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Abstract

A general theorem on conservation laws for arbitrary differential equations is proved. The theorem is
valid also for any system of differential equations where the number of equations is equal to the number of
dependent variables. The new theorem does not require existence of a Lagrangian and is based on a concept
of an adjoint equation for non-linear equations suggested recently by the author. It is proved that the adjoint
equation inherits all symmetries of the original equation. Accordingly, one can associate a conservation law
with any group of Lie, Lie-Bécklund or non-local symmetries and find conservation laws for differential
equations without classical Lagrangians.
© 2006 Published by Elsevier Inc.
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1. Introduction

Noether’s theorem [5] establishes a connection between symmetries of differential equations
and conservation laws, provided that the equations under consideration are obtained from the
variational principle, i.e. they are Euler—Lagrange equations. However, Lagrangians exists only
for very special types of differential equations. The restriction to Euler—Lagrange equations re-
duces applications of Noether’s theorem significantly. For example, Noether’s theorem is not
applicable to evolution equations, to differential equations of an odd order, etc. Moreover, a sym-
metry of Euler-Lagrange equations should satisfy an additional property to leave invariant the
variational integral. In spite of the fact that certain attempts have been made to overcome these
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restrictions and various generalizations of Noether’s theorem have been discussed, I do not know
in the literature a general result associating a conservation law with every infinitesimal symmetry
of an arbitrary differential equation.

In a recent paper [3], I made a step toward the solution of this problem. Namely, I defined
an adjoint equation for non-linear differential equations and constructed a Lagrangian for an
arbitrary (linear and non-linear) equation considered together with its adjoint equation. The same
construction furnishes us with a Lagrangian for any system of linear and non-linear differential
equations considered together with the adjoint system, provided that the number of equations
in the given system is equal to the number of dependent variables. However, the problem was
not completely solved because it was not proved that the combined system comprising a given
differential equation and the adjoint equation inherits all symmetries of the original equation. The
present paper is aimed at filling this gap and completing the proof of a new general conservation
theorem.

2. Preliminaries

This section contains a brief discussion of the space A of differential functions, the basic
operators X, 8/8u® and N' and the fundamental identity connecting these operators. They play
a central role in studying symmetries and conservation laws of differential equations. Most of
the concepts presented in this section have been introduced in [1, Chapters 4 and 5] (see also [2,
Sections 8.4 and 9.7]).

2.1. Lie—Bdcklund operators

Letx=(x!,....,x") ben independent variables, and u = !, ...,u™ bem dependent vari-
ables with the partial derivatives u () = {u"‘} up) = {u;’;}, ... of the first, second, etc. orders,
where u? = = du®/dx", u =9%u®/dx'9x/. Denoting

0 8 0
D= gt g g =0

the total differentiation with respect to x’, we have:

uf =D; (u“), u% =D; (u‘;‘) = D,-Dj(u“),
The variables u“ are also known as differential variables.

A function f(x, u,u),...) of a finite number of variables x, u, u(1y, u(2), . .. is called a dif-
ferential function if it is locally analytic, i.e., locally expandable in a Taylor series with respect
to all arguments. The highest order of derivatives appearing in the differential function is called
the order of this function. The set of all differential functions of all finite orders is denoted by .A.
This set is a vector space with respect to the usual addition of functions and becomes an associa-
tive algebra if multiplication is defined by the usual multiplication of functions. The space A is
closed under the total differentiations: if f € A then D;(f) € A.

Let £,n* € A be differential functions depending on any finite number of variables
X, U, U1y, u(z), .... A first-order linear differential operator

ad a
X= é: na—a+§1aa

+ ¢ SE (2.2)

i1
i

where
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7 = D" = &95) 4+ £
é‘ic]{iz = DilDiz( —é;-'/ )+$ u]lllz’ (23)

is called a Lie—Bdcklund operator (see [2, Section 8.4], and the references therein). The Lie—
Bicklund operator (2.2) is often written in the abbreviated form

X= 8 9 24
E +n* aga T (2.4)
where the prolongatlon given by (2.2)—(2.3) is understood. The operator (2.2) is formally an
infinite sum, but it truncates when acting on any differential function. Hence, the action of Lie—
Biéicklund operators is well defined on the space A.

