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is used to perform a comprehensive and detailed analysis of the equation. We
derive the symmetry generators of the equation in terms of its arbitrary parameters

][D(Zﬁﬁjliznriesauction theory and used them to obtain symmetry reductions and exact solutions. Furthermore,
Conservation laws the conservation laws of the equation are derived via the Noether approach after
Lie symmetry method increasing the order and by the use of the multiplier method. The importance of
Riccati equation method these conservation laws in finding exact solutions is proved via double reduction

theory. Most of these solutions are new and contain many known solutions as special
cases. These solutions include important soliton solutions and nontrivial solutions
in terms of special functions which are meromorphic in the entire complex plane.
Since the Gardner equation can model a variety of wave phenomena in plasma,
solid state and fluid physics, these solutions possess significant features in the non-
linear mechanics aspects of the work. They can also be used as a basis for solving
other related model problems and assessing numerical and approximate analytical
methods for nonlinear equations describing solitons in wave mechanics.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The study of nonlinear evolution equations (NLEES) is one of the most important areas of research in
science and engineering. NLEEs are widely used as models to describe complex physical behaviour in solid
state physics, plasma physics, fluid mechanics and biology. One of the main foci of research in this area is
the aspect of integrability of these NLEEs. There are various methods used to carry out the integration of
these NLEEs. Among them are the homogeneous balance method [35], the ansatz method [17], the extended
tanh method [15], the Jaccobi elliptic function method [25], the projective Riccati equation method [26], the
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direct method [13], the sine-cosine method [36] and the Lie group method [31,12] (here, hidden symmetries
have played an interesting role [1,2]). Although considerable work has been done over the years, there is
no unique method that can be used to tackle all types of NLEEs. The main focus of this paper is the
integrability aspect of these equations.

Lie symmetries and conservation laws are among the most powerful tools for understanding the behaviour
of physical systems and for finding exact solutions of many problems in mathematical physics. The existence
of a large number of conservation laws for a partial differential equation indicates its integrability [12]. One
of the oldest methods of finding conservation laws of differential equations (DEs) is Noether’s theorem [9].
Noether’s theorem provides an elegant and constructive way of finding conservation laws for any system of
one or more DEs that admits a variational formulation in terms of a Lagrangian. However, the existence
of many physically and mathematically interesting DEs that are not variational systems motivated much
work in the past few decades to look for some generalisation of Noether’s theorem which is applicable to
non-variational DEs. Recently, Anco and Bluman [5-7] develop a complete method for both variational and
non-variational DEs called the direct construction method (multiplier method), which also coincides with
Noether’s method for variational DEs. This direct method uses a characteristic form involving multipliers
and is based on the standard result [28,34,31,4] that there is a direct correspondence between conservation
laws and multipliers whenever a PDE system can be expressed in a solved form in terms of a set of leading
derivatives.

Other methods for constructing conservation laws recently introduced include the partial Lagrangian
method [21] and the nonlocal conservation theorem method [18] which are subsumed by the general version
of the direct construction method.

Recently, the relationship between conservation laws with point symmetries [20] and non-local symmetries
[33] has been used to reduce the numbers of variables and order of differential equations. A conservation
law is invariant (or, more generally, homogeneous) under a symmetry or group of symmetries and this
leads to the development of the double reduction method for PDEs with two independent variables [32].
The fundamental basis of this method is that when a conserved vector is invariant under a symmetry, a
double reduction transformation exists. PDEs of order n with two independent variables are reduced to
ODEs of order n — 1, which are generally easier to solve. Hence, the invariance of a conserved vector under
a symmetry firstly reduces the number of independent variables and secondly reduces the order of the
differential equation. This is helpful in finding solutions of PDEs having a nontrivial conserved vector which
is invariant under one or more symmetries. The invariance of conservation laws under the action of a given
set of symmetries also serves as a useful feature for finding a generating subset or basis for the set of all
conservation laws of the PDE system [3,8].

In this paper, we consider a NLEE that is widely used in various branches of physics, such as solid-state
physics, plasma physics, fluid physics and quantum field theory and which describes a variety of wave
phenomena in plasma and solid state physics. This is the generalised form of the Gardner equation with
nonlinear terms of any order given by [16,24]

uy + (@ + bu™ + cu®)uy + kgze = 0. (1.1)

