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Abstract. In this paper, we get the set of symmetry of Zoomeron Differen-
tial Equation (ZDE). Using Lie symmetry method the classical symmetry
operators are obtained. Also, we will find the one-dimensional optimal
system of the ZDE. Furthermore, the reduction Lie invariants correspond-
ing to infinitesimal symmetries are obtained. Along them we will study
the conservation law for ZDE.
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1 Introduction

One of Sophus Lie’s most important discoveries in the case of differential equations
is that he was able to show it is possible to locally transform the complex non-linear
condition in one system of equation by infinitesimal invariants corresponding to the
symmetry group generator of the system to solvable linear condition [5]. This task is
of utmost important in physics. In this article, our aim is to obtain a set of symmetries
of ZDE [4, 13]:
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The classic Lie symmetries are obtain using the Lie symmetry method. This requires
the utilization of computer softwares because working with continuous groups has
computations that follow from the algorithmic process. Having the symmetry group
of a system of equations has a lot of advantages one of which would be the classifica-
tion of the solutions of the system. This classification is in this way that we consider
both of the solutions in one class on the condition that they can be converted to each
other by one element of the symmetry group. If we work with an ordinary system of
equation, the symmetry group will help us to obtain the exact solutions by integrat-
ing once through the reduction of the order of the equation to one. And if the given
equation is of order one type, it is also possible to obtain its general solution, but such
a thing is not the case for the PDE (partial differential equation); that is, it is not
possible to obtain the general solution of one PDE necessarily by having the symme-
try group unless in a case that the system is convertible to a linear system. Also, in
this condition, the solutions that are invariant whit respect to some of the subgroups
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of the symmetry group, are obtained. Another application of the symmetry group is
that the symmetry group for one PDE is probably able to reduce the number of inde-
pendent variables and in the ideal condition convert to one ODE (ordinary differential
equation). Also, another application of symmetry group is to calculate the conserva-
tion laws in physics. In a theorem, Noether showed how symmetry groups lead to the
production of the conservation laws for Euler-Lagrange equation. For instance, the
conservation laws of energy are a matter of invariance under the motion symmetry in
relation to time, whereas the conservation law of angular and linear movement is a
matter of invariance under the transformations of movement and circulation.

2 Method of Lie Symmetry of ZDE

In this part of the article, a general method for the determination of the symmetries
of a system of PDE has been given based on [8] and [3]. Let’s suppose that in the
general case we have a non-linear PDE system:

(2.1) 2 (x,u™) =0, v=1,..,1,

that has [ equations of the order of n, each of which involving p independent variables
and ¢ dependent variables. In it z = (2',...,2P), v = (u},...,u?) and involving
derivation of u in relation to z to the order of n which we show with «(™. Now, let’s
suppose that we have a one-parametric Lie group of infinitesimal transformations that
act on independent and dependent variables (z,t,u) € M = JJ, , = R? as follows:

(2.2) (&,1, 1) = (z,t,u) + s(£4, €%, 0)(x, t,u) + O(s?).

In it s is the group parameter and ¢!, £2, and ¢ are the infinitesimals parts of transfor-
mations. To calculate the Lie symmetry group for ZDE, let’s suppose in the general
case v = £z, t,u) Oy + E%(x,t,u) O + ¢ (z,t,u) Dy, is the same infinitesimal transfor-
mation groups. Now, we prolong the vector field v to order four using the following
formula:

(2.3) Prv = v+ ¢" 0y, + ¢ Oy, + 6" O, + -+ ¢ Dy,

with coefficients

2
(2.4) ¢’ =D,Q + > & uy,
i=1

in which Q = ¢— 527, €'u@ and J = (j1, - ,jx), 1 < jx < 4,1 < k < 4 and the sum
is all over J’s of order 0 < #J < n and uf := du®/x* and u§, := duF/z*(Theorem
(2.36) in [8]). The invariant condition, based on the theorem (6.5) from the [9], for
the ZDE is the system consisting of Pr®v (A) = 0 and ZDE itself, where A is the left
hand side of ZDE. The solution of which yields the system of PDE from the functions
&Y €2 and ¢. In it, the ZDE is a manifold in the jet space J;{t;u =~ R17 and Pri%v is
prolongation to the order four from v. As a result, we have the PDE system:

591; = _¢/u7 5920 =0, gtl =0, ¢z =0, ¢t =0,
We will have the following theorem by solving the system of above PDE’s.

