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Abstract: In this paper, we consider a member of an integrable family of generalized Camassa-Holm
(GCH) equations. We make an analysis of the point Lie symmetries of these equations by using the
Lie method of infinitesimals. We derive nonclassical symmetries and we find new symmetries via the
nonclassical method, which cannot be obtained by Lie symmetry method. We employ the multiplier
method to construct conservation laws for this family of GCH equations. Using the conservation laws
of the underlying equation, double reduction is also constructed. Finally, we investigate traveling
waves of the GCH equations. We derive convergent series solutions both for the homoclinic and
heteroclinic orbits of the traveling-wave equations, which correspond to pulse and front solutions of
the original GCH equations, respectively.

Keywords: generalized Camassa—Holm equations; nonclassical symmetries; multiplier method;
conservation laws; double reduction; homoclinic and heteroclinic orbits; multi-infinite series solutions

1. Introduction

The Camassa—Holm (CH) equation, proposed in [1] as a model for the unidirectional
propagation of shallow water waves, has been extensively studied in the last two decades
both from analytical and numerical point of view due to its several important properties:
integrability by the inverse scattering transform [2], bi-Hamiltonian structure [3], exis-
tence of peakons and multi-peakons type solutions [1,4], well-posedness and breaking
waves [5,6], existence of global conservative solutions [7], infinite hierarchy of local higher
symmetries [8].

More recently, Novikov in [8] classified 27 generalized Camassa—Holm equations
belonging to the following class:

(1- D%)ut = F(u, Uy, Uy, Uxxx, - -+ )- (1)

The obtained equations are homogeneous polynomial generalizations of the CH equa-
tion containing quadratic and cubic nonlinearities and they are all integrable. Some of
the equations considered in [8] have attracted much interest providing peakons and com-
pactons solutions [9] and smooth multisolitons solutions [10]. Also, blow-up phenomena
and local well-posedness [11] as far as the conservation laws [12] have been investigated
for some of the generalized Camassa—Holm equations presented in [8].

In this paper, we will consider the following equation belonging to the class of
Equation (1):

(1 —D2)us = (14 cDy)(auuuyy + duu® — 2bu*uy), )

which explicitly reads as follows:

Up — Upyy — ACU Uy — 2c(a+d)unytiyy — (a—2 bc)uzuxx

3
—deu, — (d —4bc)uux2 +2buPu, = 0. ©)
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It is a Camassa—Holm type equation with cubic nonlinearities. It is a generalization of
the Equation (34) in [8], in fact the two equations contain the same kind of terms, but
in Equation (2) all the parameter coefficients are different and not fixed; in particular,
Equation (2) reduces to the one-parameter Equation (34) in [8] witha =dand b = c = 1.

At first, we will study the symmetry property of Equation (2). Lie symmetries admitted
by nonlinear partial differential equations (PDEs) are led to find invariant solutions and to
reduce the number of independent variables of the PDE. In particular, a (1 + 1)-dimensional
PDE can be reduced to an ordinary differential equation (ODE). A new method, the so-
called nonclassical method of group-invariant solutions, proposed by Bluman and Cole
in [13], allows the deduction of new symmetries of a PDE. Here, we will obtain symmetry
reductions of Equation (2). Using the algorithm given in [13,14], based on the nonclassical
method, we will obtain new reductions of (2).

Then, we will derive some conservation laws of Equation (2). A great many authors
have used the conservation laws to study PDEs as they have a key role in the resolution of
problems in which some physical properties do not change along the time [15-18]. We will
use a general method to derive conservation laws given in [19-22]. Moreover, recalling
that for PDEs in two independent variables any symmetry-invariant conservation law
will reduce to a first integral for the ODE obtained by symmetry reduction, we will focus
on the conservation laws invariant under translations. We will apply the multireduction
method [23] to obtain first integrals and exact solutions.

Finally, we will investigate the existence of pulse and front solutions of Equation (2).
Using the same method in [9,24,25], we will derive this type of solutions as convergent
multi-infinite series solutions for the homoclinic and heteroclinic orbit of the traveling-wave
equation corresponding to Equation (2).

The plan of the paper is the following: in Section 2 we deduce Lie symmetries and
nonclassical symmetries of GCH equations, in Section 3 conservation laws have been
derived by using the direct method proposed in [20]. In Section 4 the conservation laws
invariant under translations are derived and a multireduction has been achieved yielding
some first integrals of the reduced ODEs. In Section 5, we will first analyze the dynamics of
the traveling-wave equation corresponding to Equation (2), obtaining suitable parameter
regimes for the existence of homoclinic orbits to saddle equilibrium and heteroclinic
orbits joining two saddle equilibria. Then, we will approximate these orbits (which are
respectively pulse and front solutions of Equation (2)) via multi-series solutions, ensuring
both continuity and convergence of the solutions.

