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Abstract. The main purpose of this article is to investigate some special kinds of symmetries
and conservation laws of some partial differential equations (PDEs) and systems which play
a significant role in physics. In fact, we review Lie point symmetry, approximate and general-
ized symmetry, Hamiltonian symmetry, u-symmetry and different approaches for evaluating
conservation laws of PDEs and systems. Additionally, we discuss the effect of the change of
variables on the bi-Hamiltonian structure of some equations and obtain the corresponding
Hamiltonian formalism of the transformed equation.
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1. Introduction

The symmetry group method has an important role in the analysis of differential
equations. Also, the theory of Lie symmetry groups of differential equations was first
developed by Lie. The symmetry group of PDEs system is the largest local Lie group
of point transformations of both the independent and dependent variables of differential
equations with the outstanding property of conserving the set of solutions. The sym-
metry group in Lie theory include the class of geometric transformations which act on
the solutions by transforming their graphs. The Lie group method is a useful approach
for constructing exact solutions of differential equations and implies many properties for
both of the system and their solutions. In addition, many other types of exact solutions
of PDEs can be obtained via the Lie group method. Classification of the group invari-
ant solutions, detection of linearizing transformations, reduction of the order of ordinary
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differential equations (ODEs) and mapping solutions to other solutions are other im-
portant applications of Lie groups in the theory of differential equations. Further, based
on the Lie symmetry method, a PDE class which is invariant under a given group of
transformations can be derived. For many other applications of Lie symmetries, we refer
to [0, 20]. On the other hand, the concept of a conservation law and the relationship
between symmetries and conservation laws, which are mathematical formulations of the
familiar physical laws of conservation of energy, conservation of momentum and so on,
play a significant key in the analysis of basic properties of the solutions. Asystematic
way for the determination of conservation laws associated with variational symmetries
for systems of Euler-Lagrange equations is indeed the famous Noether theorem. This
theorem requires a Lagrangian.There are approaches that don’t need a Lagrangian or
even assume the existence of a Lagrangian for differential equations [?, d]. In this paper,
we review the conservation laws of some equations via different methods.

2. Symmetries

In this section, we recall some symmetries.

2.1 Approximate symmetry

First, we provide previous definitions and results in approximate symmetry of [I2] that
will be needed. If a function f(x,¢) satisfies the condition lim @ = 0, it is written
f(z,e) = o(eP) and f is named of order less than . If f(x,e) — g(x,e) = o(eP), f and ¢
are said to be approximately equal (with an error o(¢?)) and written as f(z,¢) = g(z,¢)+
o(eP), briefly f ~ g. The approximate equality defines an equivalence relation, and we
join functions into equivalence classes by considering f(z,e) and g(z,e) as members of

the same class iff f ~ g. Given a function f(z,¢), presume

folx) +efi(@) +-- -+ fy(x) (1)

is the approximating polynomial of degree p in £ obtained via Taylor series expansion
of f(x,e) in powers of € around ¢ = 0. Then any function g ~ f (in particular, f) has
the form g(z,e) = fo(z) + efi(x) + -+ + P fp(x) + o(eP). Consequently, (M) is named
a canonical representative of the equivalence class of functions containing f Thus, the
equivalence class of functions g(x,e)f(z,¢) is determined by the ordered set of p + 1

functions fo(z),- -, fp(z). In the theory of approximate transformation groups, one can
consider ordered sets of smooth vector-functions depending on z’s and a group parame-
ter a: fo(z,a),- -, fp(z,a) with coordinates f5(z,a), -, fy(x,a) fori=1,--- n. Let’s

define the one-parameter family G of approximate transformations

z zfé(m,a)+€ff(w,a)+---+€pf£($,a)7 i=1--,n (2)

of points z = (z!,---,2") € R" into points Z = (z!,---,2") € R" as the class of
invertible transformations

z = f(z,a,¢) (3)
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with vector-functions f = (f!,---, ") such that
fi(.’E,a76> ~ fé(xua) —l—eff(m,a) T+ +6pf;é ($7a)7 t=1---,n.

Here, a is a real parameter and the condition is f(z,0,€) ~ x.

Definition 2.1 The set of (B) is a one-parameter approximate transformation group if
f(f(z,a,¢e),b,€) = f(x,a+b,e) for all transformations (B).