The commutator [ X, X2] = X1 X7 — X»> X of any two Lie-Bécklund operators,
0

v a i

is identical with the Lie—B#cklund operator given by

9
X, =¢ tal gt =12),

) .0 a
(X0 Xal = (X1 (6}) = Xafel)) 51 + (X 08) = X)) g+ @s)

where the terms denoted by dots are obtained by prolonging the coefficients of 3/dx’ and 8/du®
in accordance with Egs. (2.3).

The set of all Lie-Bécklund operators is an infinite-dimensional Lie algebra with respect to
the commutator (2.5). It is called the Lie—Bdcklund algebra and denoted by L. The algebra L
is endowed with the following properties:

I. D; € Lg. In other words, the total differentiation (2.1) is a Lie-Bécklund operator. Further-
more,

X.=&Dielg (2.6)

for any &! € A.
II. Let L, be the set of all Lie—Bécklund operators of the form (2.6). Then L. is an ideal of Lp,
ie., [X, Xi] € L, for any X € L. Indeed,

[X, X.1= (X (&) — X«(§")) Di € Lu.

III. In accordance with property II, two operators X1, Xp € L are said to be equivalent (i.e.
X1~ Xp)if X1 — X3 € L. In particular, every operator X € Lp is equivalent to an operator
(22)with&' =0,i=1,...,n. Namely, X ~ X where

- . . 9
X=X-£Di=n"— ’uf‘)ﬁju--. 2.7
The operators of the form
0

are called canonlcal Lie—Bdicklund operators. Hence, the property III means that any opera-
tor X € Lp is equivalent to a canonical Lie—Bicklund operator.

IV. Generators of Lie point transformation groups are operators (2.4) with the coefficients &
and n* depending only on x, u:

(2.9)
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The Lie-Bicklund operator (2.2) is equivalent to a generator (2.9) of a point transformation
group if and only if its coordinates have the form

=g ,u)+&L =)+ (E G w) + £ )ul,

where éj; € A are arbitrary differential functions and éf , Eé, n{ are arbitrary functions of x
and u.

Example 2.1. Let ¢, x be the independent variables. The generator of the Galilean transformation
and its canonical Lie-Bécklund form (2. 7) are written as:

a 0
X=——t—~X=(1+tuy)—
I ax (I+ ux) +
Example 2.2. The generator of non-homogeneous dilations (see operator X; in Section 4.1) and
its canonical Lie-Bécklund representation (2.7) are written as:

3 5 9~ 9
X=ou2 3L L R =Qu+3t 24
“ou ot T Yo (Zu o+ 3tur +xuz) 9o +

2.2. Fundamental identity

The Euler—Lagrange operator in A is defined by the formal sum

0
W— +Z( D'Diy - Diygr—y @ =1,....m, (2.10)
where, for every s, the summation is presupposed over the repeated indices i - - - iy running
from 1 to n.
In the case of one independent variable x and one dependent variable y the Euler-Lagrange
operator reads:

§ o o, D d d 5 9 ;9
5222(_1) Dxay(s)za_Dxa_y/—i_DxW_Dxayw—i_“" 2.11)
§=

where D, is the total differentiation with respect to x:

0 0
Dx=_+y/_+y//

ax dy 8_y/
Let X =§&! % +n“ # be any Lie-Bicklund operator (2.2). We associate with X the follow-
ing n operators N (i =1, ..., n) by the formal sums:
Ni=g +W"‘—+ZD,1-- (W) 2.12)
Tiy--ig
where
We=n®—Eus, a=1,...,m, (2.13)

and the Euler-Lagrange operators with respect to derivatives of u* are obtained from (2.10) by
replacing u® by the corresponding derivatives, e.g.

9
su? +Z( DDjy - Dj g (2.14)
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The Euler-Lagrange (2.10), Lie—Bicklund (2.2) and the associated operators (2.14) are con-
nected by the following fundamental identity (N.H. Ibragimov, 1979, see [2, Section 8.4.4]):

. ) .
X+Di($’)=W°‘M—a+DiN’. (2.15)

2.3. Noether’s theorem

Let us begin with Euler-Lagrange equations

8L oL oL
= _Dl< >=07 a=11"‘9m5 (2.16)

Su® ~ du ue

where L£(x, u, u(1)) is a first-order Lagrangian, i.e. it involves, along with the independent vari-
ables x = (xl, ..., x") and the dependent variables u = (u, ..., u™), the first-order derivatives
uery = (u?} only.