(2.5)
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Theorem 2.1. The Lie group of point symmetries of the ZDE has a Lie algebra
generator in the form of the vector field v with the following functional coefficients.

(2.6) Wz, tu) = iz 43, E3(x,t,u) =cit + o, d(x,t,u) = —cru.
In it, the constant amounts c;, i = 1,2,3 are arbitrary.

Theorem 2.2. The infinitesimal generators from the Lie one-parameter group of the
symmetries of the ZDE are vi = 0, Vo = O, v3 = £ 0, +t 0y — udy,. These vector
fields produce one Lie algebra space G with the following commutator table:

/,/ Vi Vo V3
V1 0 0 Vi
Vo 0 0 Vo
V3 - V1 - Vo 0

3 Group Invariant Solutions of ZDE

To obtain the group of transformations which are generated by infinitesimal generators
v; for i = 1,2, 3, we should solve the first order system involving first order equations
in correspondence to each of the generators simultaneously.

By solving this system, the one parameter group of gi(s) : M — M generated by
v; for i = 1,2, 3 involved in theorem (2) is obtained in the following way;

g (x,tu) — (z—s,tu),
(31) g2 ($7t7u) — (I,t - S,U),
g3 (z,t,u) — (e te” ", ue).

therefore, we will have the following theorem:

Theorem 3.1. If u = f(x,t) is one solution of ZDE, then the following functions
that have been produced through acting g* on u = f(z,t) will also be the solution of
ZDE.

g;f(l‘,t) :f(x_s’t)a ggf(m,t) :f('rat_s)a gff(m,t) :f(xe_svte_s)e_s-

4 Optimal System of One-Dimensional Subalgebras
of ZDE

In this part of the article, we want to obtain the one-dimensional optimal system of
the ZDE using its symmetry group. The optimal system is in fact a standard method
for the classification of one-dimensional sub-algebras in which each class involves con-
jugate equivalent members [10]. Also, they involve the group adjoint representation
which establishes an equivalent relation among all conjugate sub-algebra elements.
In fact, the classification problem for one-dimensional sub-algebra is the same as the
problem of the classification of the representation of its adjoint orbits. In this way,
the optimal system is constructed. The set of invariant solutions corresponding to



178 M. Nadjafikhah and N. Asadi

a one-dimensional sub-algebra is a list of minimal solutions by which all the other
invariant solutions can be obtained by the use of transformations [6]. To calculate
the adjoint representation, we consider the following Lie series

2
(4.1) Ad(exp(sv;)v;) = v; —s ady, v; + % ad‘z,],vj -,

for the favorite vector fields v;, v; in which ady,v; = [v4, v;] is the Lie algebra com-
municator and s is the group parameter; and 7, j = 1,2, 3 ([8],page 199). Therefore,we
will have the following table.

Ad(exp(s)vi)v;) vy Vo V3
V1 Vi1 Vo V3 — SVq
Vo Vi Vo V3 — SVg
V3 e*vy e’voy V3

First, we consider a favorite member (an optional member) from G in the form of
(4.2) vV =ai1vy + azvz +asvs,

and for the simplicity of calculations, each G element in the form of (4.2) can be
corresponded to a vector a = (a1, as,a3) € R?; therefor, the adjoint action can be
considered the same as a type of linear transformation group of vectors, so we can
have the following theorem:

Theorem 4.1. The one-dimensional optimal system of Lie algebra G for the ZDE is
(i): Scaling: v3, and wave traveling solutons: (ii) vi —cvs, where ¢ € R is arbitrary
constant.

Proof: We define the map Ff : G — G by v — Ad(exp(sv;)v) as a linear map, for
i =1,2,3. So the matrices M; corresponding to each of the F?, i = 1,2, 3, in relation
to the basis {v1, vy, v3} will be as follows:

Mf = I3 — sE;3, M; = I3 — sEa3, M§ = €S(E11 =+ Egg) + E33.

