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Abstract: In this work, we study a generalised (2 + 1) equation of the Zakharov—Kuznetsov
(ZK)(m, n, k) equation involving three arbitrary functions. From the point of view of the Lie symmetry
theory, we have derived all Lie symmetries of this equation depending on the arbitrary functions.
Line soliton solutions have also been obtained. Moreover, we study the low-order conservation
laws by applying the multiplier method. This family of equations is rich in Lie symmetries and
conservation laws. Finally, when the equation is expressed in potential form, it admits a variational
structure in the case when two of the arbitrary functions are linear. In addition, the corresponding
Hamiltonian formulation is presented.
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1. Introduction

In the context of plasma physics, the Zakharov—Kuznetsov equation (ZK) arises to describe
ion-sound waves propagating along the magnetic field [1]. Its formal derivation involves the
Euler-Poisson system for uniformly magnetised plasmas [2]. The two-dimensional ZK equation
has the form

Uy + udyu +0,Au =0, u=u(txy). (1)

The ZK equation describes the behaviour of weakly nonlinear ion-acoustic waves in plasma
comprising cold ions and hot isothermal electrons in a uniform magnetic field. It generalised the
well-known Korteweg de Vries (KdV) equation, it is not completely integrable and has a Hamiltonian.

There are several papers in which different generalisations of Equation (1), in two and three
dimensions, have been studied. We shall now proceed to show some well-known generalised ZK
equations in (2 4 1)-dimensions:

o  The modified Zakharov-Kuznetsov equation [3-5]
up + au™u, + (uxx + ”W)x =0, ()

where a # 0 and n > 1 are arbitrary constants.
e  The ZK(m,n, k)
ur+a(u™)x + b(u") xxx +c(uk)yyx =0, (3)

where g, b, ¢ are arbitrary constants while m, n and k are positive integers [6-8].
e  ZK(m,n, k) equation with generalised evolution and time-dependent coefficients

() a(t) (™) 5+ b(1) (") xxx + () () g = ()l )
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where a(t),b(t),c(t),a(t) are time-dependent coefficients and m, n, k, I are integers [9,10].

In the present paper, we are interested in studying a generalised ZK equation involving arbitrary
functions. The simplest generalization would be

up + udy f(u) + 9xAg(u) = 0. (5)

In the previous Equation (5), 0xAg(u) represents the dispersion term, with the same dispersion
effect for directions x and y. However, in order to get a more general classification, we consider the
case in which the dispersion effect could be different in the two directions.

Therefore, we study the following (2 + 1)-dimensional generalised Zakharov-Kuznetsov equation
involving three arbitrary functions (gZK)

up + f(u)x + g(1)xxx +h(t)yyx =0, (6)

where f(u), g(u) and h(u) are nonzero arbitrary functions.

When functions f, g and h are p-power nonlinearities, it was proved that the equation admits new
solitary pattern, solitary wave and singular solitary wave solutions. Moreover, the authors proved a
theorem on the convergence of the homotopy analysis method to solve this equation [11].

Due to the physical background of the equation, the objectives of this work are twofold. First,
we seek point symmetries of Equation (6). Symmetries of a partial differential equation (PDE) leave
invariant the whole space of solutions of the equation and, in that way, symmetries can be used to obtain
reductions and exact group-invariant solutions. The Lie method determines all the Lie symmetries that
a given PDE admits [12-15]. Moreover, for different cases of the ZK Equation (2)—(4), the Lie method
has been shown as a useful tool to get exact solutions, including soliton solutions, cnoidal waves and
travelling wave solutions [16-19]. In Section 3, line soliton solutions have been obtained.

Second, we aim to study the conservation laws of the gZK Equation (6) with physical interest.
Conservation laws provide basic conserved quantities for all solutions, such as, mass, energy and
so on. By using the multiplier method [20-22], we find all local conservation laws admitted by gZK
Equation (6). Conservation laws for some special cases of the previous Equations (2)—(4) can be found
in [23-25]. Consequently, the study of conservation laws of Equation (6) is also motivated to determine
special cases for the arbitrary functions, f, g and h, with extra conservation laws.