The profile u(¢, x) is the amplitude of the relevant wave mode and the variables x and t represent spatial and
temporal variables respectively. The term u; is the evolution term while b and ¢ represent the coefficients
of the dual-power law nonlinearities. Then a and k are the coefficients of dispersion terms. The parameter
n > 1 represents the power law nonlinearity parameter. The dual power nonlinearity terms, u™ and u2", are
introduced to mitigate the dispersive effects of u,,, and obtain a rich variety of solutions with interesting
properties. (We note that in many applications (see below), the ratio of the powers of these nonlinear terms
is always two and so we maintain that relationship in our general equation.) This nonlinearity is added in
a generalised setting that could represent the regular Korteweg-de Vries (KdV) equation or the modified
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Korteweg-de Vries (mKdV) depending on the values of n and the constants of the equation. For example,
when n = 1,b # 0, ¢ # 0, we obtain the famous combined KdV-mKdV equation [16] given by

uy + (a + bu + cu?)uy + ktgee = 0. (1.2)
When n =1,b # 0,¢ = 0, we obtain the KdV equation [22]
ug + (a + bu)uy + ktger =0, (1.3)
and when n = 1,b = 0, ¢ # 0 we have the mKdV equation
ug + (a + cu)uy + kugpe = 0. (1.4)

The Gardner equation (1.1) has been investigated as a generalised KdV-mKdV equation with high-order
nonlinear terms [24] and the Benjamin-Bona-Mahoney (BBM) equation, with dual-power law nonlinearity
[10]. Different versions of equation (1.1) have been studied in order to obtain exact solutions [11,29,38,37].

Most of these studies are based on the “travelling wave” type solutions via some well known substitutions.
Here the solutions will be obtained via the Lie symmetry approach and a double reduction which involves the
invariance of conservation laws under symmetries. As such an invariance is not limited to the travelling wave
symmetries, there exist some possibilities of additional solutions different from travelling wave solutions.
This will be investigated with the scaling symmetries which might lead to new exact solutions. Finally it is
worth noting that the improved generalised Riccati equation mapping method leads to important singular
soliton solutions.

The organisation of the paper is as follows: In the next Section, we present a Lie symmetry analysis of
the Gardner equation (1.1). In Section 3, the conservation laws of the equation are derived. In Section 4
the exact solutions of the equation are discussed. Constants of the motion are provided in Section 5 and
concluding remarks are made in Section 6.

2. Lie symmetries of the Gardner equation

The Lie point symmetries admitted by (1.1) are generated by a vector field of the form

0 0 0
X = 51(t,x,u)at + & (t,x u)a— +n(t,x u)au (2.1)
The operator X satisfies the Lie symmetry condition [31,12]
X[3] [ut + (CL + bu™ + cu2")uz; + kuzzz] ‘(1‘1) = 07 (22)
where X3! is the third prolongation of the operator X defined by
0 0
Oug Oy
and the coefficients (¢, (;, and (z4 are given by
Gt = Di(n) — ueDy(€1) — uy Dy(€7), (2.4)
Co = Dm(n) —wD (5 ) — Uy 1:(52); (25)
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Table 1

Commutator table of symmetry operators of (1.1) for Case (1) & Case (2).
[’] Xl X2 Xg
X1 0 0 —3nX1 — 2(17’LX2
Xo 0 0 —nXs
X3 377,X1 + 2anX2 ’I’LX2 0

Here D,., D; denote the total derivative operators defined by

0 0 0 0 0 0
Dt—&+ut%+uzta—uaj+'”7Dm—%+um%+utma_w+"‘~ (2.7)

Expansion and separation of (2.2) with respect to the powers of different derivatives of u yields an overde-
termined system in the unknown coefficients ¢!, ¢2 and 7. Solving the overdetermined system for arbitrary
parameters gives the 2-dimensional trivial Lie algebra spanned by the vector fields of translation with respect
to the independent variables

X1 = — X2 = —_—. (28)

Next we find specifications of the arbitrary elements that extend the principal Lie algebra (2.8) and obtain
only the following three cases:

Case (1) n # 1, ¢ = 0, b # 0, k # 0. This condition reduces (1.1) to the generalised version of the KdV
equation

ug + (@ + bu™)uy + kuge, = 0. (2.9)
The additional operator obtained in this case is

9] 9] 0
X3 = —3nta — (2ant + nx)% + 2u%. (2.10)

Case (2) n#1,¢c#0,b=0, k # 0. In this case (1.1) becomes the generalised MKdV equation
ug + (a + cu*™ )y + kges = 0. (2.11)

The additional operator is

0 0 0
X3 =—-3nt— — (2 — —. 2.12
3 3ntat ( ant—l—nx)ax—l—uau (2.12)
Case (3) n=1,c#0, b# 0, k # 0. This case corresponds to the combined KdV-mKdV equation given in
(1.2). The additional operator is

X5 = —601?2 + (b*t — 4act — 2095)2 + (b+ 2cu) 0

5 B 0 (2.13)

The Lie symmetry algebra for Cases (1) and (2) exhibits the same commutative property. The commutator
table for both cases are presented in Table 1 while the commutator table for Case (3) is given in Table 2.
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Table 2
Commutator table of symmetry operators of (1.1) for Case (3).
[s] Xl X2 X3
X1 0 0 (b — dac) X2 — 6cX1
X 0 0 Z2¢Xs
X3 6cX1 — (b% — dac) X2 2cX2 0

3. Conservation laws of the Gardner equation

A conserved vector corresponding to a conservation law of the Gardner equation (1.1) is a 2—tuple
(T*,T*), such that

D,T" + D, T* =0 (3.1)

along the solutions of the equation. The Gardner equation (1.1) is a third order partial differential equation
and its conservation laws cannot be computed directly by the Noether approach. Hence, the conservation
laws for (1.1) will be derived by two approaches, namely (i) the multiplier approach and (ii) Noether
approach (after increasing its order by one).