In it, E;js are 3 x 3-elementary matrixes, for 7,5 = 1,2, 3; on the condition, that the
(i; 7)-entry of E;; is 1, and others are zero. Suppose v = a1vy + agva + agvs, in this
case, we will have the map combinations as follows:

Fj o FjoFy v [e®a; — sag|vi + [e°az — saz|va + asvs.

We can simplify the v as follows: If ag # 0 then we can vanish the coefficient of v;
and vy using Fy, and Fy by substitution s = Z—;, and s = Z—i And if necessary, we
can suppose a3 = 1 through the Scaling of v. In this case v is reduced to form (7),

and if ag = 0, then v is reduced to form (7).

5 Similarity Reduction of ZDE

The ZDE has been stated with the (z,¢;u) coordinate, but we are looking for a
new coordinate that the equation will reduce if we write it in new coordinate.This
new coordinate is obtained through (y;v) dependent invariant corresponding to the
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infinitesimal symmetry generator. If we state the ZDE with the new coordinate,
using the chain rule, a reduced equation will result.Now we calculate the invariants
corresponding to the symmetry generators existing in the optimal system. The first
status for the first element of the optimal system is vs. It has the determining
equation in the form: dx/x = dt/t = —du/u. Solving this equation will result in the
two invariants of y = x/t, v = tu. Now, if we consider u(z,t) = v(y)/t as a function
of y = x/t, we can state the derivatives of u with respect to = and ¢, in the form of
v and y and the derivatives of v with respect to y, and substituting it in the ZDE,
turns the ZDE to an ordinary equation one as follows:

—(2y(y? — 1)’ + 20(y® + 2) + yo)oo” — y(y? — oo
+(2y(y? — v 4+ 2(4 — Ty v’ — dvPy(v? + 3))v”
+4U’((y2 - 1)1)'2 - yv(v2 + 30 — 3v2(v2 +1)=0.

The second status for the second element of the optimal system is vi — cvsy. It has
the determining equation in the form dz/1 = dt/1 = du/0. Solving this equation will
result in the two invariants of y = cx + ¢, v = u. Now, if we consider u(z,t) = v(y)
as a function of y = cx + t, we can state the derivatives of u with respect to x and
t, in the form of v and y and the derivatives of v with respect to y, and substituting
it in the ZDE, turns the ZDE to an ordinary equation —2vv'v"” — vv'? + 200" +
V"2 — 2620 %0 + 22000 + v’ + 430 + vt = 0. Let ¢ = 1, then we have
the following ODE v + 4v(v'* + vv”") = 0 and v = 0.

6 Characterization of differential invariants

Let’s suppose G that acts on the manifold M C X x U is a local group of transforma-
tion. A differential invariant of order n from group G is defined as a smooth function
having the form, I : J;', , — R. It is dependent on z,u and derivatives of u up to
order n. If I is a differential invariant of order n, then I(Pr™g.(z,u(™) = I(z,u(™)
for (z,u™) € J?, ., and g € G, [8]. To obtain the differential invariant of the ZDE,
up to order two, we solve the system I, =0, I; =0, —ul, = 0, where, [ is a smooth

function of (z,t,u). And

(6.1) (I)2=0, (I1):=0, u(l)u+ 2ue(l1)u, +2u(l1)u, =0,
where I is a smooth function of (x, ¢, u, u,, u),

(6.2) (I2) =0, (I2): =0, u(l2)u+ -+ 3us(l2)u,, + 3ut(l2)u, =0,

where I is a smooth function of (x,t, u, Uy, Ut, Ugs, Ugt, usz). The solution of these
systems are listed in order in table:

Vector field  Ordinary invariant 1st order 2nd order
X4 t, u *, Uy, Ut *, %k, Ugpg, Ugpt, Uit
X5 T, U *, Uz, Uy %, K%, Upy, Upt, Ust
X3 t/z, zu *, T2y, 22Uy ok, ko, T Ugs, iU, TUL

In it, * and #x refer back to ordinary invariants and order two of the columns
before them respectively.
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7 Conservation laws for ZDE

There are various methods to calculate the conservation laws, some of these methods
are: Noether’s basic method, multiplier method, direct method, etc.[8, 2, 1, 11, 7].
In this part of the article, we will obtain the conservation laws of the ZDE using the
multiplier method. A conservation law for system (2.1) is defined as a divergence
expression: D;®[u] = D1®u] + -+ + D,,®"[u], that is true for all of the solutions
of system (2.1). In it, ®'[u] = ®(x,u"), i = 1,--- ,n, are called the fluxes of the
conservation law, and the highest-order derivative (r) in the fluxes statement ®*[u] is
called the order of the conservation law [2].