Definition 2.2 Presume G is a one-parameter approximate transformation group:
7' =~ f(z,a,¢) = fi(2,a) +efi(z,a), i=1,---,N. (4)
An approximate equation
F(z,e) = Fo(z) +eFi(2) = 0 (5)
is called approximately invariant regarding G, or admits G if
F(z,e) = F(f(z,a,¢),e) = o(e)

whenever z = (2!, --- , 2V) satisfies (B).

If 2 = (z,u,uq), - ,ur), then (B) becomes an approximate differential equation of
order k and G is an approximate symmetry group of the differential equation.

Theorem 2.3 (B) is approximately invariant under the approximate transformation
group (@) with the generator

X =Xy +eXy Eﬁé(z)%—l—sﬁ%, (6)

iff
(X F(2,)]p~0 = ofe) (7)

or
XD Fo(z) + (X P Ro(2) + X F1(2)) ) = 0le), 8)

where X () is the prolongation of X of order k.

The operator (B) satisfying (B) is called an infinitesimal approximate symmetry of, or
an approximate operator admitted by (8). Accordingly, (B) is termed the determining
equation for approximate symmetries.

Theorem 2.4 If (8) admits an approximate transformation group with a generator
X =Xo+eX; (Xo #0), then Xy = 56(2)% is an exact symmetry of

Fy(z) = 0. (9)

(8) and (M) are termed a perturbed equation and an unperturbed equation, respectively.
Under the conditions of Theorem 2.3, X is a stable symmetry of (8). The corresponding
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approximate symmetry generator X = Xy + X for (H) is called a deformation of the
infinitesimal symmetry Xy of (8) caused by the perturbation eFi(z). In particular, if the
most general symmetry Lie algebra of (H) is stable, we say (B) inherits the symmetries
of the unperturbed equation.

2.2 Generalized symmetries

Take a system of n-th order differential equations in p independent and ¢ dependent
variables as follows:

Ay(z,u™)=0, v=1,---,N (10)

involving z = (2!, ,2P), u = (u',--- ,u9), and the derivatives of u with respect to x
up to order n. A generalized vector field is an expression of
SRR d

_ i 7 11

V=2 €l + X bl (1)

in which coefficient functions &, ¢, depend on z,u and derivatives of u. By the prolon-
gation formula of Theorem 2.36 in [20], we can define the prolonged generalized vector

field pri®v = v + Z > o[ ] oE where its coefficients is determined by
a=14J<n

P P
ol =D, (%—ze‘uf) £3 e, (12)
=1 =1

Since all the prolongation of v have the same general expression for their coefficient
functions ¢, it is helpful to pass to the infinite prolongation, and take care of all the
derivatives at once. Given a generalized vector field v, its infinite prolongation is the
infinite sum

prV—ZflaerZZ%aa, (13)

a=1 J

where each ¢ is given by (I2), and the sum in (I3) now extends over all multi-indices
J = (j1, - ,jk) for k = 0, 1 < jr < p. By the infinitesimal symmetry criterion in
Theorem 2.72 of [20], we can state the following result.

A generalized vector field v is a generalized infinitesimal symmetry of a system of (M)
iff

prv[A,] =0, v=1,---,1 (14)
for each smooth solution v = f (z). Among all the generalized vector fields, those
in which the coefficients &'[u] of the 821- are zero have a important role. Assume
Qlu] = (Qlul],--- ,Qq[ u]) € A? is a g-tuple of differential functions. The generalized

vector field vg = Z Qalu] 2 7,5 1s an evolutionary vector field and @ is its characteristic.

Note by () that the prolongation of an evolutionary vector field takes a simple form
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prvg =Y. D JQQ%. Any generalized vector field v as in (Id) has an associated evolu-
a,J 7

b
tionary representative vg in which @ has entries Qo = ¢ — Y {'uf for a =1,--- g,

i=1
where uf* = %‘;W These two generalized vector fields have the same symmetry. In fact,

the computation of generalized symmetries of a given system of differential equations
proceeds in the same way as the earlier computations of geometrical symmetries, but
with the following added features:

First, we should put the symmetry in evolutionary form vg, which has the effect of
reducing the number of unknown functions from p+gq to just ¢, while simultaneously sim-
plifying the computation of the prolongation prvg. One must fix the order of derivatives
on which the characteristic Q(z, u(m)) may depend. So, by taking m not too large will
yield important information on the general form of the symmetries. Finally one should
deal with the occurrence of trivial symmetries; the easiest way to handle these is to
eliminate any superfluous derivatives in () by substitution using the prolongation of the
System.