Finally, making use of the fact that an equation admits a variational structure if and only if the
Frechet derivative of the equation is self-adjoint (i.e., the Helmholtz conditions hold) [15,22], we present
the case for the arbitrary functions f, ¢ and & when the potential form of the gZK Equation (6)
possesses a variational structure and we write the associated Hamiltonian formulation for the gZK
Equation (6). Next, we determine the variational symmetries of the potential equation admitting the
variational structure.

2. Lie Symmetries

We apply the Lie method to the two-dimensional gZK Equation (6). Therefore, we consider a
one-parameter Lie group of point transformations acting on independent and dependent variables

=

t+et(t,x,y,u) + O(e?),

¥ = x+edi(txyu)+O(),
§ = y+edltryyu)+0(R), @
i = u-+ten(txyu)+O(),

where ¢ is the group parameter. A Lie point symmetry for Equation (6) is a transformation (7) that
leaves (6) invariant. From (7) one can obtain the associated vector field which is given by
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X =1(t,x,y,u)0 + C1(t, x,y,u)0x + Ea(t, x,y,u)dy +1(t,x,y,u)0y. (8)

A generator (8) is a point symmetry of gZK Equation (6) if
X(3) (th +f(u)x + g(u)xxx + h(u)yyx) == 0 (9)

when Equation (6) holds. Here, X(®) is the third prolongation of the vector field (8) defined by

]

3) _ 1 90 (@2 0
X X+ aui1+17

2
e auiliz

3 0

3
iriziz 9y

+

i L
! hiizl3

with coefficients

m

77? = Dy (1) —uDj (T) — uxDj (1) — uy Dy, (82),
’71-2% = Dyl 1-(1)) — uy¢D;, (T) — ;2 D, (81) — i,y D, (82),
171'131'21'3 - Dl3(1111211) - uiliztDig (T) - uiliszig, (gl) - uiliz}/Di3 (62)1

where D is the total derivative operator, u; = g—;, i =123withx; =1t x =xandx3 =y,
and i; = 1,2,3forj=1,2,3.

Invariance condition (9) can be expanded and split with respect to the derivatives of u obtaining an
overdetermined linear system of equations for the infinitesimals T(¢, x,y,u), §1(t, x,y,u), &2 (t, x,y,u),
1n(t, x,y,u) along with the arbitrary functions f(u), ¢(u) and h(u). Thus we have the following result:

Theorem 1. The classification of point symmetries admitted by the (2 + 1)-dimensional generalised
Zakharov—Kuznetsov Equation (6) is given by the following cases:

(i) For arbitrary f(u), g(u) and h(u), the admitted point symmetries are generated by:

X1 - at/
time-translation.

XZ = aX/
space-translation.

X3 - ay,
space-translation.

(i) Additional point symmetries are admitted by the (2 + 1)-dimensional generalised ZK Equation (6) in the
following cases:

e  Forarbitrary g(u), h(u), and f(u) = fiu + fo, there is an extra generator:

Xy = 3t + (2f1t + x) 0x + Y9y,
dilation combined with a Galilean boost.

o Forf(u)=filu+a)™+ fou+f3,g(u) = q1(u+a)" + g and h(u) = hy(u+ a)? + hy, the
additional symmetry is

X5 = (3m —n —2)td; + (2f2(m — 1)t + (m — n)x) 0x + (m — q)ydy — 2(u + a)dy,
shift combined with a scaling and a Galilean boost.

Moreover:
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-  Form =1land f, =0, generator Xy is also admitted.

- Form=2n=qg=1,a=0, the following generator is admitted

X6 = 2f1 tax + all/
Galilean boost

A

A > 0, two additional generators are admitted
1

1
- Fornzl,m:q:—gand

X; = <2cos2 ( ﬁy) - 1) dy+3 %sin <2 ﬁy) (u+a)dy,

Xg = sin (2 Qy) dy —3 % <2C0s2 ( fly) - 1) (4 a)ay.