Noether’s theorem states that if the variational integral with the Lagrangian L(x, u, u(1)) is
invariant under a group G with a generator

X=¢&(x,u ) 9 +n%(x, u ) 9 (2.17)
[6)) oxi n @ u
then the vector ﬁeldC:(Cl,...,C") defined by
. . ; oL
C’:S’ﬁ—l—(n"‘—éfu‘;)a—a, i=1,...,n, (2.18)
u;

provides a conservation law for the Euler-Lagrange equations (2.16), i.e. obeys the equation
divC = D;(C") = 0 for all solutions of (2.16), i.e.

D;i(C")] 3.1 = O- (2.19)

Any vector field C' satisfying (2.19) is called a conserved vector for Eq. (2.16).

Remark 2.1. It is manifest from Eq. (2.19) that any linear combination of conserved vectors
is a conserved vector. Furthermore, any vector vanishing on the solutions of Eq. (2.16) is a
conserved vector, a trivial conserved vector, for Eq. (2.16). In what follows, conserved vectors
will be considered up to addition of trivial conserved vectors.

The invariance of the variational integral implies that the Euler—Lagrange equations (2.16)
admit the group G. Therefore, in order to apply Noether’s theorem, one has first of all to find
the symmetries of Eq. (2.16). Then one should single out the symmetries leaving invariant the
variational integral (2.16). This can be done by means of the following infinitesimal test for the
invariance of the variational integral (see [1] or [2]):

X(L)+LD;(£") =0, (2.20)
where the generator X is prolonged to the first derivatives u (1) by the formula
X:Sii-l—n“i+[D<(n°‘)—u°fD-(§j)]i (2.21)
dxt ou® ' 7 oud’ '

If Eq. (2.20) is satisfied, then the vector (2.18) provides a conservation law.
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The invariance of the variational integral is sufficient, as said above, for the invariance of
the Euler-Lagrange equations, but not necessary. Indeed, the following lemma shows that if one
adds to a Lagrangian the divergence of any vector field, the Euler—Lagrange equations remain
invariant.

Lemma 2.1. A function f(x,u, ..., ug)) € Awith several independent variables x = (xl, X
and several dependent variables u = (u',...,u™) is the divergence of a vector field H =
(h',...,h"), hi € A, i.e.

f =divH = D;(h"), (2.22)

if and only if the following equations hold identically in x,u,uy, ...:

3f
—— =0, a=1,...,m. (2.23)
Su®

Therefore, one can add to the Lagrangian £ the divergence of an arbitrary vector field de-
pending on the group parameter and replace the invariance condition (2.20) by the divergence
condition

X(L)+ LD;(&") = D;(B"). (2.24)
Then Eq. (2.16) is again invariant and has a conservation law D;(C’) = 0, where (2.18) is re-
placed by
S oL .
Clzgl;c—i—(na_EJM?)W—B[. (225)
1

It follows from Egs. (2.15) and (2.20) that if a variational integral f L dx with a higher-order
Lagrangian L£(x, u, u(1), 4(), 4(3), - ..) is invariant under a group with a generator (2.21), then
the vector

Cl=N(L) (2.26)

provides a conservation law for the corresponding Euler—Lagrange equations. Dropping the dif-
ferentiations of £ with respect to higher-order derivative u), ... and changing the summation
indices, we obtain from (2.26) and (2.12):

; ; o 0€ oL oL
C'=8L+W'— —Dj| —5 |+ DD 2 —
ou; 8“,‘,‘ auijk

L 9L L
+ D"(Wa)[au@. - D"(gmf‘k) T ] + DjDk(W“)[auq.k - } (2.27)
ij ij tj

where N7 is the operator (2.12) and W& = n® — Sfu‘j?‘ is given by (2.13).
In the case of first-order Lagrangians, Egs. (2.27) coincide with Egs. (2.18).
In the case of second-order Lagrangians L(x,u,u), u(2)), the Euler-Lagrange equations
(2.16) and the conserved vector (2.18) are replaced by
3L aL oL oL
Pav Di<—> +Dka<

Su®  du® dus ou

) —0 (2.28)

and
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: » oL aL oL
C'=¢'L+W*— —D Dy (W« , 2.29
'L+ |:8u?‘ k<3u?‘k>] + Dy ( )Buf‘k (2.29)
respectively.