2. Symmetry Analysis and Reductions
2.1. Lie Point Symmetries

At first, we apply the classical method to (3) considering the following one-parameter
Lie group of infinitesimal transformations in (x, ¢, u):

X = x+el(xtu)+0(E?),
t* = t+et(xtu)+0(?), 4)
uwt = uten(xtu)+0(e?), ()

where € is the group parameter which is generated by the vector field
X =¢(x,t,u)ox + T(x,t,u)0 + n(x, t,u)dy. (6)

By Criterion of Invariance [22] we toned to leave invariant the solution space of Equation (3).
This condition is given by:

pr(3)X<ut — Uppyx — ACU Uyxx — 2c(a+d)usylyy — (@ —2 bc)uzuxx — deuy® 7)

—(d—4bc)uux2+2bu2ux) = 0 (8
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when the equation is satisfied, where pr(®)X is the third-order prolongation of the vector
field (6) obtained by the following prolongation formulas

pr(3)x =X+ gx% + gf% + gxx% + gtx% + Ctxx au?xx + Cxxx 8u2xx’

with the coefficients

Cx = Dxyp — DT —uy Dy,
Gt = Dy —uDiT — uxDiG,
Cax = Dx(Cx) — utxDxT — uxxDxG,
Ctx = Dx(8) — unDxT — upe Dy, 9)
gtxx = Dy (gtx) — Uyt DT — utxxngr
gxxx = Dy, (gxx) — Uyt DxT — uxxxng

where Dy and Dy are the total derivatives of x and ¢, respectively. The prolongation formula
yields the determining equation, this splits with respect to the differential consequences of
u and leads to an overdetermined system of 34 equations, generated with Maple, which
depends on the parameters 4, b, c and d. From this system, if a,c 7 0 we obtain § = ¢(x, t),
T=1(t)and y = f(x,t)u+ g(x,t) and the function ¢, 7, f, g are related by the conditions

teau? — Eycau® + 2cau(fu+g) —& = 0,
(fxtxu + fxxxacu3 + Qxtx + gx,macu2 + (—2bc + a)u3fxx + uz(—Zbc +a)Qxx
—fobu?’ - ngbuZ — fiu— gt)acuz = 0,
cauZ(Cxx —-2fy) = 0,
— (—2Ctxca — 3 C2au® + 5(a + 2/5d)ac2u2fx
+2ac*u(a +d)gy + (—2bc + a)& +ac(u2(—2bc+a)§x +ft>)u2 = 0,
—7icau® + 3¢ cau® — 2cau(fu + g) — fuxcau® + &2(a+ d)(gacu — &)eu = 0, (10)

cd(2gacu — &) = 0,

—2(—1/2§xtxca —1/28 wxxC?a®u® + 5/2(a+ 2/5d)aczu2fxx + aczu(a +d)Qxx

—1/2u%ca(—2bc + a)&xx + fixca + uca(—6bc +a+d) fr — 4a(bc — d/4)cugy
+(1/2ca — b)& — 2§xcau2b) 2 = 0,

—4(—1/2ac2u2(a +d)Exx 4+ actu(a+7/4d) fr + (—bc +d/4)&
+a(—(bc—d/4)ulx +3/4gxcd + g(bc —d/4))cu)u = 0.

Solving system (11) we obtain the following result:

Theorem 1. The classification of point symmetries admitted by the Camassa—Holm equation with
Sfour arbitrary constants (3) is given by the following cases:

(i) Fora#0,b+#0,c# 0andd # 0 the admitted point symmetries are generated by:

Xl = aXr
space-translation.

XZ = atr
time-translation.

X3 - _ztat + uau,
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(ii) Ifa=d,b= %, c = %1, d, arbitrary we obtain an additional point symmetries admitted by
the Camassa—Holm Equation (3):

Xy = cexp(2cx)dy + exp(2cx)udy,,

To find the solutions of the PDE (3) which are not equivalent by the group action, we
must compute the one-dimensional optimal system [22], whose generators are:

Xy +AXy, pXy+Xz,  puXo +Xq.
From uXj 4+ AXj, by substituting into the invariant surface condition
n(t,x,u) —T(t,x,u)ur — E(t,x, u)uy = 0. (11)
we obtain the similarity variable and the similarity solution
Z = ux — Aft, u(x,t) = U(z). (12)
Substituting (12) into (3) we obtain
—u? (acy u? - A) u"” —2u*(cp (a+d)U’' +1/2U(-2bc +a))U" (13)
4l (—1/4 cd® (W) + p2U(be — d/4)U' +1/2bp U2 — /\/4) _—)

Since Equation (3) has additional symmetries and the reductions corresponding to X;
and X; have already been derived, we should find the similarity variables and similarity
solutions corresponding to the generators uX; + X3 and uX, + Xj.

e uXj; + X3: We obtain the reduction

_ _ U@z
z=(1/2)pIn(t) + x, U= (@IS Y (14)
where h(z) satisfies the equation
(1/2WPac + p/a)u" + (cU'(a+d) —1/4+ (~be+a/2)u? ) U" (15)

+1/2U%d —2 (be — d/4U(U')* + (~UPb— p/4)U' +1/4U = .