- Forn=1m=gq= —% and Z—l < 0, two additional generators are admitted
1
Xg = 2./—y) (9, —3y/—L d
s = exp (2~ Ly) (8 3/ fw o),
X9 = exp (—2 —{&y) (ay +3 —%(u + a)au) .

o Forf(u)=frlu+a)"+ fru+ f3, g(u) = g1 In(u+a)+ g, and h(u) = hy(u +a)? + hy,

Xs5|,—0 = (Bm —2)tdt + (2f2(m — 1)t + mx) O + (m — q)ydy — 2(u + a)dy,
shift combined with a scaling and a Galilean boost.

Moreover, for m = 1 and f, = 0, Xy is also admitted.
o Forf(u)=frlu+a)"+ fru+fs, g(u) =g1(u+a)"+grand h(u) = hyIn(u+a) + hy

Xs|g—g = (Bm —n = 2)td; + (2f2(m — 1)t + (m — n)x) dx + mydy — 2(u + a)du,
shift combined with a scaling and a Galilean boost.

As before, for m = 1 and fy = 0, Xy is admitted.
o Forf(u)=frlu+a)"+ fru+fs, g(u) =g In(u+a)+ g and h(u) = hyIn(u +a) + hy

X5y—g—o = (B3m = 2)td; + (2f2(m — 1)t + mx) Ox + mydy — 2(u + a)dy,
shift combined with a scaling and a Galilean boost.

Moreover, for m = 1 and f, = 0, Xy is admitted.
o Forf(u)=filn(u+a)+ fou+ f3, g(u) = g1(u+a)" + g and h(u) = hy(u+a)l + hy

X5l u—g = (n +2)td; + (2f2t + nx) 9y + qydy +2(u + a)dy,
shift combined with a scaling and a Galilean boost.

o Forf(u)= filn(u+a)+ fru+ f3,g(u) = g1 In(u+a)+ g and h(u) = hy(u +a)? + hy

X5 yep—o = 210t +2f2t0x + qydy + 2(u + a)dy,
shift combined with a scaling and a Galilean boost.
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o Forf(u)=filn(u+a)+ fou+f3,g(u) =g1(u+a)" + g and h(u) = hyIn(u +a) + hy

X5|m:q:0 = (n+2)tds + (2fot +nx) 9y +2(u 4+ a)dy,
shift combined with a scaling and a Galilean boost.

o Forf(u)=filn(u+a)+ fou+f3,g(u) =g1In(u+a)+ g and h(u) = hyIn(u+a) + hy

X5|m:n:q:0 =19y + fotdx + (1 +a)dy,
shift combined with a scaling and a Galilean boost.

o Forf(u)=filu+a)(In(u+a)—1)+ fou+ f3, g(u) = g1(u+a)" + g and h(u) = hy(u +
ﬂ)q + hy

X = (n—=1)tos + (2fit + (n — 1)x) 9x + (9 — 1)yoy +2(u 4 a)dy,
shift combined with a scaling and a Galilean boost.

e Forf(u)=filut+a)(In(u+a)—1)+ fou+ f3,¢(u) = g1 In(u+a) + g and h(u) = hy(u +
)T+ hy
Xi1lpyeg = =10 + (2f1t — x) 0x + (9 — 1)y9y + 2(u 4 a)0y,
shift combined with a scaling and a Galilean boost.

o Forf(u)= fi(u+a)(In(u+a)—1)+ fou+ f3,g(u) = g1 (u+a)" + gy and h(u) = hy In(u +
11) + hy
Xi1lg—o = (n = 1)tor + (2fit + (n = 1)x) 0x — ydy + 2(u + a)dy,
shift combined with a scaling and a Galilean boost.

o For f(u) = Alu+a)(In(u+a)—1)+ fou+ f3, g(u) = g1In(u+a) + g and h(u) =
hl ll’l(lzl + Ll) + hz

X11ly—g—o = —tor + (2f1t — x) 0x — Y9y + 2(u + a)y,
shift combined with a scaling and a Galilean boost.

o Forf(u) = fre™ + fru+ f3,8(u) = g1e"™ + go and h(u) = h1e™ + hy

Xip = (3m — n)tds + (2mfot + (m — n)x) 9y + (m — q)ydy — 29y,
dilation combined with a Galilean boost.