2.3 Hamzaltonian symmetries

In this part, we will provide the results on Hamiltonian operators of [20]. Presume z =
(x!,--- ,xP) is the spatial variables, and u = (u!,--- ,u?) the field variables (dependent
variables) so that each u® is a function of !, --- | P and the time ¢. We take autonomous
systems of evolution equations u; = K[u] in which Ku] = (Ki[u],--- , K4[u]) is a g-tuple
of differential functions, where the square brackets indicate each K, is a function of
x,u and finitely many partial derivatives of each u® regarding z',--- ,2P. A system of
evolution equations is Hamiltonian if it can be written by u; = D.E,(H). Here H[u] =
[ H[u]dz is the Hamiltonian functional, and Hamiltonian function H[u] depends on z, u,
and the derivatives of the u’s with respect to the z’s. E, = (Eq,--- ,E,) denotes the
Euler operator or variational derivative with respect to u. The Hamiltonian operator D
is a ¢ x ¢ matrix differential operator, which may depend on both x,u, and derivatives
of u (but not on t), and is required to be skew-adjoint relative to the L?-inner product
< f,g>= [ fgdx = [ f*.g%dx. Thus, D* = —D, where * is the formal L? adjoint of
a differential operator. Moreover, D must satisfy a nonlinear Jacobi condition that the
corresponding poisson bracket

{P,Q} Z/Eu[P].DEu[Q}d:E, P = /P[u]dw, Q= /Q[u]dx, (15)

satisfies the Jacobi identity. In the spatial case that D is a field-independent skew-adjoint
differential operator, meaning that the coefficient of D do not depend on u or its deriva-
tives (but may depend on x), the Jacobi conditions are automatically satisfied. For more
general field-dependent operators, the complicated Jacobi conditions can be simplified
by the functional multi-vector method described in [Z0]. Multi-vectors are the dual ob-
jects of differential forms. To preserve the notational distinction between the two, we
use 05 for the uni-vector corresponding to the one-form duf. Hence, a vertical multi-
vector is a finite sum of terms, which are the product of a differential function times
a wedge product of the basic uni-vectors. The space of functional multi-vectors is the
co-kernel of the total divergence so that two vertical multi-vectors determine the same
functional multi-vector iff they differ from a total divergence. The functional multi-vector
determined by © is denoted by © = [ ©dz. In particular, [ ©Odz = 0 iff © = Div¥ for
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some vertical multi-vector U This induces that we can integrate functional multi-vectors
by parts [ © A (D;W¥)dz = — [(D;0) A Udz. The principal example of a bi-vector is a
Hamiltonian differential operator D, which is ©p = [ § A D(6)dz. Finally, we recall the

formal prolonged vector field: prvpg = ZJD J(% DQBHB)%, which acts on differential
a,

functions to produce uni-vectors. Next, let prvpf act on vertical multi-vectors by wedg-

ing the result of its action on the coefficient differential functions with the product of

the 0’s. Since prvpf commutes with the total derivative, there is a well-defined action of

prvpl on the space of functional multi-vectors. The following theorem is a criterion for

showing a differential operator is genuinely Hamiltonian.

Theorem 2.5 Presume D is a skew-adjoint differential operator with corresponding
bi-vector Op. Then D is a Hamiltonian operator iff

prvpg(©p) = 0. (16)

The proof that (I8) is equivalent to the Jacobi identity for the poisson bracket deter-
mined by D can be found in [20].

2.4 p-symmetry

PDESs with suitable solutions are one of the most important topics in various branches of
mathematical physics. The most accurate methods for order reduction and computation
conservation rules are the classical Lie theory, the general theorem [20], the direct method
[20], the p-symmetries method [5] and the Noether theorem [19]. As we know, using Lie
transformation group theory for order reduction and constructing solutions of nonlinear
PDEs with integer order or fractional order PDEs and ODEs is one of the most efficient
fields of research in the theory of nonlinear PDEs. The A-symmetry method has been
presented by Muriel and Romero [[4], which is a modern method to order reduction of
ODEs. Gaeta and Morando [[@, 8] have extended the A-symmetries approach for ODEs to
the p-symmetries method for PDEs. In the sequel, we will compare different symmetries
and approaches for evaluating conservation laws for PDEs.

