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1 Introduction

Partial differential equations (PDEs) with suitable solutions are among the most important
topics in various branches of mathematical physics [1-6]. The most accurate methods for
order reduction and computation conservation rules are the classical Lie theory [7-9],
the general theorem [7], the direct method [10], the p-symmetries method [11], and the
Noether theorem [7, 12].

Using Lie transformation group theory for order reduction and constructing solutions of
nonlinear PDEs with integer order [8, 9] or fractional order partial differential equations [6,
13-20] and ordinary differential equations is one of the most efficient fields of research in
the theory of nonlinear PDEs. The A-symmetry method has been presented by Muriel and
Romero, which is a modern method to order reduction of ODEs [21]. Gaeta and Morando
have extended the A-symmetries approach for ODEs to the p-symmetries method for
PDEs [22, 23].

The concepts of variational problem and conservation law in the case of symmetry have
been developed by Muriel, Romero and Olver to A-symmetries of ODEs via proper for-
mulation of Noether’s theorem for A-symmetry of ODEs [12, 24]. These results have been
generalized by Cicogna and Gaeta to the framework of ;-symmetries for PDEs. Also, the
conservation law called the p-conservation law in p-symmetry of the Lagrangian topic
has been addressed [12].
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The nonlinear generalized Camassa—Holm equation (gC-H) equation with the nonlin-
earity parameter p is discussed in this article,

1 1
Ay = Uy — Uy — 5(19 +1)(p +2)tu, + Ep(p -1l

+ 2007 Vgt + UP Uy = 0. 1)

In the case that p = 1, the above equation reduces to the Camassa—Holm equation. In the
case that p = 2, we have the case generalized of the Camassa—Holm equation possesses
bi-Hamiltonian structure [25]. This Camassa—Holm equation is a mathematical model for
shallow water waves that explains wave breaking for a major class of solutions in which
the wave inclination blows up in a limited time while the amplitude of wave is confined
[26, 27]. Integrity, possessing a Lax pair, bi-Hamiltonian structure property and infinite
hierarchy of symmetries are important features of the Camassa—Holm equation [26, 28].

The outline of this paper is as follows: Lie symmetry analysis, reduction, optimal sys-
tem of one-dimensional subalgebras and differential invariant of Eq. (1) are presented in
Sect. 2. Some conservation laws for Eq. (1) will be found in Sect. 3. In Sect. 4, we calculate
the u-symmetry and order reduction of Eq. (1) and Sect. 5 deals with Lagrangian of Eq. (1)
in potential form and we will apply it to obtain p-conservation laws of Eq. (1).

2 Lie symmetries of gC-H equation

r independent variables x = (x!,...,%”) and s dependent variables u = (1, ..., u*) construct
the total space M = X x U, and the kth order jet space M, including M and the derivatives
of dependent variables up to order k. Let A(x,u*) = 0 be a PDE on M and G be a local
group transformation that acts on M. Suppose v =Y /_ n'(x, )0 + Y oy ¥ (%, 1) dyer is
an infinitesimal transformation of G in g that acts on X x U x U". Now, to calculate the
symmetry group via an infinitesimal symmetry condition, the kth prolongation of v must
acts on A(x, ub), ie.,

pr v[A( u(k))] =0, mod A(x, u(k)),

where

PrPy =+ i Z |:D](wa - in%ﬁ) + inhu?,h:|8u;x, 1<k=<p.
h=1 =1

a=1J=(j,...jk)

(See for more details [7].) The symmetry group of A(x, z*) is obtained by solving these sys-
tem [7,9]. Let v = n(x, t, u)d, + y (x,t, u)d; + ¥ (x, £, u)d, be an infinitesimal generator of the
classical Lie point symmetry groups for the gC-H equation, To calculation of the symme-
try group for the gC-H equation, first applying the Pr® v on Eq. (1), we have Pr® v[A,] = 0,
then substituting

Ugxx + (1/2)(P + 1)(P + 2)upux - (1/2)10(17 - 1)up—2 ;Sc - 2pup_1uxuxx - upuxxx

for u;, whatever remains is a polynomial equation involving the various derivatives of
u(x, ), whose coefficients are certain derivatives of 1, y and . By solving this multivariate
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system, we will have

n= b?n

Y =bit + by,
b

W = __1u7
p

where b1, by and b3 are arbitrary constants.

