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Abstract In this paper, Lie symmetry group method is applied to study for the higher order
Camassa-Holm equation. Complete analysis of symmetries and nonclassical sym-
metries is discussed. Furthermore, optimal system, preliminary classification of its
group invariant solutions and symmetry reduction are investigated. Finally conser-
vation laws for the higher order Camassa-Holm equation which conserved quantities
arise from multipliers by using homotopy operator are presented.
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1. INTRODUCTION

In recent years, many researchers have been researched on the Camassa-Holm
equation. They extend the studies to the generalized CH equation, higher order
CH equations and so on. Lixin Tian, Chunyu Shen and Danping Ding gave the
optimal control of the viscous CH equation under the boundary condition and proved
the existence and uniqueness of optimal solution to the viscous CH equation in a
short interval [14]. Using geometrical methods, higher order CH equations have been
treated in [7]. The well-posedness of higher order CH equations were considered in
[6]. Conservation laws and soliton solutions for modified Camassa-Holm equation
were studied in [8]. Several new types of bounded wave solutions for the generalized
two-component Camassa-Holm equation obtained in [15].

The formulation of the higher order Camassa-Holm equation which was recently
derived by Coclite, Holden and Karlsen in [6] is

Oru = By (u, u), t>0, keNUO, =z € R, (1.1)

Received: 28 April 2018 ; Accepted: 01 January 2019.
x Corresponding author.

364



CMDE Vol. 8, No. 2, 2020, pp. 364-372 365

where u = u(z,t) : R x [0,00) — R is the unknown function and

Bi(u,u) = A;'Cy(u) — udyu,
k
Ap(u) = Z(—l)jaiju,
§=0
Cr(u) = —uAp(0zu)+ Ax(udzu) — 20,uAk(u).

In cases k = 0 and k = 1, equation (1.1) becomes the inviscid Burgers equation and
the Camassa-Holm equation respectively.

In this paper we consider the case k = 2 of equation (1.1). It also can be rewritten
as

A = Uy — Ug2y + Upayp + FUUy — 2Uplyz — Ul + 2UpUgs + Ulys = 0. (1.2)

2. LIE SYMMETRIES FOR THE HIGHER ORDER CH EQUATION

In this section, we give the general form of a infinitesimal generator admitted by
equation (1.2) and find transformed solutions. For the general procedure to deter-
mining symmetries for any system of partial differential equations and more details
see [4, 5, 9, 11].

We consider the one parameter Lie group of infinitesimal transformations on (z, ¢, u),

P ot st(ntu) +O(s?),
t = t+snx,t,u) +O(s%), (2.1)
i = u+sp(e,t,u)+0(s?),

where s is the group parameter and £, n and ¢ are the infinitesimals of the transfor-
mations for the independent and dependent variables, respectively. The associated
vector field is of the form:

v =¢&(z,t,u)0p + n(x, t,u)0 + p(x,t,u)d,. (2.2)
and, its fifth prolongation is
PrOv = v + ¢ 0y, + ' O, + ¢* Oy + 0" Ou,, (2.3)
+ot Ou,r + " Ou_s + i Ou_o, + o™t Ou_,»
+ Ouys + -+ ot Ou . + o Ou,s -

where
0" = Da(p—&uy —nug) + Eugz + gy,
o' = Di(p—Euy —nug) + Eugy +nuye,
(2.4)
t° 50 _ _
o' = Dilp—Eus —nug) + Eugsy +nus,

(e
BE
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TABLE 1. The commutator table

Vi, vj] \2! \Z V3
Vi 0 0 0
Vo 0 0 Vo
V3 0 —V9 0

where D, and D, are the total derivatives with respect to = and ¢ respectively. The
vector field v generates a one parameter symmetry group of the equation (1.2) if and
only if

PrOVIA] |a=0=0, (2.5)
The condition (2.5) is equivalent to

(L‘S

(Bug — Uys + Uys ) + @' + (Bu — 2ug2 + 2ugza)p” — ug
22 22t 24 z° x4t
— 22U p” — " 2u0" Fup® + 9" | az0=0, (2.6)

Substituting (2.4) into (2.6), and equating the coefficients of the various monomials
in partial derivatives with respect to z and various power of u, we can find the
determining equations for the symmetry group of the equation (1.2). Solving these
equations, we get the following forms of the coefficient functions

& =cs, n=cit+ ca, p=—cu. (2.7)

where c¢1, co and c3 are arbitrary constant. Thus, the Lie algebra g of infinitesimal
symmetry of the equation (1.2) is spanned by the three vector fields

Vi = Oy, vo = O, V3 = 0y — ud,. (2.8)
The commutation relations between these vector fields are given in the Table 1. The
Lie algebra g is solvable, because if g = (v;,[v;,v;]) = [g,g], we have g =

(vi,v2,v3), and g = [gM), gM] = (v3), so, we have a chain of ideals g(") > g >
{0}.