*  uXp + X4: The reduction is,

z= —t+c/2(ecx)2;4, u= Uev2 (16)
c(e%)u
The reduced ODE is
2dURU" +8U"U'Ud +2 (U')’d + U = 0. (17)

2.2. Nonclassical Method

Here, we will employ the nonclassical method, whose main idea is to augment the
PDE (3) with the invariance surface condition (11) associated with the vector field (6). Once
required that (3) and (11) are both invariant under the transformation whose infinitesimal
generator is (6), we obtain an overdetermined nonlinear system of equations for the in-
finitesimals ¢(x, ¢, u), T(x,t,u) and 57(x, t, u). The determining equations obtained using the
nonclassical method are fewer in number than those obtained via the Lie method, therefore
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the set of solutions is generally larger than for the Lie symmetry method. However, the
associated vector fields do not form a vector space.

Let us now apply the algorithm described in [14] to compute the determining equa-
tions. We can distinguish the two following cases:

e if T #0, wecanset T(x,t,u) = 1. We thus obtain a set of nine determining equations
for the infinitesimals ¢(x, ¢, u) and 7(x, t, ). Once solved this system we obtain that
the nonclassical method applied to (3) yields to the Lie point symmetries.

e Ift =0, wecanset{ = 1. We thus obtain an overdetermined nonlinear system of
equations for the infinitesimal #, which is solved by making ansétze. In this way the
following new infinitesimal generator is found:

=1, T=0, n=f(x1),

where f is an arbitrary function. Therefore, this transformation reduces the PDE (3)
into an ODE. For example, for 7 = x4 (t) + 11 (t), where ¢ (t) and ¢, (t) satisfy

42
d;’f 693 =0, (18)
42
-6 =0, (19)

respectively, we obtain the nonclassical symmetry reduction

z=1t, u = x2Pa(t) + xp1 (£) + o (t),

where 9, () satisfies the Weierstrass elliptic function Equation (18) and i () satisfies
the Lamé Equation (19) [14].

3. Conservation Laws

We now look for conservation laws for Equation (3), which will provide physical,
conserved quantities for all solutions u(x, t).
A local conservation law for Equation (3) is a continuity equation of the following form:

DiT + D, X =0, (20)

which holds for all the solutions u(x, t) of Equation (3). In (20), the conserved density T
and the spatial flux X are functions of ¢, x, u and the derivatives of u. Moreover, D; and
Dy are total derivatives and (T, X) is the conserved current. Let ® be function of ¢, x, u
and x-derivatives of u. If T = D,® and X = —D;@ hold for all solutions u(x, t), then the
continuity Equation (20) reduces to an identity. These types of conservation laws are called
locally trivial. Moreover, if two conservation laws differ by a locally trivial conservation
law, then they are considered to be locally equivalent. The local conservation laws can be
expressed in an equivalent form (an analogous of the evolutionary form for symmetries)
[22] given by a divergence identity as follows:

DtT + DXX =

21
(U — Uy — (au Uy — 2b1> ux—l—duu )—c(au Uy — 261> ux—i-duu )x)Q @

holding off the set of solutions of the generalized Camassa Equation (3), where
T =T+ Dy®and X = X — D;© are the conserved density and the spatial flux locally
equivalent to T and X, respectively and where:

Q = Eu(T) (22)

is a function of t, x, u and x-derivatives of u. The function Q is called a
multiplier [21,22,26]. In (22), E, denotes the Euler operator with respect to u [22]. By
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the characteristic Equation (21) it follows that all non-trivial conservation laws for any
regular PDE system arise from multipliers up to local equivalence [19]. We will consider
the following low-order multipliers:

Q(t, xl u/ ut/ MXI uxx)- (23)
The condition (21) splits with respects to the x-derivatives of # which do not appear in Q.
Proposition 1. The low-order multipliers (23) admitted by the Camassa—Holm Equation (3) with

a#0,b#0,c#0andd # 0 are given by
(i) a, b, ¢, d arbitrary:

Q1 =ec; (24)
(ii) c = £1, a, b, d arbitrary:
Q2 = F(t)ec; (25)
(iii) a = %, c#0,d #0, b, arbitrary
Qau =1, (26)
Qs = et (27)
4p
Q3¢ = e_Tx) (28)
(iv) a = %, d = 14b, ¢, b, arbitrary
Qs =1, (29)
Qup =et, (30)
Que = e ¢ (31)
(v)a = %, c = =x1,d, b, arbitrary
Q5ﬂ - 1/ (32)
4b
Qp=¢ 1, (33)
Qs = F(t)e™; (34)
(vi)a=d,b= %, c, d, arbitrary
Qea = 1, (35)

Qe = et (36)
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(vi)a=d,b = %, ¢ = x1, d, arbitrary

Qra =u, (37)
Q= F(t)e™ : (38)