Corollary 1 The Lie algebras of infinitesimal projectable symmetries of the gC-H equation
is spanned by the vector fields

V1 = ax;

Vay = 8tr

V3 = £3; — 20,
p

The one-parameter groups B;, generated by the vector fields vy, v, and v, each of them

giving the transformed point exp(k v;)(x, ¢, u), are

Bli(x,t,u)'_) (x+K1t,u),
By: (%t u) — (%t + K, 1),

Bs:(x,t,u) —~ (x, te’, ue”‘/”).

If u = f(x,t) is a solution of Eq. (1), since each group G; is a symmetry group, we conclude
that the functions u;, = f(x — €,t), uy = f(x,t — €) and u3 = f(x, t/e°)e *'?, are solutions of
Eq. (1).

Invariant solutions are a family of solutions that all correspond to the one-parameter
subgroup of the symmetry group of a PDE, and for computing an optimal system of sub-
algebras, an optimal system of subgroups must be calculated. Usually, to solve the clas-
sification problem of one-dimensional subalgebras, the same problem of classifying the
orbits is considered [7]. Table 1 shows the commutation table of Lie algebra g for the gC-
H equation. The solubility property of g is significant.

Table 1 The commutator table of Eq. (1)

iyl v » V3
Vi 0 0 0
V) 0 0 1%
V3 0 - 0

Table 2 Adjoint representation table of Eq. (1)

Ad(expev)y) vy 1) V3
V1 V1 1% V3
1% V1 1% V3 —€V)

V3 Vq V) +EV) V3
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Table 2 shows adjoint representation of the gC-H equation, such that

2
Ad(exp(sv,-))vj =y —elv, V] + %[Ui, [vi, v,»]] -

Theorem 1 An optimal system of one-dimensional Lie algebras of Eq. (1) is provided by
aivy + vs, aivy + vy and apv;.

Proof Suppose the symmetry algebra g of the gC-H equation is spanned by the vector
fields vy, v, and vs3. A linear map

Ff:g—)g (i:1;213);
v = Ad(exp(ev;))v,

is assumed. The matrices B} of F;, with respect to basis {v;, V5, v3} are
0 0

0 1
el Bi=]0 ¢°*
1 0

1
B =|o
0 0

S = O

0 1
ol, By=|o
1 0

S = O
—

Every one-dimensional subalgebra of g is determined by a nonzero vector v = ¢;v; + vy +
c3vs, where ¢; are arbitrary constants. We will make coefficients ¢; as simple as possible
through acting with these matrices on v.

Case 1. Suppose that ¢3 # 0. So, we can assume that ¢3 = 1. Acting with B] and B on v,
the coefficient of v, vanishes and the coefficient of v; does not change. Then v is reduced
tov =ayv; +v3.

Case 2. Suppose that c3 = 0 and ¢; # 0. So, we can assume that ¢, = 1. Acting with B} on
v, the coefficient of v; does not change and v is reduced to v = cyv; + v;.