3. Harry Dym equation

The nonlinear PDE u; = D3(u"2) is known as the Harry Dym equation [20]. It has a
bi-Hamiltonian structure, an infinite number of conservation laws and infinitely many
symmetries. Under change of variables v = ufé, this equation can be written in the
form vy = —%v?’vxm. The Hamiltonian structure of the changed Harry Dym equation
and determine Hamiltonian operators of the evolution equation is investigated in [I].

3.1 Approximate symmetries of the perturbed Harry Dym equation

Consider perturbed Harry Dym equation

1
up + §u3umm +eu, = 0. (17)

Using the method of approximate transformation groups, we provide the infinitesimal
approximate symmetries (B) for the perturbed Harry Dym equation (IC2).
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3.2 Exact symmetries
Take the approximate group generators in the form

0
X=Xo+eX; = (504—851)

0 0
92 T (To +67’1)a + (9o +€¢1)%,

where r&;, 7; and ¢; for ¢ = 0,1 are unknown functions ofz,¢ and u. Solving the deter-

mining equation Xé?’) (ug — %u?’uxm) |u,—lu3u —o= 0 for the exact symmetries Xy of the
unperturbed equation, we obtain

A 1
&0 = (A1 + Az + 7%2)7 10 = (A + Ast), ¢o = (A2 — 5 + zA3)u,

3As
where Aq,--- , A5 are arbitrary constants. Hence,
Az 5. 0 0 1 0
Xo=(A1+A —1%)=— + (A4 + Ast) — Ay — —— A —. 1
0= (A1 + Asr + —7a%) o + (As + Ast) o + (A2 34, 77 0w (18)

Therefore, the unperturbed Harry Dym equation, admits the five-dimensional Lie algebra
with the basis

d d d d d d d 0
X} = %,Xg = a,xg S u%,Xé =3t — u%,xg = xQ% + 22Uz (19)

3.3 Approximate symmetries

At first, we need to determine the auxiliary function H by virtue of (8), () and (B), i.e.,
by

1
H = Z[X§" (Fo(2) + 21 (2)) |y er (=0 (20)

Substituting (I¥) of the generator Xy into (20), we obtain the auxiliary function H =
Uy (As — Az)+ As(u—zu,). Now, calculate X1 by solving the inhomogeneous determining

equation for deformations X fk) Fo(2) |py(2)=0 +H = 0. So, the determining equation for
this equation is

1
X1(3) (ug + §u3umx) |ut+§u3umm:0 +uz(As — Ag) + Az(u — zuy) = 0.
Solving the determining equation yields

51 = (A5 — Ag)t — A3$t + C4$ — 05 + %.’L‘Z,
1 = (C1t + Cy),

C
¢1 = (—Ast+ Cy + Cax + ?l)u,
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where C,--- ,Cs are arbitrary constants. Thus, we have the following approximate sym-
metries of the perturbed Harry Dym equation:

-2 —2

1— 8.%’ V6_€8.’1§‘,

2—&87 0 7_6875’8 0

_ 0 9 I 21
V3 xax—l—uaau, vy e(xag—i-uaau), (21)
V4 = St% — ua, Vg = 5(3tata_ U%)a

_ .20 o _ (29 o
Vs =1 ax—i—quau, vip = e(x a$+2xuau).

The following table of commutators, evaluated in the first-order of precision, shows that
the operators (E1) span an ten-dimensional approximate Lie algebra, and hence, generate
an ten-parameter approximate transformations group. (21) show that all symmetries (I9)
of the Harry Dym equation are stable. Hence, the perturbed equation (IC7) inherits the
symmetries of the unperturbed equation. The structure of the Lie algebra of symmetries

Table 1. Approximate Commutators of approximate symmetry of perturbed Harry Dym equation

Vi AP v3 V4 V5 Ve vy Vg Vg  Vip

Vi1 0 0 Vi 0 2V3 0 0 Vg 0 2V8
Vo 0 0 0 12vo 0 0 0 0 3vy 0
V3 —Vi 0 0 0 V5 —Vg 0 0 0 V10
V4 0 —12vy 0 0 0 0 —3vy 0 0 0
V5 —2V3 0 —Vj5 0 0 —2V8 0 —V10 0 0
Vg 0 0 Vg 0 2vg 0 0 0 0 0
V7 0 0 0 3vr 0 0 0 0 0 0
Vs —Vg 0 0 0 V10 0 0 0 0 0
vy 0 —3vy 0 0 0 0 0 0 0 0
V10 —2V8 0 —V10 0 0 0 0 0 0 0

of the perturbed Harry Dym equation is evaluated in [I5].