In the case of third-order Lagrangians L(x, u, u), #(2), (3)), the Euler-Lagrange equations
are written as:

8L oL oL oL oL
i i tj

and the conserved vector (2.27) becomes

P o[ 9L AL L
C'=E¢L+W [au;" Dj<auq‘>+DjDk<au?jk>i|

[ 9L L o 0L
+D;(W )|:8u?‘j —Dk(@)}+D1Dk(W )W (2.31)

3. Basic definitions and theorems
3.1. Adjoint equations

Recall that the adjoint operator to a linear differential operator L is usually defined as a linear
operator L* such that the equation

vL[u] — uL*[v] = div P(x) 3.1)

holds for all functions u and v, where P(x) = (p'(x),..., p"(x)) is any vector and div P =
D;( pi). The equation L*[v] = 0 is called the adjoint equation to L[u] = 0. The operator L and
the equation L[u] = 0 are said to be self-adjoint if L[u] = L*[u] for any function u(x). For
example, if L is a linear second-order differential operator,

L{u] =a" (x)D; D;(u) + b' (x) D; (u) + c(x)u, (32)
Eq. (3.1) yields the adjoint operator L* given by

L*[v]= D;D;j(a" (x)v) — D; (b' (x)v) + c(x)v. (3.3)
The operator (3.2) is self-adjoint provided that

b (x)=D;(aV), i=1,...,n. (3.4)

The definitions of the adjoint operator and the adjoint equation are the same for systems of dif-
ferential equations. For example, in the case of systems of second-order equations the adjoint
operator is obtained by assuming that u is an m-dimensional vector-function and that the coef-
ficients a%/ (x), b'(x) and c(x) of the operator (3.2) are (m x m)-matrices. The following two
second-order equations provide an example of a self-adjoint system:

xzu“ +uyy +2xuy +w =0,
Wyx + yzwyy +2ywy +u=0.

Linearity of equations is crucial for defining adjoint equations by means of Eq. (3.1). The
following definition of an adjoint equation suggested in [3] is applicable to any system of linear
and non-linear differential equations.
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Definition 3.1. Consider a system of sth-order partial differential equations

Fox,u,...,ux) =0, a=1,...,m, 3.5)
where Fo(x,u,...,uc)) € A are differential functions with n independent variables x =
(x',...,x") and m dependent variables u = (', ..., u™), u = u(x). We introduce the differ-
ential functions

S(vP Fp)

F;(x,u,v,...,u(s),v(s))zTaﬂ, a=1,...,m, (3.6)
where v = (v!, ..., v™) are new dependent variables, v = v(x), and define the system of adjoint
equations to Egs. (3.5) by

F;(x,u,v,...,u(s),v(s))zo, a=1,...,m. 3.7

In the case of linear equations, Definition 3.1 is equivalent to the classical definition of the
adjoint equation. Namely, taking for the sake of simplicity scalar equations, we can formulate
the statement as follows.

Theorem 3.1. The operator L* to a linear operator L defined by Eq. (3.1) is identical with the
operator L* given by

S(vL[u])

Lvl=—5,

(3.8)

One can easily verify that if L[u] is the second-order operator given by (3.2), then operator
L*[v] defined by Eq. (3.8) coincides with the operator L*[v] defined by Eq. (3.3).

Remark 3.1. The adjoint equation to a linear equation F(x, u, ..., u)) = 0 for u(x) is a linear
equation F*(x, v, ..., v()) = 0 for v(x). If Egs. (3.5) are non-linear, the adjoint equations are
linear with respect to v(x), but non-linear in the coupled variables u and v.