o For f(u) = fre™ + fou+ f3, g(u) = gu + g and h(u) = hye™ + hy

X12|p—g = 3mto; +m (2fot + x) 0y + (m — q)ydy — 20y,
dilation combined with a Galilean boost.

o For f(u) = f1e"™ + fou+ f3, g(u) = g1e™ + go and h(u) = hyu + hy

X12|q:0 = (Sm — n)tat + (mezt + (Tl’l — T’l)x) oy + myay — 20y,
dilation combined with a Galilean boost.

e For f(u) = fre"™ + fou+ f3, g(u) = gu + gp and h(u) = hqyu + hy

X12|y—g—g = 3mtd; + m (2fat 4 x) Ox + mydy — 20y,
dilation combined with a Galilean boost.

In the above, f1 # 0, f2, f3,81 # 0, 2, h1 #0, hy, a, m # 0, n # 0 and q # 0 are arbitrary constants.
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3. Line Soliton Solution

A line soliton solution
u(t,x,y) = w(x + uy — At), (10)

is a travelling wave solution of the form u(t,x,y) = w (K-x— At) with x = (x,y) and K = (1, p).
The solution depends on two parameters, where u represents the direction of propagation of the line
soliton, i.e., the inclination of the line soliton in the (x, y)-plane is y = tana, with « the angle from the
positive y-axis in counterclockwise direction; whereas ¢ = |’\—‘ =3 J:‘ 5 represents the speed of the wave.

In this section, we will determine line soliton solutions for the (2 + 1)-dimensional generalised
Zakharov-Kuznetsov Equation (6). Taking into account the line soliton formulation (10) into
Equation (6) we obtain the nonlinear third-order ODE

(yzh/ ) /// Z) 43 (yzh”( )+g//(w )w/ Z)ZU" Z) (11)
(pﬂh’"(w) " () (@/(2)) + (f () — A) /(2) =0,
where z = x + uy — At. Integrating Equation (11) with respect to z we obtain
(121 () + ¢/ (w) ) 0" (2) + (42" (w) + &" () ) (@ (2))* + f(w) = Aw = 0, (12)

omitting the constant of integration. We recall that we are interested in a solitary wave solution,
therefore we impose w, w', w"” — 0 as z — £oo. On the other hand, if one considers f(w) = Aw,
¢(w) = —u?h(w), Equation (12) is solved. Thus, it is obvious that

u(t,x,y) = asech™ (b(x + uy — At)), (13)

with m, a and b nonzero arbitrary constants, is a smooth solution of Equation (6) for f(u) = Au,
g(u) = —u?h(u) satisfying the desired asymptotic conditions.

In [9], the authors proved the existence of solitary wave solutions for Equation (6) with f(u), g(u)
and h(u) power functions. As far as we are concerned, line soliton solutions given by (13) have not
been previously obtained.

4. Conservation Laws

We apply the direct method of the multipliers in order to obtain conservation laws of the
(2 + 1)-dimensional generalised Zakharov—Kuznetsov equation with three arbitrary functions (6).
In two dimensions, a local conservation law is a divergence expression of the form

DiT 4+ DyX +D,Y =0 (14)

that holds for the whole set of solutions u(t, x, y).

T is called conserved density, and X, Y are spatial fluxes. The three are functions depending on
t,x,y,u and spatial derivatives of u because, by using the equation, time derivatives can be vanished.
A conserved current is an expression (T, X,Y).

Every non-trivial local conservation law (14) for Equation (6) can be expressed in its
characteristic form

DT + DX + DyY = (1 + f(1)x + g(1)xux + (1)) Q, (15)

where
oT

Q=% (16)
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is the so called multiplier. Solving the following system of determining equations

5(;1 ((ut +f( ) +g(“)xxx + h(u)yyx)Q) =0, (17)

that holds off the set of solutions of Equation (6), all multipliers Q can be found.

All non-trivial conservation laws arise from multipliers (16). Moreover, as conservation laws
of physical importance come from low-order multipliers, we have considered multipliers of the
form Q(t, x,y, u, uy, Uy, Uxx, uyy). Similarly to Lie symmetries, here the determining Equation (17) for
low-order multipliers splits with respect to uy, tyyx, Uxyy and their differential consequences, yielding
an overdetermined system of equations for Q and the arbitrary functions which Equation (6) involves.