(i) The multiplier approach: Consider the multiplier A of order up to two, viz. A = (¢, z, u, Uy, Ut, Uy, Uszt, Ust)
for (1.1). The conserved vector (T, T%) of (1.1) satisfies the divergence relation

DT" + D, T% = Aus + (a + bu™ + cu®)uy + ktges) = 0. (3.2)
Moreover, we have
4 n 2n
E(M(ut + (a4 bu"™ + cu)uy + kuggr) = 0. (3.3)

After a lengthy calculation, we observe that A is of order zero or two in derivatives with respect to u. The
obtained forms of A = A; are

A =1, (3.4)

A2 = u, (35)

Ay = —— 2t 4 Lu’”rl + Uz (3.6)
k(2n+1) E(n+1) o

For n = 1, we obtain in addition to the three multipliers (3.4)—(3.6) above the following multipliers

Ay = (2cu + b)(ta — & + tu(b + cu) + 6cktuy,, (3.7)
As = _36_k(6CQU5 + 15bcu® + 12acu® + 106%u® + 24ckuu,,

—12ckuu? 4 18abu® + 24bkuu,, — 6bku> — 36ku,), (3.8)
Ag = —@ (4004u7 + 1406348 + 144a° Bu + 174020’ + 2643 kut vz + 856° cu?

—48c3kulu2b 4 360abc? + 528bc? kuuy, — 72bc*ku*u’? + 1440 c*u® + 252ab? cu’

+10b*u? + 432ac?ku Uy + 2880 ckuuy, — 36b%ckuu? + 4322k uu?, — 1442 k%u?

— 1442 kuPure + 216a%beu? 4+ 180203 u? + 288¢? kuusu, + 432abckutspy + 2403 kutiy,

—6b°ku2 + 216bck>u2, — 144bckuug, + 144bckuyuy, — 36b°kuy, + 432ckuy,) . (3.9)
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Now, we calculate the corresponding conserved density 7% and flux 7% by substituting (3.4)—(3.9) into
(3.2). For A; we obtain the obvious conserved vector

T! = u,
e = O g2ty Lu"+1 + au + ku (3.10)
Yo+l n+1 o '
Ay gives rise to
1
th = 5’[1,2,
" c n b 1 1
Ty = mu2 24 L 2 4 kuug, — Ekui + iauz, (3.11)
whereas A3 results in
1 1 1
Tt — 2n+2 b n+2 - .
3T ket )@+ T Emr Dyt Tt
1 b ? 1 1 ,
T:L’ _ k n+1 2 4n+2 b 3n+2
3 2k< taw Y ) T2t TR D)
1 2nt2 1 2n+1 ! 2
n n o b n+
Trenrnen+ 2 T ™ " D)™
1, 1 1
+§auz + iutuz - iuutr (3.12)

Since

1 1 1 1 1 1
§uum =D, (§uuw> — 5%2“ — §uum =-Dy <§uuw) + Eutuw

the conserved vector (T4, T5) becomes

1 1
Tt _ 2n+-2 S — n+2 -2
ST knr@2n+2) k(n+ D(n+2) " 9t
1 b 2 1 1
T — — | k - n+1 2, 4n+2 b 3n+2
3 2k<“ TS ) T en 2" TR D
1 242 1 2n+1 1 2
n n b n—+
Tren s+ Tt " T e Dt 2™
1
+—au? + ugy. (3.13)

2

These three conserved quantities (3.10), (3.11) and (3.13) respectively represent mass, momentum and
energy for the Gardner equation (1.1).

We construct (T}, T5) — (T¢, T¢) using the same approach. The multiplier method used here is the same
as the “direct construction method”.