The above given multipliers yield all non-trivial conservation laws of low order, which
can be summarized as follows:
Case 14, D, c, d arbitrary

x
Q1 = ec,
t % Uy
¢ = ec(ut+g),
X
¢F = ec(—up —acuuyy + 2bcuPuy — cduui).
Case 2 ¢ = %14, b, d arbitrary
X
Q2 = F(t)ec,
X
¢ = F(eF (),
X X 1
¢° = F(t)ec(—upy — acuuyy 4 2bcuuy — cduu®) —ec Fc(t)u.
_d
Case3a =5
Q3a = 1/
¢ = u,
P = —up— %uzuxx — cduui + (2bc — %)uzux + %—buB’,
Qap = e,
¢ o= et (Bt
c 7
x = 2 2 2
Pt = ec (upy + cduuy + cauuyy — 2bcucuy),
bx
Q3C = e747/
r . _ 4bx
¢ = (—uxtu)e d,
AEES —% ud(ucuxx 4+ uuy + 2cux2>e_4€Tx.
Caseda = %,d: —4b
Q4ﬂ - 1!
¢ = u,
¢* = —up — Ltuyy — cdun? + (2bc — D)uluy + 301,
Qu = e,
Eooel(t 4y
= : ,
X
Y= ec(—up — %u%{xx + 2bcuPuy — cduu%,
_
Q4C - e d 7
4b
I )

4b
¢F = —e d (U + %lﬂuxx + cduu® + %uzux.



Mathematics 2021, 9, 1009

8 0of 20

Case5a = %, ¢ = %1, b, d arbitrary

QS[I = 11
¢t = u,
PF = —up+ %uz(uxx —uy) + duui + %bu3,
Qu = e
4bx
- 4buy
R SE)
X 1 _dbx 2 2
¢t = —ge @ (2up 4 du”(uy — uxy) — 2duuy),
X
Q5C - F(t)ef,
o Xy
¢ = F(t)ec (™= +u),

(
(—F(#)ure — LF(E)dultty + 2bcF (£)utuy — cdF(Huu — E8y),

C

9 = e

Case6 a=db= %, ¢, d arbitrary

QGIZ = u/
¢ = (P +ud),
P* = Uy — cduPu ., — %uZui +duPu, + %u‘*,
x
Qéb = ec,
Pz iy
¢ = ec(u+7),
x X 2 2 2
c(—up —cd —cd 2d
¢* = ec(—up — cduTuyy — cduu’y + 2duuy).

Case7 a=db= %, c = %1, d arbitrary

Qéll = u/
¢ = P +ud),
P* = Uy — cduPu ., — %uzui +dulu, + %u‘l,
x
Qéb = ec,
Pz iy
§o= et(ur),
x X 2 2 2
c(—up —cd —cd 2d
¢° = ec(—up — cduTuyy — cduu’y + 2du‘uy).

4. Multireduction Method

Conservation laws that are symmetry invariant are of sure interest in applications. If a
differential equation admits a Noether symmetry, then a conservation law is associated with
this symmetry and a double reduction can be achieved. In particular, for PDEs depending
on two independent variables, any symmetry-invariant conservation law will reduce to
a first integral for the corresponding ODE obtained via symmetry reduction. In [27,28],
Sjoberg introduced a new method for non-variational PDEs, which can be performed
when a symmetry is associated with a conserved vector. In [29,30], the authors explored
a further connection between symmetries and conservation laws which are invariant (oz,
more generally, homogeneous) under the action of a given set of symmetries. In [23], given
a PDE with n > 2 independent variables and a symmetry algebra of dimension at least
n > 1, an algorithmic method is described to find the symmetry-invariant conservation
laws that will reduce to first integrals for the ODE describing symmetry-invariant solutions.
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Given a PDE G(t, x, u, ug, uy, . ..) = 0, its invariance under the translation symmetry
X = 0t + coy, (39)
yields to traveling-wave solutions, where { = x — ct and u = U being the invariants.

Proposition 2. The low-order multipliers (23) invariant under the translation symmetry (39)
admitted by the Camassa—Holm Equation (3) witha # 0,b # 0, ¢ # 0d # 0 are given by
(i) c = £1a, b, d arbitrary:

x—pt
Qi=e ¢ ; (40)
(ii) a = %, b,c d arbitrary:
Q=1, (41)
(iii) a = 4,d = —4b, b ¢, arbitrary
Qs =1, (42)
Qp =¥ (43)
(iii) a = 4, d = 4b, b c, arbitrary
Qa =1, (44)
Qzp = e (45)
(v)a = %, c =—1,b,d, arbitrary
Qu =1, (46)
Qup = e ¥ (47)
(vi)a = %, c=1,0,d, arbitrary
Qs =1, (48)
Qup =" (49)
(vii) a = %, d = 4bc, c = £1b, arbitrary
Qe =1, (50)
Qep = €7 (51)
Qo = *H! (52)
(viii)a =d, b = %, c, d, arbitrary
Q= u, (53)
(ix)a=d,b=d,c=1,d, arbitrary
Qsa = 1, (54)

Qg = €77, (55)
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(x)a=d,b=d,c=—1,d,arbitrary

Qop = 1, (56)

Qop = e 17", (57)

These multipliers yield all non-trivial conservation laws of low order invariant under
the translation symmetry, summarized as follows:

Case 1 ¢ = *£1, 4, b, d arbitrary

Q = e,
x—pt
¢t = €= (u+ HTX)I
x—pt
P = e (—up— acu® iy + 2bcutu, — cduui).