To obtain the group transformation which is generated by the infinitesimal generators
v; for i = 1,2, 3 we need to solve the three systems of first order ordinary differential
equations

dfiis) = &(i(s),i(s),a(s)), #(0) =z,
dil(j) = mi(3(s),8(s),a(s)), £0)=t, =123
df;(SS) = @i(&(s),1(s),a(s)), @(0) =u.
We get the one—parameter groups G;(s) generated by v; for i =1,2,3
(tau) v (4 s, tu),
20 (tw,u) — (2,4 s,u), (2.9)
(t xT u) — (:L-’este—su).
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Consequently,

Theorem 2.1. If u = f(x,t) is a solution of higher order CH equation, so are the
functions

Gl(s f( 7t) f(I—S,t),
Ga(s) - f(x,t) = f(x,t—5s), (2.10)
Gs(s) - f(z,t) = f(z,te™%)e™".

3. NONCLASSICAL SYMMETRIES FOR THE HIGHER ORDER CH EQUATION

In order to obtain nonclassical symmetries for the equation (1.2), the n-th prolon-

gation of the vector field v must be tangent to the intersection £ N EgL)

Pr(Mv(A) 0, (3.1)

‘EQnEg) =
where Eq is system of partial differential equations:

P

Q*(w,u,ulM) = o\ (z,u) = Y& (@, u)uf =0, (3:2)

=1

known as the invariant surface conditions and the n-th prolongation of the invariant
surface conditions (3.2) will be denoted by Eé?"), which is a n-th order system of
partial differential equations obtained by appending to (3.2) its partial derivatives
with respect to the independent variables of orders j < n — 1. For more theoretical
background see [1, 11].

If we assume that the coefficient of 9; of the vector field (2.2) does not identically
equal zero, then for the vector field

v = (@t )0y + Oy + ol ), (3.3)
the invariant surface condition is
Uy + fu% = @. (34)

Calculating equations (3.1) and inserting ¢ from (3.4) in to it, we can find the de-
termining equations by equating the coefficients of the various monomials in partial
derivatives with respect to x and various power of u. Solving these equations, we get
¢ = c and ¢ = 0, where c is arbitrary constant.

Now assume that the coefficient of 9, in (3.3) equals zero and try to find the
infinitesimal nonclassical symmetries of the form

v =0y + p(z,t,u)0, (3.5)

for which the invariant surface conditions is u, = ¢. Similar the previous case, we

can find determining equations. Solving this equations, we get ¢ = 0. This means

that no supplementary symmetries, of non-classical type, are specific for our models.
[c]v)
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TABLE 2. Adjoint representation table

Ad(exp(ev;)vj) Vi Vo \£
Vi Vi V2 V3
Vo Vi V2 V3 — EVa
V3 Vi Vg +Eevy V3

4. OPTIMAL SYSTEM FOR THE HIGHER ORDER CH EQUATION

In this section, we obtained the complete group classifications of the equation (1.2).
We use the Lie series method, to compute the adjoint representation
&2
Ad(exp(evi)vy) = vj —elvi, vil + S v, [vi, vl = -+,
where [v;, v;] is the commutator for the Lie algebra, ¢ is a parameter, and ¢, j = 1,2, 3.
Then we have the Table 2.

Theorem 4.1. An optimal system of the higher order CH equation is
(1) avi + vs, (2) Bur+ v2

Proof. Consider the symmetry algebra g of the equation (1.2) whose adjoint represen-
tation was determined in table 2 and let Ff : g — g defined by v — Ad(exp(ev;)v)
is a linear map, for ¢ = 1,2,3. The matrices M; of F7, i = 1,2,3, with respect to
basis {v1, va, v3} are

100 10 0 1 0 0
Mi=(0 10|, M=[01<¢e¢]|,M=|0¢e¢= 0
00 1 00 1 0 0 1

Let X = Z?:1 a;Vv; is a nonzero vector field in g. We will simplify as many of the
coefficients a; as possible by acting these matrices on a vector field X alternatively.
Suppose first that ag # 0, scaling X if necessary we can assume that az = 1, then
we can make the coefficients of vy vanish by M5, and X reduced to case 1. If ag =0
and as # 0, then we cannot make vanish the coefficients of vi and v, by acting any
matrices M;. Scaling X if necessary, we can assume that as = 1 and X reduced to
case 2. O

5. SYMMETRY REDUCTION AND DIFFERENTIAL INVARIANTS FOR THE HIGHER
ORDER CH EQUATION

In this section, we will reduce equation (1.2) to ordinary differential equations and
obtain some invariant solutions with respect to symmetries.