Once the multipliers are found, the corresponding non-trivial local conservation laws can be
obtained by integrating the characteristic Equation (15).

Theorem 2. All low-order conservation laws of the (2 + 1)-dimensional gZK Equation (6) are

(i) Forarbitrary f(u), g(u) and h(u), there is one multiplier Q1 = F(u) of which the conservation law is

=F(y)u,
= F(y) g + (S5 F (1)) () + F () (uttex + £ (1)), (18)
= F (y) hutixy + F (y) huuuixuy — (d%F (y)) hytiy.

(ii)  Additional conservation laws are admitted in the following cases:

e  For arbitrary h(u), f(u) = frh(u) + fou+ f3, and g(u) = g1u + o, there are seven extra
multipliers.

—  For the multiplier Qy = eV ~f1Y,

TZ = eV 7flyu,
Xy =e —hy (—hm/ffluy +f1h(u)+f2u+g1 Mxx), (19)

Y, =eV ¥ (huutixity + hyiixy) -

—  For the multiplier Q3 = e~ V1Y,

T; = e*\/iflyu,
X3 = (lun/—=frty + frl (u) + fo i+ g1 1uxy) € VY, (20)

Y’_?) - (huu‘l/lx”y ‘|— huuxy) e Vv _fl‘l/.

-y x
—  For the multiplier Q4 = e\ﬁ\/l;»z\/gfl sin < \/;—21 )
e\/?‘ﬂﬁu . \/]sz
Ty = NG L sin ( Ta >/
/R in (
Xe= =0 (g iy - a0 - 1% ) i ()
+ cos ) Vs ux) , (21)
eV —f i
Y, = \/\/gy 81 (huutixity + hytiy ) sin <\/\/§x>

+ cos ( J%x) h(u) \/]Tz\/Tﬁ) :
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—  For the multiplier Qs = \/f%y sin ({g‘),
2€

_ ﬁe_mytl . fox
Ts = : 5 sin ( Ve ),

Xs= —°¢ ﬁy (( V&IV = filutty — /g1l (u) f — ”xx) 51“(\7;?21}{)
+ cos (gx> \/]ng1 Mx),

-+ cos ( \/;ilx) h(”) \/JTZ\/T) :
(22)
—  For the multiplier Q¢ = — \/E%y cos (\{%") ,
B \/giei\/iflyu f2x
T6 - — L \/E CcOs < \/871 )/
Xo= 0 (G + FR 0 f + ) cos (V)
+g1 sin (\/\/fz ) f2> 23)
+ sin (%x) V= fih (u) \/72) .
—f
—  For the multiplier Q7 = —e\ﬁ\/l%‘/ﬁ cos < \/;ilx>,
o emyﬁu \/}sz
T, = — /A L cos ( e )

VT
X7= - \/\/gy (_\/8'»1\/ — frhuuy + \/81h (u) f1 +813/2L‘XX> cos <¢/g)

+g1 sin Vg) ux\/]T2> ,

gy
Y7 _ e\/\/gj <_\/g>l (huuuxuy + huuxy) cos <\\//§ilx)

+sin <\/\/J;7%x> V= fih (u) \/JT2> :
(24)
(V) 1) 6o
- FOT’ the multIPZZEr QS == myf 7
e 2
Tg = %Zu (e_V ~hY te _fly) (tfo—x),
1

Xg = 7, ((huuy (tha=x)/=fi+ fi (ta—x) h (u)
+f22tu + (g1 tux — x1t) fo — g1 (XUxy — ux)) eV Sy
eV I (—hyuy (tfo = %) /=fi+ fu (tf2 = ) 1 () (25)
+ ol tu 4 (g1 tigy — xU) fo — g1 (Xlyy — 11y)
Yo= b (V=R W)+ (hattzny + i) (f> — x)) eV Y
+ (=v/—alh (u) + (huutixity + hytixy) (Lo — x)) e _fly) )
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e  Forarbitrary f(u), h(u), and ¢(u) = g1 + goh (u), there is an additional multiplier Qo = h (u),
whose associated conservation law is