Case 3. Suppose that ¢ = 0 and ¢, = 0. Acting with B} on v, the coefficient of v; does not
change. Then v = ¢qv;. O

Table 3 Invariant of Eq. (1)

Operator y w u
av; t u w(y)
avi+v,  x—at U w(y)
aui+v3 e geer w(y)e/ep
Table 4 Reduction of Eq. (1)
Operator  Reduced equations
v wy =0
avi+v;  —awy +awyy, - 5+ D+ 2wPw, + Ipp - P 2w)
+ 2P wywyy + WPwy, =0
3p+2 3p+3
Vitvs 0P WPy, + (B wPy? - Ty ”*p WPy )wy,
Of’w" Vw, Wyy—p—ép D -2y vv (pﬂ wP1y3 W
2,2 2 2
a“p —(p+1) Pt/ po43p+3 +3p+3
Bl S v e e it v wPy? Wyg

4 p+5 1 (p+2121;;+2 ) p+1y =0
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Invariants associated with the symmetry operators can be computed, which are calcu-
lated by integrating the characteristic equations. For example, the characteristic equation
of the operator av; = wd, is % = % = %, and the corresponding invariants are y = ¢ and
w = u. The derivatives of u are given in terms of y and w(y) as u; = Wy, Uy, = 0, 1, = 0,
Uyx = 0, Uyy, = 0. Substituting them into Eq. (1), the ordinary differential equation w, =0

is obtained. Tables 3 and 4 show all results in this step.

3 Conservation laws of the gC-H equation
A conservation law in physics describes a measured property of an isolated system that
does not alter over time. The following divergence expression shows a local conservation

law of a system A(x, u*) = 0:
Dive =Di9' (x,u®) + .- + D" (x,u®) =LA, L=(Ly,...,Ly),

where 9 = (#1,...,9") isa r-tuple of smooth functions on M), and ©¥‘s and L are the fluxes

and characteristic of conservation law. Also,

0 0 0
Eozj = —.—Di—, +"'+(—1)5Dl‘1"'Dix,— + .-
do/ oo/ 9d

il
is the Euler operator with respect to /. The equations

E jF(x,0,04,...,05) =0, j=1,...,5
hold for arbitrary a(x) if and only if F(x,a, d,,...,d;) € Div [10]. Suppose

Ey(Av(0 0,80, 30) A (v u®)) =0, j=1,...q.
Finally, this set of equations holds for arbitrary functions «(x) and {Al,}f)=1 yields a local
conservation law for the system [10].

Now, all the rules in the form A = A(x, ¢, u, Uy, Uy, Uyy, Uy, Uye) Of EQ. (1) are obtained, and

the solution of the determining system is
A1 = 1, Az =U,
where A determines a pair of nontrivial local conservation law of (p, 0), where
Dip + Dyo
1 1 2.3 -1
=AU — Uy — 5([7 +1)(p +2)i u, + Ep(p = D™ + 2puP ™ Uty + U iy |-
To calculate (p, 0), we can use the strong 2-dimensional homotopy operator

Dp + Do = DtHS()x,tf + D"H(ux(x,t)f =0.
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Table 5 Conservation laws for Eq. (1)

A

Ar=1 Y =-S+1)p+2uP + 1p)p+ NP u + (o + DuPug - 2ug
YO=y-1ly
u 3 Uxx

= —%([3 + 22U + SOWPT U2 + P U - Suy
0 =U~- 3Ux
1 1 4 2
Ar=U Y =-Lp+0p+2uP* + L0~ +20Pul +(p+2uP* Uy — Tut + Suu
TV =0+ 1u2 - 2ugu
p= :%gp +]W)(2p J:Z)u”*2 + 3= PP U] + UP U - Suuy + Tuyu
Q=30+ tul - Tunu

Definition 1 The homotopy operator is a pair vector operator of (H%’t}f , Hg()x,tf ), where

®) e di (®) ! Zq ® di
Hu(x,t}f = o Tu/f [icu] P Hu(x,t}f = 0 Tujf [ku] o
=1 j=1

J

; (=) ; (®)
The x-integrand, T ; (x,t)f and the ¢-integrand, Y ; (x,”f are

N{ Né -1 1w ) 3f
935555ty
X112

11=119=0 \r;=0ry=0

N{ Né 11 ip-1 )
Tg)f ) Z Z (Z Z | T (_Dx)tl_rl(—Dt)lZ_m_l) 3u?f ’

11=0 1p=1 \r1=0ry=0 %4142

where N{, Né are the orders of the derivatives « in x and ¢ and

Clri+ry,r)Clu+ta—-r—-rn-1,1u-r-1)
’(x) = ](71,72,L1,l2) =

Cu1 +12,11)

Also, J® =J(ry, 71, 19,11). Table 5 shows the local conservation law multipliers for the gC-

H equation.