Definition 3.2. A system of equations (3.5) is said to be self-adjoint if the system obtained from
the adjoint equations (3.7) by the substitution v = u:

Fl(x,u,u, ... u@, i) =0, a=1,...,m, (3.9)
is identical with the original system (3.5).
Remark 3.2. Definition 3.2 does not mean that the left-hand sides of a self-adjoint system
(3.5) and of Egs. (3.9) coincide. So, in general, it may happen that F}(x, u, u, ..., u), Ug)) #
Fy(x,u, ..., ug)) even though (3.5) is self-adjoint. See Example 3.3.
Example 3.1. For the heat equation u; — u,, =0, Eq. (3.6) yields

9 2

F* = i[v(v, —ux)]=(-Di— +D
Su ous * Outyx

)[vmt —tyr)] = —Di(v) — D2(v).

Hence, the adjoint equation (3.7) to the heat equation is v; 4+ vy, = 0. It is manifest that the heat
equation is not self-adjoint.
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3.2. Lagrangians

Theorem 3.2. Any system of sth-order differential equations (3.5) considered together with its
adjoint equation (3.7) has a Lagrangian. Namely, the Euler—Lagrange equations (2.16) with the
Lagrangian

L=vPFg(x,u,... ugy) (3.10)

provide the simultaneous system of equations (3.5)—(3.7) with 2m dependent variables u =
!, ..., u™ andv= O, ..., v").

Proof. The proof given in [3] is straightforward. Indeed, the variation of £ given by (3.10)
yields:

3L

W=Fa(x,u,--.,u(s)), (3.11)
5L .

Su—a:Fa(x,u,v,...,u(s),v(s)). O (3.12)

Example 3.2. According to Theorem 3.2, the heat equation u; — uy, = 0 together with its
adjoint v; + vy, = 0 are Euler—Lagrange equations (2.28) with the second-order Lagrangian
L =v(u; — uyy). Using Lemma 2.1 and the identity —vu,, = (—vuy )y + u,vy, one can take
the first-order Lagrangian £ = vu; + u,v,. The variational derivatives of both Lagrangians are
as follows:

8L 5L

g_u,—u”, E:_(Ut+vxx)~

Let us extend Example 3.2 to any linear second-order differential equation
Llu]l=a" (x)uij + b (x)u; + c(x)u = f(x). (3.13)

The Lagrangian (3.10) is written as £ = (a"/ (x)u;j + b’ (x)u; + c(x)u — f(x))v. We rewrite it
in the form

L= Dj(vaijul-) — vu,-Dj(aij) — aijul-vj + vbiu,- 4+ cuv — f(x)v.
The first term at the right-hand side can be dropped by Lemma 2.1, and hence

L =cuv+ vb' (x)u; — vu;D; (aij) — aijuivj — f(x)v. (3.14)
The differential function (3.14) provides a Lagrangian for Eq. (3.13) considered together with
the adjoint equation D; D;(a"v) — D;(b'v) + cv =0. Namely,

% =cu +bi(x)u,- — u,-Dj(aij) + Dj(aijui) —f =aiju,-j +biui +cu—f

and

2 o Di(bv) + Di(vD; (@) + Dy (aTvs) = DiDy (alT) — Dy (b') +cv.

In particular, if the operator L[u] is self-adjoint, then Eq. (3.13) is obtained from the Lagrangian
1 .
L= 5[c(x)u2 —a" ()uju;]. (3.15)

Indeed, the second and the third terms in the right-hand side of Eq. (3.14) annihilate each other
by the condition (3.4). Now we set v = u, divide by two and arrive at the Lagrangian (3.15).
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Example 3.3. Consider the Korteweg—de Vries (KdV) equation

U = Uyyy + Ully. (3.16)
Equation (3.6) is written as F* (¢, x,u, v, ..., u@3), v3)) = —(Uy — Uxxx — uvy). It follows that
the adjoint equation to the KdV equation is

Up = Uxxx + Uy (3.17)

and that F*(¢t,x,u,u,...,u@),usy) = —F(,x,u,...,u@3)). Thus, the KdV equation is self-
adjoint and provides an example to Remark 3.2. Using Eq. (3.10), we obtain the third-order
Lagrangian for the KdV equation:

L=v[u; —utty — tyyy]. (3.18)
Since —vuyyy = (—VUyy)x + VxlUyy, We can use Lemma 2.1 and take the second-order La-
grangian

L=vu; — vutiy + Uxliyy. (3.19)
It is equivalent to the following second-order Lagrangian:

1

L=vuyy —uvy + Euzvx. (3.20)
Any of the Lagrangians (3.18)—(3.20) yield the KdV equation (3.16) and its adjoint equation
(3.17). Indeed:

8L 5L

o = U —UUx — Uxxx, < = — Ut Uxxx + UV
v Su

3.3. Symmetry of adjoint equations

Let us show that the adjoint equations (3.7) inherit all Lie and Lie-Béicklund symmetries of
Egs. (3.5). We will begin with scalar equations.