A set of multipliers {A,[U]},_; = {A, (2, U™)} _, results in the existence of the
divergence expression for the system Z,[u] = Zv(z,u(™), on the condition that if the
identity A, [U]Z,[U] = D;®*[U] holds for the arbitrary functions U(x). Then there will
be one conservation law as A, [u]Z, [u] = D;®*[u] = 0 for the solution of system (2.1),
that is written as U(x) = u(z); providing A, [U] is non-singular. The Euler operator

in respect to U7 is defined as Eyj = 0y — DOy +- -4 (=1)*Dy, -+ Dy, 0pi - +++ -,

i
for j =1,---,q [2]. The equations Ey; F(z,U®) =0, j=1,---,q hold for every
function U(x) if and only if the relation F(z,U®)) = D, ¥ (2, U*~Y) holds for some
of functions ¥¥(z,UC~Y), i=1,--- ¢ (Theorem 1.3.2, [2]).

A set of non-singular local multipliers {A,,(x,U)}, _, results in the production
of the locally conservation law for the system Z,(x,u(™) if and only if the set of

identities
(7.1) FEy; (Au(l‘, U("))Ey(x,u(”))) =0, j=1,---.q,

hold for every optional function U(z) (Theorem 1.3.3, [2]). The set of equations (7.1)
results in the linear determining equations, from the solution of which a set of locally
conservation law multipliers for system Z,(z,u(™) is produced. Now, we want to
obtain the local multipliers of the conservation law in the form A = £(x,¢,u) for the
ZDE. The determining equations (7.1) for the ZDE is as follows

(7.2) Eylé(z, t,U)A] =0,

where A is the left hand side of ZDE and U(x,t) is an arbitrary function.

The calculation of equation (7.2) yields the PDE system. Through solving the
determining equation produced from (7.2), we will have the following solution £ =
crx+est+cy(t2+22)+co, where ¢q, - - -, ¢4 are arbitrary constants, so local multipliers
are obtained as (i) ¢ =1, (ii) &=, (iii): &=¢t, (iv) &= (t* +2?)/2. Each of
the local multipliers & determine a non-trivial local conservation law D;¥ + D, ® = 0
with a determining form of D;¥ + D, ® = &(z,¢,U)(A). To calculate the Wand
® we should invert the operator and this involves getting multi-dimensions integral
from the statement involving the optional function and its derivatives and this is
practically difficult in direct manner. Here, we use the homotopy operators to achieve
this end [12]. The homotpy operator is powerful algorithmic device originated from
homological algebra and variational bi-complexes. The two-dimensional homotpy
operator is a vector operator with two components in the form of (HZ f, H!, f), defined
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in the following form
(73)  HIf = / F)aldy,  HLf = / ) ha dn

Which 7% f, is obtained in the following way by getting integral from it

M} Ml k-1 ke

(7.4) I f= Z Z (Z Z Bxuiiltm(—Dz)kl—il—l(—Dt)kz—iz)jaif

ki=1ks=0  i1=0i3=0 Uy 4k

In it Mf, Mj are the order of f in uw/ to x and t respectively, which in ZDE,

j =1 M = M] = 3, and combinatorial coefficient B* = B(iy,i2,k1,k2) =
(11+12)_(k1+]7€2 i1— 12 1)/<k1+k2

“ ki1 r ) Similarly, the t-integrand, ujf, is defined as

MMk k1 ”
If”f: Z Z (Z Z Btuihtiz (_Dw)kl_“(_Dt)kQ_w_l) a7

k1=0ko=1 \i1=0 ia=0 Oy, ik

where B! = B(i, 41, k2, k1). We apply homotopy operator to find conserved quantities
U and ® which yield of multiplier £ = 1. Now f is the left hand side of ZDE. The
integrands Z%, f and I, f are

1
T (2u2 (Uget + 3uge) + 120ug (up — 1) + Quugug,
F12utuy — 8ud(2uy + 5) + 57utu§),
1
(7.5) T (48u$ut + 48utuy + Uty (48 — 13uy) — 62uyu?