4 u-Symmetry method for the gC-H equation

Suppose that ; : /UM — R and p = A; d«’ is a horizontal one-form on (MY, , M) which
is compatible, i.e., D;A; —D;jA; = 0 [22]. Let A(x, u®) = 0 be a scalar PDE of order #, involv-
ing r independent variables x = (x!,...,x") and one dependent variable u = u(x!,...,x").
Suppose that X = Y 7 | ¢'(x,u)d,i + ¢(x,u)d, is a vector field. Then the vector field Y =
X+ Z}Zl )(/8,4] is a u-prolongation of X on M®, if for x° = ¢, its coefficient satisfies the

n-prolongation formula, i.e.,
X = Di+ 1)y = y,m(Di + 11)¢™. @

Let the solution manifold for A be denoted by S.If Y : S — TS, we say that X is a

pu-symmetry for A. In general, if u = 0, ordinary prolongation and ordinary symmetry are
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one and the calculation of both is similar. Now to obtain p-symmetry of a system, apply
Y to A, and restrict the obtained results to the solution manifold Sx € M® that will be
up to ¢, ¢ and A;. If we consider the A; as functions on M® and compatibility conditions
between the A;, a system of all the dependence on u; form the determining equation [22]. If
X is a vector field on M, then V = e/ WX is an exponential vector field. X is a j-symmetry
for A if and only if V' is a general symmetry for A.

Theorem 2 (Order reduction of PDEs under u-symmetry method) A(x,uX) be a scalar
PDE and X = n'(x, u)d,: + ¥ (x, u)d, be a vector field on M, with characteristic Q = ¥ — u;n’,
and let Y be the u-prolong of order n of X. If X is a y-symmetry for A, then Y : Sy — TSy,
where Sy C M is the solution manifold for the system Ay made of A and Ey:= D;Q =0
forall ] with |]| =0,1,...,n -1 [22].

To calculate the p-symmetry of Eq. (1), suppose we have a horizontal one-form p =
A1 dx + Ay dt such that D;A = DA, when A, = 0. Let X = nd, + t9; + ¥ 9, be a vector field
on total space and Y be a p-prolongation of order 3 of X. So,

Y =X +W¥9,, + W', + V¥, +---+ W)

Ugee?

where the coefficients Y are

W = (Dy + A1)V — ue(Dy + A1)n — u(Dy + M1)T,

wh= Dy + M)V — s (Dy + A2)n — uy(Dy + Xo)T, (3)

Applying Y to Eq. (1) and combining terms, we obtain the following system:

- 3&,u” =0,

27, =0, @
4"[1,414 =0,

-3uf1, +38&,=0.
Suppose that A, and X, are any choice of the type
A =Dy [M(x, t)] +N(x), Ay =Dy [M(x, t)] + P(t),

and M(x,t), N(x) and P(t) are arbitrary functions. For example, taking N(x) = 0, P(t) = 0
and M(x,t) = —In(G(x, t)) into A1 and A,, then substituting A; = —G,(x, £)/G(x,t) and A, =
—Gy(x,t)/G(x, t) and solving (4), we deduce that n = G(x,£), t = 0, ¥ = 0, where G(x,¢) is
an arbitrary positive function. Hence, the vector field X = G(x,t)9, is a yu-symmetry of
Eq. (1) and the vector field V = exp(f A1 dx + Ao dt)X = exp(f—GG"(Ef’f)) dx — GG‘&’;)) danXx, is
a general symmetry of exponential type corresponds to X. Now, using Theorem 2, the

order reduction of Eq. (1) is Q = ¥ — nu, — Tu; = —G(x, t)u,.. Other modes are presented in
Tables 6 and 7.
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Table 6 p-symmetry of Eq. (1)