4. Camassa-Holm equation

In this section, we consider the Camassa-Holm equation

Up — Upgz + Ky + 3uty, = 2ugtge + uugs, k€ R. (22)

4.1 Infinitesimal generalized symmetries of Camassa-Holm equation

(P2) was first introduced as a model describing propagation of unidirectional gravitational
waves in shallow water approximation, with u representing the fluid velocity at time t in
the x direction. Suppose v = Q[u]0, is a generalized symmetry in evolutionary form.
Note that we can replace some derivatives of u occurring in @ by their corresponding
expressions without changing the equivalence class of v. For instance, u,4¢ is replaced by
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U + kg + 3uty — 2Ugtgy — Uty and so on. Thus each symmetry is uniquely equiva-
lent to one with characteristic Q = Q(x,t,u, Uy, Ut, Upg, Upt, Utt, Upgz, Ugtt, Uttty - - - ). Lhe
prolongation of v¢ is given by

prvg = Qdy + DyQ0y, + DiQ0y, + D2Q0u,, + DaDiQ0y,, + D7 Q0y, + - .
The infinitesimal condition (I4) for invariance is

DtQ - DiDtQ + kaQ + S(UIQ + UDQ) = Q(UrxDxQ + ua:DiQ) + Uxxe + UDzQ,
(23)

which must be satisfied for all solutions. To calculate third order symmetries, we
require Q@ = Q(z,t,u, Uy, Ut, Ugg, Ugt, Uity Uggz, Uztt, Ue) SO, upon substituting for
Ugat, Ugzat, Uzztt, -+ 10 (Z3) according to the equation and after eliminating any de-
pendence among the derivatives of the function u, we are left to a complete system of
determining PDEs. Therefore, the most general third-order characteristic function Q is

1 1
Q= (Cit - %szﬂ + 5((2%«95 —2k)Cy — 2C3)u + Cugy + §U202 + Cy)uy

Cs

1 kt
+ U2 C3 — - Couggy —
(k + 2u — 2ugy)

3 2

1
Crug + (—g(JQu3 —u?Cs +

3 )u:caza:
2

2C5
(k + 2u — 2ugy)?

1 1 1 8
— §C3u§ + 5C1k + Cru+ Sy + §C2u3

- ((=2u00 + k)Co + 9C3)u® + 4(k — gum)C?,u +2C),

where C1, - -- ,Cg are arbitrary constants.

Theorem 4.1 The most general third-order infinitesimal generalized symmetries of the
Camassa-Holm equation is a R-linear combination of following six vector fields

Q1 = ug
Q2 = U
1 1
Q3 = _iktum + tup +u + ik
Q4 = (_§u2 + 5(2um — Qk)u + iug)uZ — guttt _ guguxz’x
1 8 4 )
+ e (% + (2u0e + k)
1 3
Q5 = (—u + Ugy ) Ut + Ugst — W gpy — §ux(9u2 +4(k — 5um)u)
QG:ut—fuxkt—k 3+*]€+U— .
2 (—2uUzy + k + 2u)> 2 (— gy + k + 2u)3

which vq, , vg,, vg, form a three-dimensional Lie algebra g of symmetry group associated
to the Camassa-Holm equation.

The symmetries u,0, and u;0, of the Camassa-Holm equation are just the evolutionary



84 P. Kabi-Nejad / J. Linear. Topological. Algebra. 14(01) (2025) 75-89.

representative of the space and time translational symmetry generators. Similarly, the
symmetry v, has geometric form —kt0, +2t0; + (—k —2u)0,. We call these evolutionary
symmetries (vg,,vg, and vg,) in geometric form with Y7 = 0,, Yo = 0; and Y3 =
—ktOy + 2t0y + (—k — 2u)0,, respectively.