— AP uges + dutg s — 24Utp g, + 72u§).

Apply (7.4) to the integrands (7.5), therefore W := H, f is

1 2 19 1 1 3
§u2(3umt + ugt) — §u§(5ut -9)+ Futui + gu4ut + Euutt(Qut -3)+ Zuugcugct7

and @ :=H!, f is

1 13 1 31 1
f§u2uztt — %uumt(ut —132) + §uum(utt — Bugy) — 18urut(u 36) + 5u Uy + 2u .

So, we have the first conservation low of the ZDE respect to multiplier £ = 1 leads

1 2 19 1 1
D, (§u2(3umt + uppr) — §uf(5ut —-9)+ Fut“i + gu‘lut + éuutt(Qut -3)

3 1 13 1
+1U’U/qut) + Dt( — §u2umt — %uumt (’th — 132) + §Uum (utt — GUIm)
31

1
—Euzut(ut —36) + gu‘lux + 2ui) =0.
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Now we find conservation law respect to multiplier £ = x, in this cases we have:

1 10 15 3 1 19
D, (gsrutu‘1 — —xuf’ — —UULU + —TUL Uz U + —2UULULT + qutui + quf

6 12 4 3
iy + = 2, ! 2) +Di( L 2 4 Lrugut 4 2008
——TUU —TUgpt U — LU U — — XUt —TULU U,
2 tt 3 t 9 ttt t 9 tt 5
Lo L 2 31 , 1, 2 19
——Uu —TUUL U — = TUUpUgy — —=TULU; — = Ut~ — UUL, + - UU
2t 3 18 to gt 36

20 42 13 i1 )=0
——u LUy — — TUUUge + —TUUL ) = 0.
5 ! 367 et T gt

And to multiplier £ =t we have:

2 1 11 4 1 1 1
Dx( — 5u5 — guttuZ — Euui + §uut2 — iuut + 2tuf — ituutt + gtuthQ

t t t )
+—tupu” + —tuu® — —tu; + —tuuyuy + —tuuiuy + —tusu
9 ttt 3 t 9 t l x Wt 3 t Uit 6 t Wy

+D( 13, 4 2w + 1t 2 LI
— —lUU+ Uyt —ULtU —lUUL Ut — —TUULUgpy — —=TULU
P\ 3 et T gt 9 s 18t

1 1 5 1
fgtuzttuz + guru4 + 2tui — %uumut + ituuzt + Qtumut) =0.

And to multiplier £ = (t? + 22)/2 we have:

1 1 11 1 19 2
Dm( - ituut — ZtuPuyy — —tuui - Z(t2 + x2)uutt + E(t2 + :cz)utugzC + gutuz

9 12

1 1 1 2

—i—l—o(t2 + ) uut + 6(t2 + ) ugpru? + 1—8(t2 + ) uggu? — SMS + (% + 2H)u?

—§(t2+x2)u3 - §xuu u +1(t2+x2)uu +§(t2+ %) +§t 2
6 t 77 tlhe T & tUtt 3 L) Uy Uyt 9 Uy

2 2 1 1
+Dt( — gxu5 + (% 4 2H)ud + gumu2 - §xu2utt — zuu? + l—o(t2 + ) u’

1 19 31 1

—1—8(t2 + o) ugpu® + %xuuf - %(tQ + 2 ugu? — S TuLe + (1% 4 ) usu,
1 1 1 2

—l—z(tz + 2wty + 1—8(1?2 + ) uugugy — §<t2 + ) Ut Uy + gtuwtuz
13 5

_E(tQ + 22ty — %tuutuw) =0.

Conclusion

In this paper we obtained the Lie point symmetries of the Zoomeron equation by using
the Lie symmetry method. Also computed the one dimensional optimal system. This
led to reducing the Zoomeron equation to ODE’s and computing the invariants and
conservation law of Zoomeron equation.
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