Case2a = %, b, cd arbitrary

Q =1
9 = u
¢x = —Up — llCuzuxx + (2bC - a)uzux - Cduu?( + %bu?)

Case3a:%,d:—4b

Q3a - 1/
¢ = u
¢F = —up— acuP iy — cduu,% + (2bc — u)uzux + 23—hu3
Qyp = e (58)
(pt = ex*pt(u + Uy)
p* = P (—up + 2bcuPuyy + 4bcuu§ + 2butuy + pu)
Caseda = %,d:4b
Q4u = 1,
¢ = u
PF = —Up— acu® iy, — cduui + (2bc — a)uzux + %—bu3 (59)
Qup = e ™
¢t — e—x+pt(u _ ux)
AES —e P (1 + 2bci® iy + cduu,zc + 2butuy — pu)
Case5a = %, ¢ = —1, b,d arbitrary
Q5a = 1/
¢ = u
Y = —up+ %uZ(uxx —Uy) — 261’y + duu,zc + %bu3. (60)
Qsp = ™™
(Pt — eptfxul _ ux)

ANEES P (—upy + %uzuxx — 2buPuy + duu,zc + pu)
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Case 6 a = %, ¢ =1, b,d arbitrary

Qn =
(PX

Case8 u=db=

(W

Qs =
¢t =
9 =

Case9 a =db=4%,c= +1d arbitrary

1,

u,

—Utx + %uZ(uxx - ux)

exfpt

e —x — pt(u+uy)

ex—pt(iutx

*utx - LlCu2uxx

e—x+pt

gu Uy + 2bu%uy —

eforpt(u _ ux)

e*X+Pt(

, ¢ d arbitrary

u,

%(u2 + ui),

— Uty — cduliyy —

d, 2
—Upx —FU

C

Qoq u,
¢t = P +ud),
¢° = Uy — cduP i, —
Qo = e,
o' = P (u+ cuy),
¢° = P (—upy + c(—auPuyy, —

Substitution of the traveling-wave expression

u(t,x) = U(x —ct)

into Equation (3) yields a nonlinear third-order ODE

(—acU?+ p)u" —
+4U'(—(1/4)cdU’ + U(bc — (1/4)d)U’

2(c(a+a)’) +

— 2buPuy + duu? + %bu3.

duu? + pu)

cduu? + (2bc — a)u’u, +3 2,3,

(Uxx + 1y) — cduu,zc + pu

Cdu u +du u;ﬁ-z”lC u*,

d 4
zuu + duluy + oL

duu? + 2bu’uy) + pu).

(1/2)U(—2bc +a)))uu”
+ (1/2)bU? —

(1/4)p) =

(61)

(62)

(63)

(64)

(65)

(66)

(67)

To find the first integrals of the traveling-wave ODE (67)) the symmetry reduction
of all conservation laws, invariant under the traveling-wave symmetry (39) of the PDE,
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should be done. The reduced conservation law is a first integral of the traveling-wave ODE

(67)).
In the following we will apply the reduction method [23] so that a first integral will be

obtained. Moreover, we will find two functionally independent first integrals and the ODE
will be reduced to first order. Finally, in a particular case of the generalized Camassa—Holm
Equation (3), the reduction will yield an additional first integral and an exact solution will
be found.

1.

By using the Case 1 conservation law we get the first integral.
A (UdU"™? + (—2bU2 + p)U' + U"al? — U"p) = C;
By using the Case 2 conservation law we get the first integral.
(acU? — p)U" + cdUU" + (a — 2bc)UPU' — 2P + pU = G

By using the two conservation laws of Case 3 we get the two first integrals.

— 4bcUU"” — 2b(c + 1)UPU' — 3bU° — 2bcU?U” + pU — pU" = C;

¢*(—4bcUU"? — 2bU? + pU’ — 2bcUU” — pU") = C,

By combining these two first integrals we get the reduced first order ODE

2be*U® — 3peU + 3¢*Cy — 3Cy
3e%(2bcU? + p)

u'+
By using the two conservation laws of Case 4 we get the two first integrals.
—2bUPU" + pU — pU” — 4bUU + 400U’ - 30U° =
e*(—4bUU"™ + (6bU? + p)U’ — $bU° — 20U2U" — pU") = C,
By combining these two first integrals we get the reduced first order ODE

2be*U3 + pe*U — ¢*C1 + Cy

!/
U+ e?(2bUZ + p)

By using the two conservation laws of Case 5 we get the two first integrals.
—dUU? + (2b+ HUPU' — 2UP - §UPU" + pu — pU” =

e *(—dUu” + (2bU?* — p)U’' — SUPU" — pu" = G,

By combining these two first integrals we get the reduced first order ODE

, 2(2be”*UP —3pe *U 4 3Cie % — 3(Cy)
3e~%(dU? + 2p)

u

By using the two conservation laws of Case 6, we get the two first integrals.

duu? + (=20 + HuPu’ — 2P + §uPU" + pu — pu” = ¢
e *(—dUu” + (2bU? — p)U’' — SUPU" — pu" = G,

