)(n — k+ 1)(k + 1)cn_pracrr1C" + 3360cocs

n=1 k=0

+28 ) (n—k+5)(n—k+4)(n—k+3)(n—k+2)(n—k+ Denrpser” + 5040¢7

n=1 k=0
+(n+7)(n+6)(n+5)(n+4)(n+3)(n+2)(n+1)c,17¢" = 0. (24)
Equating the coefficients of like power in Eq.(24) we have

—4200‘301 — 840c¢ycico — 12600(2)03 — 840¢cyc3 — 672¢1¢4 — 3360cqcs

= 25
“ 5040 (25)
For n > 1, we have recursion formula
S ! (26)
(n+1)(n+2)(n+3)(n+4)(n+5)(n+6)(n+7)
n n—Il 1
X (420 Z Z Z(l -7+ 1)Cjck017j+1cn717k
1=0 k=0 j=0

noJ
+420) N (= k+2)(J — b+ 1)(k + 1)crr1Cnjcioria

=0 k=0

n J
+210) 0 (n—j+3)(n—j+2)(n— j + 1)ekcj-kCn_jss
=0 k=0

+70> (n—k+3)(n—k+2)(n—k+ 1)(k+ 1)(k + 2)cn_rs3Ces2
k=0

+28> (n—k+4)(n—k+3)(n—k+2)(n—k+1)(k+ 1)enrrachi
k=0

+ 282n:(n —k+5)(n—k+4)n—k+3)(n—k+2)(n—k+ 1)cnk+5ck>.
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The power series solution is given by

F(CQ) = co+ a1l + 2 + ¢3¢ + ealt + ¢5¢° + 6¢° (27)
—4200801 — 840c¢ycico — 12600(2)03 — 840cyc3 — 672¢1¢4 — 3360¢ycs C7
5040
+ Z Cn+7<n+7>
n=1

where ¢,,7 is given by Eq. (26). Finally, the solution u(z,t) of Eq. (17) is given by

u(z,t) = {co + 7 + e + 323 + caxt + 52 + coa® (28)

n —4200801 — 840c¢ycico — 12600803 — 840cyc3 — 672¢1¢4 — 3360¢ycs 7

5040
+ Z Cn+7l’n+7:| )
n=1

Now, we show the convergence of the power series solution (18) of Eq. (15) by using
implicit function theorem. From Eq. (21) we have

n n—l 1

v < 0 (el + 303 S el sl (29

1=0 k=0 j=0

n 7 n J
+ ) ) lersallenlleireal + DD lerllejkllenjisl

J=0 k=0 =0 k=0
n n n
# Y lennallesal + 3 lenonaallonl + 3 er-peallal ).
k=0 k=0 k=0

where M = 420. If we define a power series
v = P(() = X3Zopn(", (30)
with

po=|00|, p1=|01|7 p2:|02| P3=|C3|

Py = ’04\7 Ps = ’05‘7 Pe = |CG|7 pr = |C7|- (31)
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Also, we have

—

l

DPngr = 420 (pn + PiPkPI—j+1Pn—1—k (32)
=0 k=0 j=0
n i n J
+ Z Zpk+1pnfjpjfk+2 + Z Zpkpjfkpnfjﬂr?’
j—O k=0 =0 k=0
+ an k+3Pk+2 T an k+aPk+1 T an k+5pk)
k=0 k=0
It is obvious that
len] < lpn]l n=0,1,2,... (33)

If we are able to prove that the series v = P(({) = 322 p,(" is convergent then from Eq.
(33) we conclude that series given by Eq. (18) is also convergent. In order to prove the
convergence of the series v = P((), first of all we show that the series has positive radius
of convergence. We have

P(C) = po + p1C + paC® + psC® + paCt + psC® + peC® + prCT + Z%HCMT (34)

n=1

From Egs. (32) and (34), we have

P(¢) = po + pi€ + paC + p3C® + pal? +P5C5 + peC® + pr(” (35)

n n—l

—1—420[219 C"+7+Zzzngpkpz j+1Pn—1— T

n=1 =0 k=0 j=0

n J
+ Z Z Zpk+1pnfjpjfk+2<n+7 + Z Z Z PrDj— kP3¢
=1 j—0 k=0 n—1 j—0 k=0
o0 n o0 n
+ Z Z PrkiaPrr2C™ T+ Z anfk+4pk+1§n+7
n=1 k=0 n=1 k=0
D Ipyremy
n=1 k=0
= po + p1¢ + PG + p3C® + paCt 4 psC® + peC® + pr(” (36)

+ 420 [QGP(§)4 +(2¢ = 2poC®)P(¢)°+

+(3¢% = 4po¢* — 2p1C° + (f — p2)¢° — psCT) P(()?
— (5p0C* + 4p1C* + (3p2 — 3p3)C* + (3ps — 2pop1)C° + 2paC® + psC7)P(C)
+ 2p0C% + 3pop1C® + (p3 + 2popa — Po)C* + (2p0ps + prp2 — pap1)C

+ (popa + p1p3)¢° — poC”| .
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Now, we consider the implicit functional equation

T(¢,v)
=v—P

= v —po+ p1C + paC® + p3C® + pal* + psC + peC® + pr(” (37)
420 ¢S+ (21 — 2¢O

+ (3¢% — 4poC* — 2p1C° + () — p2) ¢ — P37V
— (5p0C* + 41 + (3pa — 3pg)Ct + (3ps — 2pop1)C° + 2paCCpsCT v
+ 2poC% 4 3pop1 ¢ + (p2 4 2pope — pR)CH 4 (2pops + pip2 — Pip1) ¢

+ (popa + p1p3)¢°® — poi} .

From the Eq. (37) it immediately follows that 7'(¢, v) is analytic in (¢, v) - plane and also

orT

T(07p0> =0 E

=1#0. (38)

(Oupﬂ)

Hence, in the light of implicit function theorem, v = P(() is analytic in a neighborhood of
the point (0, pg) with the positive radius of convergence. Consequently, the power series
solution of Eq. (15) converges in a neighborhood of the point (0,py). Similarly, it can
be shown that the power series solution of Eq. (17) given by Eq. (28) converges in
a neighborhood of the point (0, pg). This completes the proof.

5 Results and Discussion

The soliton solutions of CDG equation were obtained by Wazwaz. In particular, one
soliton solution of Eq.(2) is given by (Wazwaz [5])

Qer—t

u(z,t) = m.

(39)
We have obtained exact analytic solutions in the form of power series which are given by
Eq. (23) and Eq. (28) respectively. The graphical representation of the solutions of Eq.
(23) by taking particular values of constants (¢y, cs .. . ..cg) with increasing values of ¢ have
been shown below. One can observe from these figures that u decreases rapidly when we
increase t.

6 Conclusion

In the present paper, following the classical Lie symmetry method, the seventh order
CDG equation is studied. In this method, we get infinitesimal generator of the equation.



10

Hariom Sharma and Rajan Arora

Figure 1: Profiles of u(z,t) with various values of .
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Then, we discuss the Lie symmetry groups of the CDG equation and reduce the CDG
equation into ODEs with the help of similarity variables. Finally, we solve these ODEs
using power series method to obtain the exact solutions. In our best knowledge the solu-
tions obtained in this paper are the new solution to CDG equation i.e. not obtained by
anyone so far.
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