(ii) The Noether approach: To apply Noether’s method, we increase the order of equation (1.1) by one. Let
u = U,, then equation (1.1) becomes

Uiz + (a4 bU" + U2V Ups + kUpzze = 0. (3.14)
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A standard Lagrangian for equation (3.14) is

1 1

1 1
L=-UU,+ (- U™
gUela ¥ <2“+ mr)m12 " T Gy DEn+2)

1
wRVUE- Qi ()

and the associated Euler-Lagrange equation is

SL
— =0
oU ’
where i is defined b
5U Y
1) 0 0 0 0 0 0
- -2 D _D, D? D? D,D;,—— 1
U _ou o,  “rau, T tau, TVrauL. TP Prau,. (3.16)
and
0 0
Dy = — —
t= 5 TV
0 0 0
v = gp P Uegy Ve

The point symmetry operator X defined in (2.1) is a Noether operator corresponding to the Lagrangian L
of equation (3.15) if it satisfies [19]

X (L) + L(Dy' + D.£?) = D;B* + D, B?, (3.17)

where Bl(t,z,U), B?(t,z,U) are the gauge terms.
Substituting (3.15) into (3.17) and solving yields the following Noether coefficient functions and gauge
terms

61 = Cq, 52:0% n:m(t)a Bl :f(tvx)v

1
B? = gmu(t) + g(t2), filt,z) + gu(t,7) =0, (3.18)
where c1, ¢o are arbitrary constants and m(t), f(¢,x), g(t,z) are arbitrary gauge functions. We set f(¢, x)
and g(t,z) to zero as they contribute to the trivial part of the conserved vector. The conserved vectors for
the second—order Lagrangian L is given by [30]

JL JL JL
T'=B'— Lg' —w— - —— =D, 1
&g P~ P (3.19)
JL JL JL
T _ nR2 2 _ _ _
T = B* - L¢ w—(SUm Dy (w) Ut (W) ST (3.20)

where w = n — Ug&' — U, €2 is the characteristic function.
Equations (3.19) and (3.20) together with (3.18) (reverting to the original variable u = U,) yield the
following conserved vectors for the Gardner equation (1.1):

1 1 1 1
Tt — 2 n+2 2n+2 —k 2
= M Ty ) @n+1)(2n+2)" 9"t
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1 1 ’
T:D n+1 2n+1 k -
11 2<au+(n+l)u +2n+1cu i
4 kg, (3.21)
1
T3 = §u2,
T = 1au2 + ——bu"t? + #cu%‘*'2 + kuttgy — lkUZ (3.22)

The arbitrary function m(t), gives rise to a purely spatial conservation law given by

! =0,

1
Ty =m(t) | Dy [ ud ——bu"t!
s m()< t/ux+au+n+1u t o

——cu® 4 kum) (3.23)

Tt is worth noting that the conservation laws (3.21)—(3.23) can also be obtained by applying the multiplier
method to the potential equation (3.14). Further, since we only use point symmetries, the conservation laws
which arise from the higher-order multipliers (3.7)—(3.9) (corresponding to higher-order symmetries) are
missing. However, we have managed to obtain the genuine nonlocal conservation law (3.23) (which arises as
a result of the potential equation (3.14)).

4. Travelling wave solutions of the Gardner equation

In this section we will discuss travelling wave solutions of the Gardner equation (1.1). The linear combi-
nation of symmetries (2.8) given by X = X7 + AX,, where X is a constant, can be used to find travelling
wave solutions. The similarity variables for X obtained by solving the characteristic equation

dt de  du

F T (4.1)
are given by
r=x— M,w(r) = u. (4.2)
These similarity variables reduce the Gardner equation (1.1) to the third order ODE
(a — Nw, + cw,w?™ + bw,w™ + kwyp, = 0. (4.3)
We consider the solutions of the ODE (4.3) via:
(A) Direct integration. Integrating (4.3) twice with respect to r yields
“ 3 Yt + @2n+ 1)C(2n +2) W (n+ 1)b(n +2) W ng = wki + k2, (44)
where ki, ko are constants of integration. The solution for (4.4) in terms of the original variables is
/ A—a,2 2¢ u2n+2(hi 2b unt2 — Zkig ok SNk (45)
\/ 2 E(2n+1)(2n+2) E(n+1)(n+2) k 2

where k3 is a constant of integration. Setting the constants of integration to zero in (4.5) and simplifying
we obtained the following solutions to the Gardner equation (1.1)
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(A —a)(n + 1)(n + 2)sech <n\/§(x - At)) ;

up(t,x) = A > a, (4.6)

j[\/b2(2n+1)+c(A a)(nt1)(n+2)? | pooch, <n1 / A;a(aj — /\t)>

(X — a)esch? | 24/ 222 (z — \t)
ug(t,x) = <2 ’ ) ,A > a, (4.7)

b (a—N)c n A\—a
2 ((n+1)(n+2) @n D) (nrmy COth (2 (- At)))
1
(a — N)esc? (g, [ (x — At))

us(t,x) = A < a. (4.8)

—b —X) n a—X\
2 ((n+1)(n+2) + (zn(in(ncﬂ) cot (5\/ el Gl At)))

(B) The improved generalised Riccati equation mapping method. Here we apply the improved generalised