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)
(80)
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By combining these two first integrals we get the reduced first order ODE

3d

24dpUU"+(3d>U* —48pbU2 +12p? ) U’ —4bdU° —8p (b— 7 ) U?
3d2U*—12p? (81)
+—6d(CzeZ+C1)U2+12p2U—12p(—Czez+Cl) -0
3d2U4—12p2

7. By using the three conservation laws of Case 7 we get the three first integrals.

4bUU? — 2Z2UP + 26UPU" + pU — pU” = C; (82)
e*(4bUU"™? — 2bUU’ + 2bUPU" + pU’ — pU" = C, (83)
2e7 (DU — EU" + U/ (bU? +2Uul')b — §) = G5 (84)

By combining these three first integrals we get the solution
2be*U° — 3pe*U 4 3C1e* —3C, = 0 (85)
8. By using the Case 8 conservation laws we get the first integral.
2cU (acU? — p) + (ac?U? + cp)U™ + 2acUBU’ + aU* — pcli® 4 2cC;)  (86)

9. By using the Case 9 conservation laws we get the first integrals.
(BU? + 5)U? + (a —24)PU’ — §U* + alPU” + EU? — pUU” = C;  (87)

¢*(all® — p)U" +alU? — 24U’ + pU') = G, (88)

By combining these two first integrals we get the reduced first order ODE
—al?U’ + 2aU3U’ — dU* + pU”? — 2pUU’ + pU? — 2C1 +2Coe U =0  (89)

5. Analytic Solutions for Heteroclinic and Homoclinic Orbits of the
Traveling-Wave Equation

To obtain regular pulse and front solutions of the GCH Equation (2), in this section
we will employ the so-called method of undetermined coefficients [9,24,25] to compute
multi-infinite series solutions for the possible homoclinic and heteroclinic orbits of its
corresponding traveling-wave equation.

Let ¢(x,t) = ¢(z), where z = x — vt and v > 0 is the wave speed. Once substituted
¢(z) into Equation (3), we obtain:

—U(I), . Z)(PN/ . aC(PZ(PW . 2(‘([1 i d)(i)(P,(PH . (ﬂ o 2bC)(P2(P”

n ! ! (90)
—dcgp — (d — 4bc)pp 2 + 2b¢p*¢p = 0.

Choosing d = 2a and integrating Equation (90) once with respect to z, we get the following
second-order ODE:

— ¢ (04 acg?) — 2acpp® — (a — 2bc) PP — v + %bgb?’ +g¢=0, (91)

where g is the constant of integration. The ODE (91) can be equivalently written as the
following first order ODE system:

d¢
a7

92)
dy  —2acgy® + (2bc — a)p*y — v + 3b¢> + ¢ (
dz v + acg? ‘
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Let us assume that v and ac have the same sign, so that the system (92) is not singular. The
ODE system (92) admits the equilibria of the form (¢*,0), where ¢* are the roots of the
following cubic equation:

%bqﬁ —vp+g=0. (93)

Depending on the choice of the parameters b, v and g, Equation (93) can admit one or three
real solutions, whose expressions are mostly cumbersome and are not reported here. In
particular, when g = 0 the following two cases can arise:

(i) if v and b have opposite sign, the system (92) admits only the trivial equilibrium
O = (0,0);
(i) if v and b have the same sign, the system (92) admits the trivial equilibrium O and the
equilibria E4 = (¢7,0), with:
3v
L=/ = 4
The Jacobian matrix associated with the system (92) computed at the generic equilibrium
(¢*,0) reads:
0 1
J* =1 2b¢*2 —v (2bc —a)¢p*? |, (95)
v+ acp*? v+ acp*?

and the correspondent characteristic equation is:

_ *2 _ *2
/\2+(a 2bc)¢p P 2bp*=

= 96
v+ acg*? v+ acep*? (%)

We look for system parameters conditions corresponding to the existence of saddle equilib-
ria, in such a way that homoclinic orbits to these points or heteroclinic connections between
them are supported. In the case ¢ = 0 it can be straightforwardly checked that O is a center
point and that both the equilibria E-, when they exist (i.e., in the case ii)) are saddle points.
The system could then support both homoclinic and heteroclinic orbit.

In Figure 1a the system parameters are chosen such that the heteroclinic orbit joining
the equilibria E+ forms.

Since the expressions of the solutions of the polynomial Equation (93) are complicated
in terms of the parameters 4, b, ¢, g and v, the complete linear instability analysis in the
general case g # 0 is almost involved. Here we report that in the particular case a = 2bc,
the generic equilibrium (¢*,0) can be a center (when (v — 2b¢*?)/ (v + ac$*?) > 0) or a
saddle (when (v — 2b¢*?) /(v + ac¢*?) < 0) and homoclinic/heteroclinic orbits could exist.
Notice that if a = 2bc Equation (91) is reversible under the standard reversibility of classical
mechanical systems:

2o -z, (@) > (¢ ¢). 97)

Our numerical exploration has shown that homoclinic orbits to one of the equilibria (¢*,0)
exist when condition (97) holds, see Figure 1b.