Proposition 4.2 The one-parameter groups g¢;(t) : M — M generated by Y; for
1 =1,2,3 are given in the following table:

gi1(s) :  (z,t,u) — (x + s,t,u),
92(8) : (I’,t, u) — (x7t+ 8)“)7

1 1 1 1
g3(s):  (x,t,u) — (—§kt625 + gkt + x, e, —5k+ e (u+ 5k,

Consequently, we can state the following theorem:

Theorem 4.3 If u = U(x,t) is a solution of (22), there are u'(z,t) = U(x,t) for i =
1,2,3 and s € R, where

kt

ut = Uz +s,t), u*> =U(z,t +s), u® = 628U< 5

k
(1—e*)+ :U,tegs) + 3 (1 - 6_28>.

4.2 Higher-order conservation laws for Camassa-Holm equation

Consider a system of N PDEs of order n with p independent variables z = (2!, --- , 2P)
and ¢ dependent variables u = (u!,--- ,u?), given by (). A conservation law of (IT) is

a divergence expression
DiPi+---+ DpPp = 0, (24)

holding for all solutions u = f(z) of the given system. In (24), P;(z,u(™) fori=1,--- ,p
are called the fluxes of the conservation law, and the highest-order derivative r in the
fluxes is called the order of the conservation law. If one of the independent variables
of (M) is time ¢, (24) takes the form D, T + DivX = 0, where Div is the spatial diver-

gence of X regarding the spatial variables z = (z',---,2P). T is referred to a density
and X = (Xy,---,X,) as spatial fluxes of the conservation law (24). The conserved den-

sity T and the associated flux X = (X, --,X,) are two functions of z,¢,u and the
derivatives of u regarding both x and t. Specially, each admitted conservation law arises
from multipliers A (2, u)) so that X\ (z, u)A, (z,u™) = D;P;(z,u(")) holds, where the
summation convention is used whenever appropriate. The determining of conservation
laws for a PDE system (I) reduces to finding sets of multipliers. The Euler operator
regarding u; is

0 0 0

7 T ls

NEP (25)

Note that Euler operators (25) annihilate any divergence expression D;P;(z,u(")) and
the identities E,;(D;P;(z,u())) = 0 hold for arbitrary function u and j = 1,--- ,q.
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The converse also holds. The following theorem is applied for connecting multipliers and
conservation laws.

Theorem 4.4 A set of multipliers {\"(z,u())}V_ yields a conservation law for (IM) if
the set of identities

Ew (W (z,uMA, (z,u™)) =0, j=1,---,¢q (26)

holds identically.

The set of equations (28) yields the set of linear determining equations to find all sets
of conservation law multipliers of the PDE system (I0) by considering multipliers of all
orders. See [3] for more details.

Here, we review higher order conservation laws for Camassa-Holm equation. Consider
the multipliers of \(x, ¢, u, Uy, Ut, Ugy, Utt, Ugt, Uzgs, Uget) Tor (E2). The determining equa-
tion for multipliers is E,, [)\(ut — Upg2 + kug + 3uu, — 2uguge — uuma)] = 0 in which the
standard Euler operator E,, is

9 9 9
+D?*—— 4+ D,Dy—— + D? —

0 0 0
D ...
Ouy T Oy Ougt 8Utt '

E,=— — - D
Y Ou  Ouy Yo
where D, and D; are the total derivatives in respect of x and ¢. Hence,

1 2C
A= Clutt + Cluxut + (_Clu + CQ)(Uxt + §Ux2) + \/TS""U

+ (—201u + CQ)UUM; + gClu?’ - 202’11,2 + C3u + Cy,

where C1, C9,C3,Cy and Cs are constants.

To calculate the conserved quantities T" and X, we need to invert the total divergence
operator. The homotopy operator is a powerful algorithmic tool originating from homo-
logical algebra and variational bi-complexes [[0]. The conserved vectors are represented
by two components T7 and T> which are conserved density and flux, respectively. Thus,
by using the 2-dimensional homotopy (integral) formula of Hereman et al. [I1], we have
computed conserved vectors in [I7].