Riccati equation mapping method [40] to the reduced Gardner equation (4.3). Our main goal is to derive
explicit or at least approximate solutions, if possible, for the ODE (4.3). This will allow us to plot the
solutions as they will be in a more accessible form than (4.5).
We express the solution w(r) of equation (4.3) in the finite series form
m
w(r) =Y ad, (4.9)

i=—m

where the new function 1) = ¥(r) satisfies the Riccati equation

Y = p+ B+ (v — 12 (4.10)

The parameters u, 5, v are constants and both a_,,, a,, are not zero. The positive integer m can be deter-
mined by balancing the highest order derivatives with nonlinear terms appearing in ODE (4.3). Integrating
(4.3) once and setting the constant of integration to zero results in

1 1
(a = Nw+ ——cw? ™ 4 ——

bw™ ! + kw,.,. = 0. 4.11
o+ 1 ot ke =0 (4.11)

Balancing w,.,. with w?"™! in (4.11), we obtain an irreducible fraction, m = %, for some n. Therefore we
make the following transformation

w(r) = h(r)» (4.12)

and then substitute (4.12) into (4.11) to obtain

1
n?(a — A\)h* + n?ch* + n—Hn2bh3 + k(1 —n)h2 + knhh,., = 0. (4.13)

2n+1
Now balancing h(r)* and hh,., we find m = 1. Thus, we assume that
hr) =a19~" +ag + ary. (4.14)

Substituting equation (4.14) together with (4.10) into (4.13) yields an algebraic equation involving powers
of ¥. Equating the coefficients of each power of i to zero gives a system of algebraic equations for a_1, ag, a1
with solution
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_ 2y _ 2 _ -
a0 = ao, a1=%7 a71:%7 LA k(ﬁ2u4u(u D)
po klnt 1)2(n+2)32’ okt 1)(22n—|— DL w1s)
n-ao n4ag

From (4.15), (4.14), (4.12) and (4.2), we obtain multiple explicit solutions of the Gardner equation (1.1).
We follow [40], [27], [39] and consider four cases. These can be found in Appendix A. Note that we do not
find a Type 4 solution.

Basic features. We discuss some basic features of the solutions in Section 4 B. It is well known that the
presence of dispersion without nonlinearity kills the solitary wave as different Fourier harmonics start
propagating at different group velocities. On the other hand, introducing nonlinearity without dispersion
also destroys the propagation of solitary waves, since the pulse energy is frequently pumped into higher
frequency modes. Thus, in order to maintain solitary waves both dispersion and nonlinearity must be
introduced. We maintained a delicate balance between the nonlinearity effect of dual power law terms, u?"
and u™, and the dispersive effect of u,,, which resulted in solitons or solitary waves of the Gardner equation
(1.1). The solitons are waves that are characterised by retaining their identity upon interacting with other
solitons without change of shape and velocity properties. The type of travelling wave solutions depends on
the values of the physical parameters. Solutions (A.1), (A.3), (A.6), (A.7), (A.8) and (A.10) describe the
soliton solution [14]. Fig. 1 (a) shows the soliton obtained from solution (A.8). Solutions (A.9), (A.11) and
(A.12) represent exact singular soliton solutions (as shown in Fig. 1 (b)). Solutions (A.25) and (A.26) have
the exact solitary wave of kink type [23], graphically represented in Fig. 1(c). Solutions (A.2), (A.4) and
(A.5) represent the solitary wave solutions of singular kink type (see Fig. 1 (d)). The solutions of (A.13),
(A.15), (A.18) — (A.20) and (A.22) are periodic wave solutions. Fig. 1 (e) shows the periodic travelling
wave solution obtained from (A.13). Solutions (A.14), (A.16), (A.17), (A.21), (A.23) and (A.24) describe
singular periodic wave solutions as shown in Fig. 1 (f).

Note that if ;1 = 0 in equations (A.1), (A.2), (A.4), (A.5), (A.9), (A.12) and when g = 0, with F' =0 in
(A.6), our obtained solutions are identical to those solutions obtained by Li et al. [24] using the substitution
method. Thus their solutions are a subset of our results.

5. Similarity solutions of the Gardner equation

The symmetry generator X3 in (2.13) gives rise the invariants

u(z,t) = w(r)t_% - 236,7“ = at™5 —ath + bztf . (5.1)
Substitution of this (5.1) into equation (1.2) results in the ODE
3kwyrr + 3cw?w, — rw, —w = 0. (5.2)
Integrating the above equation (5.2) gives
3kwy, 4+ cw® — rw = ky, (5.3)

where k; is a constant of integration. Equation (5.3) is known as the first Painlevé transcendent. Its solutions
w = o(r) are meromorphic in the entire complex plane, but are essentially new functions that cannot be
expressed in any standard form [31].
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Fig. 1. (a) Soliton shaped solitary wave solution for (A.8), with n = 1l,a0 = 1,8 = 1,A = 1,u = —1,v = 2. (b) Singular
soliton shaped solitary wave solution of (A.9) with same fixed values in (a). (¢) Kink type solitary wave solution for (A.26) with
n=1a =1,8=1,d =1, = 1. (d) Singular kink type solitary wave solution for (A.2) with same fixed values in (c). (e) Periodic

wave solution of (A.13), with n =1,a0 = 1,8 =1,A = 1,u = 1,v = 2. (f) Singular periodic wave solution of (A.16), with same
fixed values in (e).
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Remark. It should be noted that the reduced equation (5.3) is to some extent highly nonlinear and hence
quite challenging to solve analytically. The next logical step would be to look at numerical solutions of the
reduced equations.