First, we consider the case ¢ = 0 and we assume to choose a parameter set such that
there exist the saddle equilibria E+ = (¢ ,0) and a heteroclinic orbit joining them arises,
as in Figure 1a. Let us now proceed to construct the heteroclinic orbit looking for a solution
of the following form:

$t(z) z>0
p(z) =14 0 z=0 (98)
¢ (2) z<0

where:

pT(z) =1 + Y ;e 9 (z) =¢" + Y bretFs, (99)
k=1 k=1
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and ¢ are given in (94), « < 0 and § > 0 are undetermined constants and ay, by, with k > 1,
are arbitrary coefficients. Once substituted the series (121) for ¢ (z) into Equation (91), for
each term one has the following expressions:

Z ay (ka )26k, (100)
k=1
o k—1j-1 oo k-1
Z maj—ag— ](k_])z 2 kaz+2¢+ Z Z”k j ] (k— ])2 2eke (101)
k=3j=21=1 2j=
¢er Z ak(klx)Zekzxz,
k=1
co k—1j—1 oo k—1
) aa;_ay_ ](]—l)lzxz kaz +ot Y ) ax_jaj(k —j) )ja2ekez, (102)
k=3j=21=1 k=2j=1
oo k—1j—1 oo k—1
Y waj_jag_j(k — j)ae™ +2¢7 Y Y ar_ja;(k — jac (103)
k=3j=21=1 k=2j=1
[e9)
o1 Y alka)ehe,
k=1
o k=1j—1 oo k—1
¢+ Y Y Y maj e e+ 3¢t Z Y ax- e +3¢7 Z aye (104)
k=3j=21=1 =2j=1

(a) (b)

Figure 1. (a) Case ¢ = 0: heteroclinic orbit joining the two saddle points E4 = (¢*,0) and E_ =

(—¢*,0) with ¢* = 4/ i—b ~ 2.2361. The trivial equilibrium O is a center. The parameters are chosen

asa =012,b =03,c =020 =1and g = 0. (b) Case g # 0: homoclinic orbit to the saddle
equilibrium (1.9236,0). The equilibrium (0.5297,0) is a center. The system also admits another saddle
point (—2.4534,0). The parameters are chosen as @ = 0.12, b = 0.3,c = 0.2,v = 1 and g = 0.5.

Substituting the Expressions (100)-(104) into Equation (91) and taking into account
that ¢* satisfies Equation (93), we collect the coefficients of e** for each k, obtaining a
sequence of equations for the coefficients a;. The equation at k = 1 reads:

F(Dé)al =0, (105)

where:
F(a) = —(v 4 acg:?)a* + (2bc — a) ¢’ a + 2v. (106)
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Imposing a1 # 0, Equation (105) is satisfied when F(a) = 0. It is easy to show that F(«)
admits two real and opposite solutions (corresponding to the fact that E is a saddle):

a=wn1<0 or a =ap >0. (107)

Since we look for a series solution ¢ (z) convergent for z > 0, we choose a = & in (123).
For k = 2 we obtain the following equation:

F(2a1)ay = 2¢% (b — 2aca? — (a — 2bc)ay )ai, (108)

where F(207) = (—(v + ac¢*?)(2a1)? + (2bc — a)¢* (2a1) + 2v). Thus, as can be explicitly
obtained in terms of the systems coefficients and a1, which is still unknown at this level:

_2¢% (b—2aca? — (a —2bc)ay)
a F(2a7) v

a (109)

The equation for k = 3 results:
F(3aq)az = 2¢7 (9ac — 2b + 2(a — 2bc)ay )ayap + (Sacoc% - %b + (a— 2bc)¢x1)a§, (110)

where F(3a;) = (—(v + ac¢*?)(3a1)? + (2bc — a)¢* (3a1) + 2v). Once substituted the
expression (109) for a, in (110), the coefficient a3 is obtained in terms of 45 as follows:

az = (pgai’, (111)

with:

*2
4)06 (9ac — 2b2(a — 2bc)ay) (b — 2aca?) + 5acas — %b + (a —2bc)a. (112)

Following the same procedure as above, at each k the coefficient a; can be computed in
terms of a;:
ay = (pka’f, (113)

where the functions ¢y depend on «; and the parameters g, b, ¢, g and v. The series solution
¢ (z) approximating the heteroclinic orbit (98) for z > 0 has thus the following expression:

¢ (z) = @7 +are™* + ) grakelz. (114)
k=2
The computation is almost the same to compute the series ¢~ (z), which results:
¢ (z) = ¢* +b1e" + Y pybiei, (115)
k=2

where the functions y; depend on a; and the parameters 4, b, ¢, g and v.
By imposing the continuity condition at z = 0 leads to solve the following conditions
for the unknown a; and by:

¢ +a+ ) gak = 0 (116)
k=2

¢ b1+ Y by = 0 (117)
k=2
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To better approximate the coefficient a; we solve the following polynomial equation for a1:

M
¢ +a+ Z qoka’{ =0, (118)
k=2

where M is suitably chosen. The Equation (118) could admit more than one solution,
therefore the solution in (98) could not be unique. We therefore choose the solution a; of
(118) such that the series coefficients a; converge as k increases. We follow the same line to
obtain b;.