5. Whitham-Broer-Kaup equations

The system of equations WBK
1 1
Up = ULy + Vg — S Uas and v = (uv), + o Vaa (27)
admits three Hamiltonian operators
Do — 0 D, D 2D, Dyu— D?
0= \D, 0 )’ V= \uD, + D2 20D, + v,

4uDy + 2uy 4vDy + 2vy + Dy(Dy — u)?
DQ = 2 ’
4vDy + 20y + (Dy +u)*Dy (Dy + 1) (20D + v3) — (20Dy + v3)(Dy — u)



86 P. Kabi-Nejad / J. Linear. Topological. Algebra. 14(01) (2025) 75-89.

and so can be written in Hamiltonian form in three distinct ways [6]. The skew symmetry
of these Hamiltonian structures is manifest. The proof of the Jacobi identity for this
structures as well their compatibility can be shown by the standard method of functional
multi vectors. As the coefficients of Dy do not depend on u or its derivatives, Dy is a
Hamiltonian operator. For D, it is enough to show prvp,¢(0p,) = 0, where ©p, is the
corresponding functional bi-vector and 6 = (6, {) so that 6 and ¢ are the basic uni-vectors
corresponding to u and v, respectively.

5.1 Conservation Laws

Give a system of N PDEs of order n with p independent variables z = (x!,---  2P) and
q dependent variables u = (u!,--- ,u?) by
Ay(z,u™y=0, v=1,---,N. (28)

A conservation law of (ER) is a divergence expression
DiPi1+---+ DpPp =0 (29)

holding for all solutions u = f(z) of the given system. In (E9), P;(z,u(") fori =1,--- ,p
are named the fluxes of the conservation law, and the highest-order derivative r present
in the fluxes is the order of the conservation law. If one of the independent variables of
(28) is time ¢, the conservation law (29) takes the form D, T + DivX = 0, where Div is the

spatial divergence of X regarding the spatial variables z = (x!,---  2P). Here, T is referred
to a density and X = (Xy,---,X,) is spatial fluxes of the conservation law (29). The
conserved density T and the associated flux X = (Xy,---,X,,) are two functions of z, ¢, u

and the derivatives of u regarding both x and ¢. Specially, each admitted conservation
law arises from multipliers A\ (z,u(®) such that \(z,u")A,(z,u™) = D;P;(z,u)
holds identically, where the summation convention is used whenever appropriate. The
determining of conservation laws for a given PDE system (E8) reduces to finding sets of
multipliers.

Here, one can show the Euler operators annihilate any divergence expression
D;P;(z,u") and the identities E,; (D;P;(z,u™)) = 0 hold for arbitrary function v and
j =1,---,q. The converse also holds. Specifically, the only scalar expressions annihi-
lated by Euler operators are divergence expressions. The following theorem is applied for
connecting multipliers and conservation laws.

Theorem 5.1 A set of multipliers {\*(z,uY)}_, yields a conservation law for the PDE
system (E8) iff
Ew (N (z,u A, (z,u™)) =0, j=1,---,q. (30)

holds identically.

The set of equations (B0) yields the set of linear determining equations to find all sets
of conservation law multipliers of (28) by considering multipliers of all orders. See [[3]
for more details.

Now, we recall conservation laws for (27). Consider the multipliers of the form

1 2
A (:C,t,u,ux,uzz,uxs,v,vx,vmz,Ux:a), A (xytaUauxyuanuz%Uavx)Uﬂc?vvﬂ)
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for (22). The determining equations for multipliers is

1

E, [Al(ut — UUy + Uy — 5%2)] =0,
E, [)\2(1)15 — (uv)y + %vxz)] =0,
E, [Al(ut — Uy + Uy — %uxz} =0,

E, [)\Q(Ut — (uv)z + %vxz)] =0.

Hence,

1 2
M= (2cou + ¢3)v? + ((vz + 3o + §u3)02 + csu? + e1t + 5 + 2cqu)v

1 1 , 2 1
+ (gvzs + guxvx + vpu® + guvm)@ + cavg + 03(§vm + uvy) + cg,
1 1 2
A\ = —602u4 + 503u3 + ((2v — ug)ea + cq)u® + (gczum +e3(20 — uy) + 1t + ¢5)u
1 1

2 1y 1
+ (gvxz — 6”953 4+ v° —uyv + o s Yoo + c1x + cq(20 — ug) + gCguxz + c7

where ¢; for @ = 1,--- 7 are constants. Here, the first homotopy formula is reviewed
to construct conservation laws of (22). It is described in [2, Bluman et al.]. Conserved
vectors are represented by two components 77 and 75 which are conserved density and
flux, respectively and computed in details in [I6].