Next we investigate the similarity solutions using double reduction theory. We examine the invariance of
the conserved vector (T}, T¥) (3.10) under the symmetry point X3 in (2.13). This will lead to reduction of
Gardner equation (1.1) to ODE form which can be easily solved to find exact solutions. A conserved vector
(T*,T*) is invariant under a Lie point symmetry X if [20]

1 1
X1 @t) (D€ + D.€2) (?) - (gté g%) (?) = (8) ~ (5.4)

In terms of the canonical variables r, s obtained by mapping X to Y = %, the conservation laws can be
expressed as [32]

D,T" + D,T* =0, (5.5)

with 77 and T° given as

"= Di(r)D(s) — Dy (r)Dy(s)’ (5.6)
s T'Dy(s) + T"Dy(s)
! Dy(r)Dx(s) — Dy (r)Dy(s) (5.7)

We obtain from (5.4)

R (TP TP\ —6c 0 TEY (b
X3 (Tf” el o b2 —dac —2¢)\ 1) = \ba )
where X ?[)2] is given by

0 0 0 0
x2 = —GCta + (b*t — 4act — 2090)% +(b+ 20u)% + 4cux%w + GCuM%.
Hence, doubly reduced Gardner equation (1.1) using the scaling symmetry X3 with the conserved vector
(TF,TF) (3.10) is only obtainable when b = 0, n = 1. This means that the power law nonlinearity term must
be quadratic.

We transform the generator X3 to its canonical form Y = % via the invariants
x 2 1 1
r:t—l—atS, w(r) = uts, s:—gln(t). (5.8)
3

Using the above canonical variables (5.8) with the formulas (5.6) and (5.7), we obtained the reduced con-

served vector for (3.10) written as D, T] + D,T¢ = 0 with

T = cw® 4 kw,,, (5.9)
7 = w. (5.10)

The reduced equation becomes
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cw? + kwy, =k, (5.11)

where k; is a constant. The integration of the above equation (5.11) results in

/ dw
\/ mwks — Gt

where ks is a constant of integration.

=7+ ko, (5.12)

6. Constants of motion and asymptotic behaviour

The conserved integrals defining mass, momentum and energy for the Gardner equation (1.1) are given
respectively by

oo oo

I = / Tidx = / udz, (6.1)
¢ L o

I, = /Tzdx: / FU dz, (6.2)

I3 = / Tidr = / ! cu®"t? 4 L el (6.3)

3 3 k(2n+1)(2n + 2) k(n+1)(n+2) 2 '

which yield constants of motion for all smooth solutions u(t,z) with sufficiently rapid decay v — 0 as
T — Foo0.

For a given solution u(t, z) of a Gardner equation (1.1), these integrated densities (6.1)—(6.3) will define a
finite conserved (i.e. time-independent) quantity if and only if the densities 7}, i = 1, ..., 3 themselves have
sufficiently rapid decay as |z| — oo and also the corresponding fluxes T, ¢ = 1, ...,3 vanish for z — +oo.
We will now determine which of the integrated densities yield a finite conserved quantity for the solutions
(4.6)—(4.8) obtained in Section 4. To proceed we first write down the asymptotic behaviour of each solution
such that |r| > \/% Solution (4.6) has asymptotic behaviour

k

up = O(1) as |z| = oc. (6.4)
Similarly,
uz =0 (x) as = — 0. (6.5)

Finally, solution (4.7) has asymptotic exponential decay
ug = O (e_V A’“‘a|w> as |z| — oo. (6.6)

From this asymptotic behaviour, it is unambiguous to derive the conditions under which each integrated
density (6.1)—(6.3) is conserved and finite for each of the solutions.