We can now compute the invariants associated with the symmetry operators, they
can be obtained by integrating the characteristic equations. For example for the
operator avy + vo = ad, + 0; characteristic equation is

de_di_d
a 1 0

(5.1)
[c [m)
(0] c)
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TABLE 3. Invariants

369

operator y v U

\21 t u  v(y)
Vo x u  v(y)
V3 x tu  Loy)
avy+vy x—log(t) tu %v(y)
avy+vy x—at u  v(y)

TABLE 4. Reduced equations

operator

similarity reduced equations

Vi

V2

V3

avy + Vo

avy + vy

vy =0

3vvy — 20,vy2 — VU3
+20yVya + vV =0

=V + Vy2 — Vya + 30Uy — 20,Vy2
—VVy3 + 20yVya + vV, =0

—QUy + avys — Qv + 300y
—20yVy2 — VU + 20yVys + v Vys =0

—U — vy + Vy2 + QU3 — Vya — QU5+
3vvy — 20,Vy2 — VU3 + 20yVya + VU, = 0

The corresponding invariants are y = x — at, v = u therefore, a solution of our
equation in this case is u = v(y). By substituting derivatives of u are given in terms
of v and y, we obtain the ordinary differential equation

—Quy + Quys — avys + 30vy — 20,V2 — VU3 + 20yVya + vV = 0.

All results are coming in the tables 3 and 4.
For finding the differential invariants of the equation (1.2) up to order two, we
should solve the following systems of PDEs:

or or o
oz’ ot’ ot
where T is a smooth function of (z,t,u),
on on on on
ox’ ot’ ot ou

where 7 is a smooth function of (x,t, u, uy, u),

—Uu

ol

(5.2)

5 o6
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01 0l

E7 57 (55)
t%—u%—u%—Qu%—u 78]2 —2u 76[2 —3u 0L
ot ou T Oy t Ouy @? Oy ot Ougy ¢ Ouy’

I5 is a smooth function of (x, t, w, Uy, Ut, Use, Uszt, Usr). The solutions of PDEs systems
(5.3), (5.4) and (5.5) coming in table 5.

TABLE 5. differential invariants

vector field invariant 1st order 2nd order

Vi ta u Uy, Ut Ugg, Ugt, Utt
\P Z,u Uy, Ut Ugxy Uzt Utt
V3 z,tu tum,t2 Ut tum,t2 uxt,t“o’ Ut

6. CONSERVATION LAWS FOR THE HIGHER ORDER CH EQUATION

There are several methods for computing conservation laws as the method based
on the Noether’s theorem, the multiplier method, Lie-Bcklund symmetry generators
of the PDE, the direct method, etc.[2, 3, 11, 12].

Now, we use the multiplier method and apply the homotopy operator [13] to con-
struct conservation laws for equation (1.2).

By Theorem 1.3.3 in [3], a set of non-singular local multipliers

{AV(:E’ Ua aU, T ,68) f/:l
yields a local conservation law for the system A, (z,u(™) if and only if the set of
identities
Eyi (A (2,U, 0y, -+, 05) Ay (z,u™)) = 0, (6.1)
for j = 1,---¢ holds for arbitrary functions U(z), where Ey; is the Euler operator
with respect to UJ.

Now, we seek all local conservation law multipliers of the form A = £(x,t,u) of the
equation (1.2). The determining equations (6.1) become

EU[f(l‘,t, U)(Ut —Ug2y + Upay + 3UU, —
2U, U2 — UUys +2U,U,s + UUT5)] =0, (6.2)

where U(z,t) are arbitrary function. The solution of the determining system (6.2)
given by

§=c1U+cy, (6.3)
where ¢; and ¢y are arbitrary constants. So local multipliers given by
NeE=1,  2)¢="0, (6.4)

(&)
EE



CMDE Vol. 8, No. 2, 2020, pp. 364-372 371

Each of the local multipliers ¢ determines a nontrivial local conservation law DU +
D,® = 0 with the characteristic form

DY + D, ® = &(Us — Upzy + Upay + 3UU, —
2U,Uyz — UUys + 2U, U4 —I—UUzs), (6.5)
To calculate the conserved quantities ¥ and ®, we apply the homotopy operator (see
[10]) which yield of multiplier £ = 1, therefore

_ 1 1
D =u— g ugz + 5 U,

_ 3,2 1,2 2
U= 35u® — 5u; — 5 Uy — Ullg2 + Ugplys — (6.6)

% uiz + % Uy + Ul ga,
so, we have the first conservation low of the higher order CH equation respect to
multiplier £ =1

_ 1 1 3,2 _1,2_ 2
Dt(u 3uw2+5uw4)+Dw(2u 3 Uy — 5 Ust ©7)
6.7
. 1,2 4 =0
Ulg2 + UgUgs — 5 Uss + = Ugsy + UUge) = 0.

similarly for conservation law respect to multiplier £ = u, by applying 2-dimensional
homotopy operator, we have

2

_1,2_ 1 1,2 1 1 1
Q= Fu” — guuge + G up + 5 Ul — § UglUys + 15 Usa,

2 3

2 1 4
U = u® + uugs — 2 Uty + 5 Ugty — ULz + FUULs, (6.8)

1 3 2
—F UgsUt — 5 UgUgp2y + 5 Ug2Ugt,
so, the second conservation low of the higher order CH equation is

D, lUQfluugngluiJrluu%—luiuxs+iu22
2 3 6 5 5 10 "z

+D, (u3 + ulugpe — %uumt + %umut — ulu,e + %uuwst (6.9)

1 3 2
—F UgsUp — 3 Uglg2y + £ uwzuxt) = 0.
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