To= [h(u)du,
Xo=[h(u)fudu+h(u)hwg ux2+% (—%2 uxz—uyz) W2
)

26
+h (u hugz Uxx, (26)
Yo = h(u) (huytixity + hytiyy) .
e  Forarbitrary h(u), f(u) = fih(u)+ fou+ f3, and g(u) = g1 + g2 h (u), the multiplier is
-1
k —8 - x - x —
O — 4 \/fgzzkle Woua YTl Vot gy BIE yjash (S ,
4ki1"+ f1
and its associated conservation law is
—y(-4k 2+f1)\/?q2+(4k12+f1)(tf2—x)
e v(—4k 52t
X0 = m (kl (huux (k12 +h /4) V=8 — k12Mx2822 Huu
Tk (uyk12 — ki Qotiy — 1/4 uyfl) h + (K2 = f1/4)% 1 (u)
1/4 —y(4k%h) Vst (4% ) (th—x) (27)

K fu) = gae Ve )

2
Y0 = m (_kl (huuuxuy + huuxy) V=82
/4 *y(*4k12+f1) *82+(4k12+f1)(ff2*’()

+h () (k14 - 1/16f12> e Vsk ).

e For f(u) = fs+ fru+ fref, g(u) = go + g1 €%, and h(u) = hy 2" + hs, there are three
multipliers.

- For the multiplier Q11 = el

hou
Ty = %,
X, — 1 ehZ”(((bl uy2—hy uyz)h22+2g1 hy uxerfl)hz etz +2f2) (28)
11— 3 hy s
Y1 = Qthuhl hy (hz UxUy + uxy) .

hou _
- For the multiplier Q1 = W’”ﬁ%,

_ tel'fitu(th—x)
T12 fily ’

Xu= o <*th2f1 <(*81”x2 +hyuy?) hy® — 281 by *fl) et
+ (2g1ux2 (tfr — x) ho? + 281 (fattixx — Xthxx + ux) hy + 41 (tfo — %)> el (29)
+2fou (i’fz —x)),

Y2 = % e’ (tfl c2el +tf — x) (2 ity + 11yy) -

- For the multiplier

Ky kyv=81lx 4 V-s1mAft Vosihhr v
Q= 4 g1l klezl e & e VA= mh el/4 g1k g Vg
V=81 (4k:*hi+f1)

-1
kiv-s1mfat ’
e 81
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C(4k,2 R
N TTTEERTES S TR
V=g i (4Rt fr)
B 7 - 2 hzu —
B T C Tk (k1 (k% + f1/4) tuchy /=gi Iy
+ <_h12k411 - h12h2 k13uy +mn (g1 o iy + g1 hzzuxz +f1/2) k12
+1/4 fi I by by — 1/16f12) et + friy k%u>

1/4 —(4k1 2 +11) (ta=x) /=81 1 —vgr (=4k2h+f1)
e s1h1ky

Y _ 16 (}112k14—1/16f12)\/—g1 h1+k12g1 hlzhz (I’lz ux“y+llxy)
13 Vg1 (167 E+4 fi k1)

1/4 —4(tf=x) (ky 2hy+ 11 /4) /=81 1y +487 (ky2uhy +kyhy hy u=1/4yf;)
e g1k

10 of 15

(30)

e  Forarbitrary f(u), g(u) = g1u + g, and h(u) = hqu + hy, there are two additional multipliers.

—  For the multiplier Q14 = u,

T14 = 1/21/[2,
X14: gluuxx—1/2h1My2—1/281Mx2+f”%f(”) du’
Y14 = hluuxy.

7

il — 81Uxx fu)
- For the multiplier Q15 = 1y, + 1,1—1 +

— g1 tx2—hq 1,242 d
T15: 1/2 S1u 1“}{1 ff(u) u/

X5 = 1/2 912Uy 242 g1 h iy uy,y+h12uyy2+2g1f(u) Ux+2 hy f () uyy+287 ux+(f (1))

hq
Y15 = UxUy.