After some detailed calculations, it turns out that all the integrated density (6.1)—(6.3) are conserved
and finite only for the solitary wave (4.6) in the special case n = 2, ¢ = 0. The conserved mass, momentum
and energy for this solution are given by
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o0

k

I = /uld:c: %ﬂ', (6.7)
i 61/k(h —

Igza/ufdaj:%, (6.8)

—00

7 1 1
I = - n+2 _ -2
3 / (k(n T1)(n+2) buy 2““) du

— 00

2\ — a)?
=T (6.9)

Interestingly, the momentum I and the energy I3 satisfy the relation

Iy = % (A - “) (6.10)

7. Conclusion

In this paper, using the group theoretic method, the third order Gardner equation with dual power
law nonlinearity as a generalised setting was studied. In the sense of geometric symmetry, all the vector
fields of the equation were presented. The Gardner equation possesses only translational symmetries. These
symmetries reduce the nonlinear third order PDE to an integrable third order ODE and we obtained four
independent solutions. As the Gardner equation is a third order PDE (and hence not derivable from a
variational principle) its conservation laws were discussed via the multiplier method and Noether approach
(after increasing the order by one). The importance of these conservation laws was demonstrated using
double reduction theory which is based on the invariance of conserved vectors under symmetries. As a
result, one independent solution was obtained. Furthermore, we derived additional nontrivial conservation
laws and scaling symmetries for some special cases of the Gardner equation. Similar studies are carried out
for these special cases. Moreover, the singular soliton and singular periodic solutions were extracted for the
Gardner equation with the aid of the improved generalised Riccati method. Certain constraints or compat-
ibility conditions of the parameters of the Gardner equation had to be satisfied to ensure the existence of
these solutions. To understand the behaviour of the solutions, we plotted the graphs of the solution surfaces
for some special parameter values. Most of the solutions presented have not been reported in literature
and many known solutions are only special cases of our results. These solutions include important soliton
solutions and nontrivial solutions in terms of special functions which are meromorphic in the entire com-
plex plane. Remarkably, such solutions, having special functions together with arbitrary parameters can be
used as a benchmark for solving other related model problems and assessing numerical and approximate
analytical methods for nonlinear equations describing solitons in wave mechanics. Apart from complement-
ing results in the literature, the solutions are also useful in the analysis of wave propagation on physical
phenomena.

We note that a proper application of the multiplier method will provide additional conservation laws not
obtainable from other methods. Work on this is ongoing.
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Appendix A. Explicit solutions of the Gardner equation using improved generalised Riccati equation

mapping method

Type 1. Q = B2 — 4u(v — 1) > 0, B — 1) £ 0, (or (v — 1) £ 0)

1

ui(t, ) = ag _5 (5+\/§tanh(M)> +1 % <5+ tanh( : |
uz(t, x :al [ —2/~L(U_1) fi \/ﬁgghM) n
(t,x) 0 <6+\/§C0th( (z— )\t))) +1 28 (ﬂJr th( 2 ) ,
u(t,) = af | —2u(v — 1)
K (6 +vQ (tanh(x/ﬁ(x — At)) = isech(vQ(z — At»))

+1—-—= (3 +VQ (tanh(\/ﬁ(ac —At)) + isech(\/ﬁ(x — )\t))))] ,

2p

—2p(v — 1)

1
n

ug(t,x) = af

1 g (54 VA (corh(VBw — 20) sVl — )|

2p

[ (ﬁ +VQ (coth(\F(ﬂc — M) £ csch(vVQ(z — At))))

3=

us(t,z) = ag

1 [ —4u(v —1)

48 4

- <2B+\/_<t h(M)ico

B (25 +vQ (tanh(@) + COth(@)))

th(\/ﬁ(x4— At))>>] "

1|2 —1) (E2 + F?)
n[u(l/ ( +\/

ug(t, ) = a 3

— EV/Qcosh(vVQ(z — At)))l

Esinh(vVQ(z — M\t)) + F

Esinh(vVQ(z — At)) +

+1+_<_ +\/ (B2 + F2) E\/ﬁcosh\/_(x—/\t))>1}‘7

sl =) (_, OAFTE + EVcosh(vOir - M) -
Esinh(vVQ(z — \t)) + F

+1+i 5 VO(F? — E2) + EvVQcosh(VQ(z — At)) »
2 Esinh(vVQ(z — \t)) + F 7

where E and F are two non-zero real constants satisfying F? —

E? >0,

)

(A1)

(A.2)

(A.4)

(A.5)

(A.6)
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+1

us(t ) = ag @)

1 l\/ﬁsinh(w) — Bcosh(M)
283 cosh(~—5—=)

1

p \/ﬁsinh(M) _ BCOSh(M) ’ .