NX), P@) Al A2 J-symmetry
NG9 =0 A=-gxd X = Glx, 1)d
PO=0  Aa=-H
N() =0 Ay =-g) X =Glx, 0@ + 5% 00)
O=5g o= & i
N(X) =0 Ay =St X =Gl 057 &
R i Sk,
Table 7 Order reduction of Eq. (1)
Symmetry of exponential type Order reduction
V= exp(f - 20 dx - S i ~Glx, Dy
V = exp( f—GX” dx - (GGT((XX;)) o C Ydnx ’G”) ((pt-ci)us +u)=0
V=exp(f -8 de - (B - =) dox (C;fg;p ((crt+capur

+ciu—-puy)=0

5 p-Conservation laws of the gC-H equation
Let 11 = A; dx’ be a horizontal one-form such that D;A; = DjA;. A ji-conservation law is

(D; + A)P' =0,
where the p-conserved vector P is a matrix-valued M-vector.

Theorem 3 ([12]) Let L(x,u") represent the nth order Lagrangian. X is a y-symmetry for
L, in other words, Y[L] = 0 if and only if there exists M-vector P* such that (D; + A;)P' =

To calculate the P!, let £(x, u?) be a second order Lagrangian, and the vector field X =
¥ (3/0u) be a u-symmetry for £. Then the M-vector P is obtained as follows [12]:

d a
L D L

— —yD—. 5
Bu,-j W 18ui}- ( )

, oL
P = Iﬂ@ + ((D1 + )»1)1#)

The Frechet derivative of a system is self-adjoint, i.e., D = D, iff the system accepts a

variational formulation [7].

Theorem 4 Let A =0 be a PDE and £ = [ Ldx is a variational problem. Then A = E(L),
i.e., A is the Euler—Lagrange expression for L, iff the Frechet derivative D is self-adjoint.
Also, using the homotopy formula L{u] = fo u.A(ku) dk, the Lagrangian for A can be pre-

cisely constructed.

The gC-H equation (A,) is of odd order and its Frechet derivative is
1 p-1 1 »-3.3 p—2
Dy, = —5(p+1)(p+2)u Uy + Ep(p—l)u Uy + 2pul " Uy Uy

-1 1
+ P Vi + (?(p +1)(p+2u? + Ep(p - DUl + Zpu”‘lum)Dx

+2pu’ ' u,D* + ! D3 + D, — D*D,.
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Note that D}, # Da,. So, A, does not admit a variational problem. The gC-H equation
in potential form A, obtained by the well-known differential substitution u = v, and its
Frechet derivative are

1 1
Av = Vxt — Vixxx — 5([9 + 1)(17 + Z)Vszx + 5]9(19 - l)Vg_zVix
+ zpvf:ilvxxvxxx + ngxxxx =0,

1 1
D, =D.D; - chD, + (—E(p +1)(p+ Z)Vfc”lvxx + Ep(p - 1)v§’3vix
-2 -1 1
+ 2PV VaaViex + W Virr | D + —E(p +1)(p +2)V}
1
+ Ep(p A2+ 2pv§‘1vxxx)ch +2pW v, D3 + VDY,
which is self-adjoint and the Lagrangian of A, is
! 1
Lv] = /0 v.A(kv)dk = _E(vat + VarVar — VOV —V2*%) + Div P,
1 2 +2
=-3 (VaVe + VaaVay = VEVE, — V2 )

For calculation of the w-conservation law of A, = E(L[v]), let X = 9, be a vector field for
L[v], and u = A dx + Ay dt be a horizontal one-form such that D;A; = DA, when A, = 0.
Now, using (2), Y and its coefficients are