Let us consider the parameter set in Figure 1a. In this case, the equation is reversible
and the solution ¢~ (z) results:

[ee]

¢ (z) = —¢ —me™® — Y gratee, (119)
k=2

therefore, we must solve just the continuity condition (118) for a;. In Figure 2 it is shown
the traveling front obtained as the series solution (98) which approximates the heteroclinic
orbit given in Figure 1a. For this parameter set there exists a unique solution a; = —3.9083
of Equation (118) such that the series coefficients a; converge.

¢ ay b
2
1

0 0 0

-1 2 -2
-2

-4 -4

0 10 20 30 40k 0 10 20 30 40k
(b) (c)

Figure 2. The parameters are chosen as in Figure 1a. (a) The series solution in (98) for the heteroclinic
orbit in Figure 1a. The solution is drawn as a function of x for different values of f, showing the
traveling-wave nature of the obtained front solution. (b) The chosen value a; = —3.9083, solution of
the continuity Equation (118) truncated at M = 40, leads to convergent series coefficients aj. (c) The
series coefficient by = —ay, of the solution ¢~ (z) is then also convergent.

To approximate a homoclinic orbit, as obtained in Figure 1b for g # 0, we look for a
series solution defined as follows:

$T(z) z>0
Pp(z)=4¢ 0 z=0 (120)
¢~ (z) z<0
where: - .
¢T(z) = 9"+ Y e, 9T (2) ="+ ) b, (121)
k=1 k=1

and ¢* is solution of (93), « < 0 and > 0 are undetermined constants and ay, by, with
k > 1, are arbitrary coefficients. Repeating the same calculations as above to compute at
first ¢ (z), we obtain for k = 1 the following equation:

F(a)a; = (—(v + acp*?)a® + (2bc — a)¢p*a + 2b¢p*™> — v)a; = 0. (122)
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By imposing a1 # 0 and if the parameter set is chosen such that ¢* is a saddle (e.g., in the
case a = 2bc it should be v < 2b¢*?) we obtain that Equation (122) is satisfied when:

a=wn1<0 or a =ap >0, (123)

where a1 and «; are the real and opposite roots of F(«). Choosing @ = a7 and iterating
the procedure at each k, the series coefficients a; have the same expression as in (113).
Therefore:

¢ (z) = ¢ + me"* + Y graket. (124)
k=2
By imposing the continuity of the solution (120) at z = 0, we obtain the same equation
as in (116), which should be truncated as in (118) to find a; such that the series solution
converges. Analogously, the series ¢~ (z) will have the expression as in (115) and suitably
truncating the continuity Equation (117), the coefficient b; will be obtained.
Choosing the system parameters as in Figure 1b, the equation is reversible and the
series ¢~ (z) results:

oo
¢ (z) = ¢* + a4+ ) prakekr2?, (125)
k=2

with ap > 0 given in (123). Therefore, just the continuity condition (116) should be
imposed and a; will be chosen as the solution of (118) for a suitable M such that the series

solution converges.
In Figure 3 it is shown the traveling pulse obtained as the series solution (120) which
approximates the homoclinic orbit given in Figure 1b. For this parameter set there exists a

unique solution a7 = —3.4558 of Equation (118) such that the series coefficients a; converge.
¢ a
2 L
2 L

g l" f ........ t=4 )
0 i = i ——t=6

et
-10 0 10 T 0 10 20 30 40k

(a) (b)

Figure 3. The parameters are chosen as in Figure 1b. (a) The series solution in (120) for the homoclinic
orbit in Figure 1b. The solution is drawn as a function of x for different values of t, showing the
traveling-wave nature of the obtained front solution. (b) The chosen value a; = —3.4558, solution
of the continuity Equation (118) truncated at M = 40, leads to convergent series coefficients a;. The
series coefficient by = a; are not reported.

6. Conclusions

In this paper, we have studied a GCH equation with variable coefficients. We have
obtained the Lie-group classification for Equation (3). We have derived the optimal system
of 1-dimensional subalgebras of the invariant equation and we have obtained reductions
to ODE’s. By applying the nonclassical method, we have derived new reductions for
Equation (3).

By using a general method to derive conservation laws we have derived low-order
conservation laws for Equation (3). Moreover, we have focused on the conservation law
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invariant under translations, and we have derived first integrals of the reduced ODEs as
well as exact solutions.

Finally, we have studied the traveling-wave equation by addressing their homoclinic
and heteroclinic orbits. Once performed the linear instability analysis, we have pinpointed
these orbits and they have been approximated via analytic solutions computed as conver-
gent and continuous multi-infinite series.

Since the GCH equations support a very rich dynamics, we plan to investigate it
further. In particular, the existence of regular and embedded solitary wave solution will be
addresses using variational methods, as in [24,31]. Moreover, analytic solutions using the
invariant Painlevé analysis and the generalized Hirota techniques could be investigated
[32].
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