+1

1 ﬂsinh(@) - \/ﬁcosh(w)
ug(t, ) =af |— Y Te
203 sinh(~—5—=)

)

sinh (Y220,
Bsinh(@) - \/ﬁcosh(w)

1 l\/ﬁsinh(\/ﬁ(x — At)) — Beosh(VQ(z — M) £ivVQ L

ulO(tv x) = aO"' 2/3 COSh( \/ﬁ(x—kt))
2

3=

(A.10)

Y

2p(v — 1)
B
1 l—ﬁsinh(\/ﬁ(x — A1) + VQcosh(VQ(z — At)) £ VQ o

ui1(t, ) = af

cosh(w)
(msmh(\/ﬁ(x — At)) — Beosh(vQ(z — At)) + ii\/§>

23 sinh( —‘/ﬁ(z_ At) )

3=

. (A1D)

2p(v — 1)
5

1 l—Qﬂsinh(M) cosh(@) + QmCOShQ(M) ) .

sinh (Y=
<[3 sinh(vVQ(z — At)) + vVQcosh(VQ(z — \t)) + \/ﬁ)]

uia(t, x) = af
’ 48 sinh( m("f:)‘t) ) cosh( m(‘ff)‘t) )

3=

sinh( 7\/5(1_/\” ) cosh( 7\/5(2_’\” )

dp(v —1)
+
’ <—2ﬂ sinh( Y20 cosh(YVIEZ) 4 2/ cosh? (VL) m)

(A.12)

Type 2. <0, B(v—1) #0, (or u(v —1) #0)

n ( — )
wis(t,) = g L" (—/3+¢_2—g;n (1@)) -

e (VR (YY) a9

1

il 2u(v —1)
) =oh |y
*% (5+\/_Qcot <\/$(;:_>\t)>>}n, (A.14)
uys(t, x) = ap 2 = 1)

’ “ 13 (=8 + V=0 (tan(v=0(x — M) % sec(—vA(z — A1) )
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14 ﬁ ( B+ V-0 (tan(\/_(x —\t)) =+ sec(—VQ(z — )\t))))} ; , (A.15)
wie(t, @) = af [ 2y = 1)
’ “| s (5 + V=0 (cot(v=02(x — M) % ese(~vA2(z — \1))))
1 (5 NYae) (cot(\/_(ac — ) £ ese(—VQ(x — At))))} ; , (A.16)
urr(t,x) = ad

Ap(v —1)

2 (x— At)) — cot (@(w - At))))
+1+_ﬁ< 25+\/_<tan<\/_9

) et (L2 m)))]

[ 8 (~26 + =9 (tan (52

it —ad |20 =D (L =V E ) E\/T)cos(ﬁ(x o))
e B Esm(\/—(ﬂc —At)) +
+/—Q(E? — F?) E\/_Qcos(\/_(x —At)) "
H+ﬁ<ﬁ+ Emwgﬁ—M) ﬂ , (A.18)
o) — ot (28020 (VO ) 4 BV Dheos(y 0 — M) -
H1oth ) = Ao B Esin(v/—Q(z — \t)) + F
5 +/—Q(E? - F?) +E\/_QCOS(\/_(.Z‘7)\15)) - (A19)
ﬁ Ebln(\/_(x —At)) + 7 '
where E and F are two non-zero real constants satisfying E? — F? > 0,
\/—sm( V= ac At) )_i_ﬁcos(mgc—)\t))
UQO(t l‘) o ao 23 COS(M(; )\t))
C 2u(v 1) cos( F(T_’\t)) i
i B (m sin (YA | g eos(Y2=A0y J | (420
—fsin( F(I M)) + v/ —Q cos( F(z At))
UQl(t l‘) o ao 26 sm(\/_(; )\t))
2u(v — 1) s1n(7p(T_>\f)> )] 5 A9]
T ( —sin(YEEEAM) 4/ cos(YEEM) | e
(t2) = V=Qsin(v/=Q(z — At)) + Beos(v—=Q(z — At)) £ /-Q
U22(T, T) = ao 23 cos( M(Qw—xt))
C2u(v - 1) cos(Y=Ha=A0 ) "
-5 (msm(m(x ")) 1 Beos(V—(z — M) Lv=a )| (A.22)
uss(t,z) = af l —Bsin(v=Q(z — At)) + V—Qcos(vV—Q(z — A1) £ V-0

28 sin(Y=2=A0)
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in (Y020 0
g 2D = ) . (A2
B —Bsin(v/—Q(x — \t)) + \/_Qcos V=Q(z — \t)) £/-Q
1 —2,8 Sin( msf_”))cos( mglw—)\t ) +9 /20 cos (775)@) o)
u24(t, ) = ag B N TP i
40 sin( 1 ) cos( i )
14 dp(v —1) sin(maE*At) ) Cos(m(éff)\t)) W
153 —28sin( m&z—)\t) ) COs( M(‘f—kt)) +2/-Q COS2(@) /=0
(A.24)
Type 3. u=0 (v — 1) #0,
1 d w
uas(t @) = ag [l - (d T cosh(B(z — M) — sinh(B(z — At))} ’ (A.25)
o cosh(B(z — At) +sinh(B(z — At) \1"
vao(t 2) = a5 [l - (d T cosh(B(z — Af) + sinh(B(z — At)ﬂ ! (A.26)

where d is an arbitrary constant.

Type 4. p = 3 =0, v # 1. There is no solution to the Gardner equation (1.1) for Type 4.
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