5.2 Hamiltonian Symmetries

The correspondence between Hamiltonian symmetry groups and conservation laws for
systems of evolution equations in Hamiltonian form is known as Noether theorem, after
the prototype [[Y]. This relationship has been discussed by Olver [20], Gelfand and
Dikii [9]. Any conservation law of a system of evolution equations takes the form D;T +
DivX = 0 in which Div denotes spatial divergence. Note that if T(:c,t,u(")) is each
differential function and w is a solution to the evolutionary system uw; = KJu], then
Dy = 0T + prvg(T), where 0; = 0/0t denotes the partial t-derivative. Hence, T is
the density for a conservation law of the system iff its associated functional T satisfies
0T /ot +prvi(T) = 0. For Hamiltonian form of our system, the following proposition is
used.

Proposition 5.2 [20] Assume D is a Hamiltonian operator with poisson bracket (I3).
For each H = [ Hdz, there is an evolutionary vector field ¥, called the Hamiltonain
vector field associated with H satisfying prvy (P) = {P,H} for all functionals P. Indeed,
vy has characteristic DOH = DE(H).

Hence, the bracket relation immediately leads to the Noether relation between Hamil-
tonian symmetries and conservation laws. So, for the system of equations WBK, general-
ized symmetries which are Hamiltonian can be deduced from conserved densities by the
Hamiltonian operators.
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Theorem 5.3 The system of WBK equations admits Hamiltonian symmetries with the
following characteristics for Hamiltonian operator Dy,

Qlll‘:utu Qlljzvta Qg:u$7 Qg:/UCE ngtux‘f‘l, ngt’l)x,

1 1
QZ = (_ux + 2U)U’I — UlUgy + guzmz + 2uvy, QZ = VgUg + UQUx + UVzz + gvxﬂcma

1 2 1 2

Qg = gumumx + gUIQ - uszQ - gvuwx + §uuxx + guuaﬁxw - guxwxm + 2u2'vm
2 1
- §UZCU’CC + gvxa:ara
vo__ 2 = g 1 “ 3 g 2 2
Q5 = 22UV + Vgl 3vxu33 + vaum + 3vumx + 3vxu + 3vx + Vpzll
2 1 2
+ gU’Umx — g’lL’sz + guvzmx + gvzx:r:v-

Also, generalized symmetries corresponding to the Hamiltonian operators D; can be
deduced from the conservation laws. Thus, the Hamiltonian symmetries relative to D;
are

QY = ut, Qf =y,

Q5 = 2tuy + zuy + u, Q4 = 2tvy + xv, + 2v,

Q5 = duvg + dvug + u(—ugy + 2v5) + wPug + 20 — Uy + Ugpgy,
QY = 2uw; 4 4vpUg + 2UVg2 + Vgpy + 400 + UPVg + 20 — Uy,

2 4 1
QY = 2u2vx + g’Umx — 2uum2 + dvuuy, — umu2 + guugjm + 2u2vx + guzu?’

10
+ ?ua}ua}x - 27}&:”&: - 2Uua:a: - gumaz:cxy

4 4 1
QZ = Ugvx + Umcu2 + guvxxx + 2ugug + gvxuxaﬁ + Ua:xu2 + gvmcxx - 2“9627)

2 1
+ 4ugcv2 — 20UlUgy + gvumz + 6vuv, + gvxu?’.

6. Future works

It is well-known that Hamiltonian systems of differential equations are one of the
most famous and significant concepts in physics. These important systems appear in the
various fields of physics such as motion of rigid bodies, celestial mechanics, quantiza-
tion theory, fluid mechanics, plasma physics, etc. Due to the significance of Hamiltonian
structures, by applying the linear behavior of the Euler operator, characteristics, pro-
longation and Fréchet derivative of vector fields, we can extend approximate symmetry
methods on the Hamiltonian and bi-Hamiltonian systems of evolution equations to inves-
tigate the interplay between approximate symmetry groups, approximate conservation
laws and approximate recursion operators. Also, we can extend py-symmetry methods on
Hamiltonian systems to make new conservation laws.
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