Y =0, + U9, + W9, + X9, +¥¥9, /[ + ¥Ho,,,

U* = (Dy + A1),

W= (D + M)V,

W = (D, + AW,

W = (D, + ho) W,

U = (D, + dy) Wl
Applying the 1.-prolongation Y on the £[v], and substituting (—v,, Vs + VAV2, + V2*2) v, for
v, into it, we obtain the system

(1/2)191//1/ = 0’

- (1/2)¢y =0,

(172) (¥ + ¥x) = 0,

(6)

Consider ¢ = G(x,t), where G(x,t) is an arbitrary positive function and L[v] = 0. Now, a
special solution of system (6) is

~ Gy(x, t) B Gi(x, t)

Al = ) = .
YT TG t) T T Gt

(7)

Page 9 of 12
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Therefore, X = G(x,t)9, is a j.-symmetry for £[v] and there exists an M-vector P which
is t-conservation law, i.e., (D; + A;)P* = 0. The M-vector P for L[v] is obtained:

1
Pl = _E (Vt = Wi — (P + Z)Vchrl +pV£_IV92¢x + 2V§Vxxx) G(x’ t)’

P = —%VxG(x, £). (8)

So, p-conservation law for second order Lagrangian L[v] is the form (D, + A;)P + (D; +
A2)P% =0.

Corollary 2 The p-conservation law for the gC-H equation in potential form A, = E(L[v])
is D,P* + D,P? + A P! + A,P? = 0, where P* and P* are the M-vectors P’ of (8).

Remark 1 The gC-H equation in potential form A, satisfies Noether’s theorem for -

symmetry and (-conservation law, i.e.
(D; + A)P' = (Dy + 11)P + (D, + Ay)P?
1
= G(x’ t) <th — Vixxx — 5(10 + 1)([) + Z)V;[:Vxx
+1 (-2 4202 v + VPV
2P % Vax T 4PVy  VaxVaxx T Vi Vaxax
= QE(L[v]).
To compute the p-conservation law of the gC-H equation A,, we can use the gC-H
equation in potential form A,. The A, corresponds to D,(v; — ve — (1/2)(p + 2)1/’;rl +

(1/2)pv£_lv§x + V) = 0, or equivalently v; — vi — (1/2)(p + 204 + (1/2)pv’;_lvfcx +

VeVexx = h(t), where h(t) is an arbitrary function. If we substitute
h(t) + Veax + (112)(p + 2V = (L/2)pV V2, = Vs
for v, and substitute u for v, into (8), then we obtain the M-vectors P' and P? as follows:
1 1 a,l o9
P = —— | h(t) =ty - §(p +2)uft + Epup u, + Wiy, |G, t),
5 1
pe= —EuG(x, t). 9)

Corollary 3 The ju-conservation law for the gC-H equation A, is D,P* + D,P* + 1P +
AoP? = 0, where P! and P? are the M-vectors P' of (9).

Remark 2 The gC-H equation A, satisfies the characteristic form, i.e.,

(D; + AP = (Dy + 11)P' + (D, + Ay)P?

= F(x,t)(ut — Upy — %(p +1)(p +2)i u,
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1
+ Ep(p - l)up‘zui + 2" Vg, + upu,m>

= QA,.

6 Conclusion

We attempted to study the generalized Camassa—Holm equation using the symmetry ap-
proach in this paper. The general form of an infinitesimal generator admitted for the gen-
eralized Camassa—Holm equation and transformed solutions are calculated. Then the op-
timal system, one-dimensional subalgebras, Lie invariants, reduced equations, differential
invariants and the conservation laws corresponding to the infinitesimal symmetries of the
gC-H equation are obtained. In the second part, ;-symmetry and order reduction, La-
grangian of generalized Camassa—Holm equation in potential form and p-conservation
laws of the gC-H equation are calculated. In [29], by defining the new variable, the sym-
metries of the generalized Camassa—Holm equation are obtained. Also in [30-32], the
equations derived from the generalized Camassa—Holm equation are discussed in several

ways.
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