(31)

(32)

o For f(u) = 1/2f1u> + fru+a3, g(u) = giu+ g, and h(u) = hyu + hy, there are two

extra multipliers.
—  For the multiplier Q1 = (—fiu — fo) t +x,

Tie= —-1/2 ((f1u+2f2)t—2x)u,

X16 = 1/6 (—2f12M3 — 6f1 f2 le + ((—6uxxg1 — 6h1 uyy) f1 — 6f22) u

+ (3g1 uxz -3 Llyz) f1 — 6f2 (gluxx + uyy)) t+ 1/2f1 xu?
+foxu+1/6 (6 Xtixy — 6uy) g1 + hy Xy,
Yl6 = hl (fl tuy — 1) Uy.

2
—  For the multiplier Q17 = iy, + %‘1“ +1/2 %,

o frud—=3g1ux*—3hyu,?

Xy7 = ﬁ (12 12uxx® + (24 hyuxxiiyy + 12 fy Py + 12y (foux +2ur)) §1
120202 + (12 i iy =12 fou®) Iy +3 i2ut + 41 o %),
Y17 = (f2 ux—i—ut) Uy.

(33)

(34)

In the above, f1 # 0, f2, f3,81 # 0, g2, h1 # 0, hy # 0, h3 # 0 and ky # 0 are arbitrary constants.

5. Variational Structure and Hamiltonian Formulation

The (2 + 1)-dimensional generalised Zakharov—Kuznetsov Equation (6) can be written in

potential form
Otx +f(vx)x + g(vx)xxx + h(vx)yyx =0,

(35)
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in terms of the potential
U = Uy. (36)

It is straightforward to prove that the potential Equation (35) admits a local Lagrangian structure

5L

5o = 0 (37)

if and only if g(vy) = §10x + 2 and h(vy) = hqvx + hy, where 6L/ v is the variational derivative with
respect to the variable v

)
% = av — Dtavt — Dxaz;x — Dyayy + D%av” + Diavu + Dﬁavw + Dthav,X + DtDyavfy + DnyaUW +eeey (38)

and where the Lagrangian is given by

1 1 1
L= Eglv,%x + Ehlv,zcy — vavy — /f(vx) dvx (39)

in terms of the variable v.
For g(u) = gu + g and h(u) = hyu + hy, the variational structure yields a Hamiltonian
formulation for the gZK Equation (6), given by

0H
w=Dx() 40
where Dy is the Hamiltonian operator and
H= (—/f(u)alu—1 2 - Ly u2) dxd 41)
R 281 ) 14y Y

is the Hamiltonian density.

Variational Symmetries of the gZK Potential Equation

The (2 + 1)-dimensional gZK potential Equation (35) with g(vx) = £17vx + g and h(vy) =
hyvy + hy, given by
Ot + f(0x)x + §10xxxx + h10yyxx = 0, (42)

possesses a local Lagrangian structure (37) in terms of the Lagrangian (39), which we use to find the
variational symmetries of Equation (42).
A generator

Y = T(t/ x/ y’ U)at + 61 (t/ x/ ]// U)ax + gz(t/ x/ ]// U)ay + U(t/ x/ ]// 7])80/ (43)
is a Lie point symmetry of the gZK potential Equation (42) if
Y(4) (vtx + f(vx)x + 810xxxx + hlvyyxx) =0 (44)

when Equation (42) holds. Here Y® is the fourth prolongation of (43).
The point symmetry (43) has an equivalent characteristic form given by

A

Y = Pdy, P =1n—10;—G10x — {20y (45)

in terms of the symmetry characteristic P.



Symmetry 2020, 12, 1277 12 of 15

A symmetry (45) will be a variational symmetry if and only if it leaves invariant the Lagrangian
density L up to a total divergence,

YL = Dy¥' + Dy ¥* + D, ¥V, (46)
with ¥, ¥*, ¢ depending on t, x, y, v, and derivatives of v. The invariance condition is equivalent to

the equation:
6 (6L
—(P%) =0, 47)

where % is the variational derivative (38), in terms of the Lagrangian functional L and the characteristic
P [15,22]. In order to determine the variational symmetries of the ZK potential Equation (42), we verify
which of the symmetries (43) satisfy the variational symmetry condition (47). We are interested in the
cases when f”(vy) # 0, since the Equation (42) is then nonlinear. Thus, we obtain the following results.

Theorem 3. The classification of point symmetries admitted by the (2 + 1)-dimensional generalised
Zakharov—Kuznetsov potential Equation (42) is given by the following cases:

(i) For arbitrary f(vy), g1 and hy, the admitted point symmetries are generated by:

Y] =04,
time-translation.

Y2 = a.XI
space-translation.

Y3 = 9y,
space-translation.

Y4 - F(t,y)ay.

(ii)  Additional point symmetries are admitted by the (2+1)-dimensional generalised ZK potential Equation (6)
in the following cases:

o For f(vyx) = fi(vx +a)" + frux + f3,

Ys = (m —1)3t0; + (m — 1) (2fot + x) 9x + (m — 1)ydy + ((m — 3)v — 2ax)dy,
scaling combined with a Galilean boost.

e Forf(vy) = %flv?c + %fﬂ’;zc + f30x + fa,

Yo = 3f1td: — (f1(2f3t +x) — tf3) 9x — f1ydy + 230y,
dilation combined with a Galilean boost.

e Forf(vy) = %fﬂJ% + f20x + f3,

Y; = fitdx + (x — fot)0y,
Galilean boost.

YS — Btat + (2f2t + x) ax + yay - Uav,
scaling combined with a Galilean boost.
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e Forf(vy) = flvi + foux + f3,

Y9 = 3to; + (Zfzt + x) dy + ]/ay,
dilation combined with a Galilean boost.

Theorem 4. The (2 + 1)-dimensional gZK potential Equation (42) admits the variational point symmetries
spanned by Y1, Yo, Ya, Y4 and Y;. Symmetry Ys is only variational for m = % and symmetry Yg is only
variational for fi = 0, which is equivalent to Yy. Finally, Yg and Yo are not variational symmetries.

Noether’s theorem states that there is a one-to-one correspondence between conservation laws
and variational symmetries for any equation admitting a variational structure [15]. The correspondence
is equivalent to the condition:

Q=P (48)

where Q is the conservation law multiplier and P is the variational symmetry characteristic. Therefore,
for each of the variational symmetries of the gZK potential Equation (42) in Theorem 4, there is a
corresponding conservation law associated to the multiplier Q = P.

We focus our attention on the variational symmetries and conservation laws of the gZK potential
Equation (42) that correspond to local symmetries and local conservation laws of the gZK Equation (6).
We observe that the space-translation symmetry Y, of the potential Equation (42) correspond to the
multiplier Q = v, of the potential Equation (42), that yields the multiplier Q14 = u and conservation
law (31) of gZK Equation (6). We also observe that the Galilean boost symmetry Y7 of the potential
Equation (42) corresponds to the multiplier Q = x — fof — fitv, of the potential Equation (42),
that yields the multiplier Q16 = x — f>t — f1tu and conservation law (33) of gZK Equation (6).

6. Conclusions

In this paper, we have considered a generalised ZK equation in (2 + 1)-dimensions depending
on three arbitrary functions (6). We have performed a classification of point symmetries admitted by
Equation (6) depending on the arbitrary functions f(u), g(u) and h(u). We have shown that if f(u),
¢(u) and h(u) satisfy certain conditions, Equation (6) admits line soliton solutions. To our knowledge,
these solutions have not appeared previously in the literature. We have constructed multipliers of
the generalised ZK Equation (6) having dependence on dependent variables, independent variables,
and derivatives of dependent variables up to second order. After computing multipliers, we have
derived the corresponding low-order local conservation laws. Finally, we have presented the potential
form of the gZK Equation (6) and obtained the Lagrangian structure in the case when g and / are linear
functions. In addition, we have presented the associated Hamiltonian formulation. Moreover, we have
determined the variational symmetries of the potential equation admitting a Lagrangian structure (42).
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Abbreviations

The following abbreviations are used in this manuscript:

ZK

Zakharov-Kuznetsov equation

KdV  Korteweg de Vries
gZK  Generalised Zakharov—Kuznetsov equation with three arbitrary functions
PDE Partial differential equation
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