Theorem 3.3. Consider an equation

F(x,u,u(l),...,u(s))zO (3.21)
with n independent variables x = (x', ..., x*) and one dependent variable u. The adjoint equa-
tion

S(VF
F (x,u,v, ..., ue), V) = (;) ) =0 (3.22)
u
to Eq. (3.21) inherits the symmetries of Eq. (3.21). Namely, if Eq. (3.21) admits an operator
;0 ]
X=§—— —, 3.23
§oatng, (3.23)
where X is either a generator of a point transformation group, i.e. g =& (x,u), n=nx,u)),
or a Lie-Bdcklund operator, i.e. §' =&'(x,u,uqy, ..., up)) and n =n(x,u, uq), ..., uq)) are

any differential functions, then Eq. (3.22) admits the operator (3.23) extended to the variable v
by the formula

y=g oyl g2 (3.24)
=5 ax T Tau T ™o ’

with a certain function 1Ny = ns(X, U, v, Uy, . ..).
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Proof. Let the operator (3.23) be a Lie point symmetry of Eq. (3.21). Then
X(F)=A\F, (3.25)

where A = A(x,u,...). In Eq. (3.25), the prolongation of X to all derivatives involved in
Eq. (3.21) is understood. Furthermore, the simultaneous system (3.21), (3.22) has the Lagrangian
(3.10):

L£=vF. (3.26)

We take an extension of the operator (3.23) in the form (3.24) with an unknown coefficient 7,
and require that the invariance condition (2.20) be satisfied:

Y(L)+ LD;(§") =0. (3.27)
We have:
Y(L)+ LD;(§") =Y ()F +vX(F) + vFD;(§") = noF + vAF + vFD; (§")
= [« +vr+vD;(&)]F.
Hence, the requirement (3.27) leads to the equation
e = —[1+ Di(E')]v (3.28)

with A defined by Eq. (3.25). Since Eq. (3.27) guarantees the invariance of the system (3.21),
(3.22) we conclude that the adjoint equation (3.22) admits the operator

5 9 e 8
o T3~ Di(E) g (3.29)

thus proving the theorem for Lie point symmetries.
Let us assume now that the symmetry (3.23) is a Lie-Bécklund operator. Then Eq. (3.25) is
replaced by (see [1])

Y =¢

X(F)=xF + X Di(F) + 13 DiDj(F) + 1§ D; D D (F) + -+, (3.30)
where A;j = Aéi, .... Therefore, using the operator (3.24), we have:
Y(L)+ LD;(§") =Y()F +vX(F) + vFD;(§")
= [ + vio + vD; (§") | F + v Di (F) + vAY D; D (F)
+ v DD Dy(F) + .
Now we use the identities
vl D;(F) = D;(vA F) — FD;(vi}),
vAY DiD;(F) = Di[vAY Dj(F) — FD;(viY)] + FD;D; (vAY),
ijk ijk
vA{"D;D;Dy(F) = Di[---] — FD;D; Dy (vA5"),
etc., and obtain:
Y(L) + LD; (") = D;i[vA. F +vAY D;(F) — FDj(vAY) + -]
+ [« + vio + vD;i (') — Di (vA}) + DiD;(v23)
-
— D;iD;Di(vA{") +--]F.
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Finally, we complete the proof of the theorem by setting

e = —[o+ Di(§")Jv+ Di(vAl) — D;D; (vAY) + DiD; Dy (vA7*) — ... (3.31)
and arriving at Eq. (2.24),

X(L)+LD;(¢") = D;(B'), (2.24)
with

B = —vA[F — oAy Dj(F)+ FD;(vA))—---. O (3.32)

Let us prove a similar statement on symmetries of adjoint equations for systems of m equa-
tions with m dependent variables. For the sake of simplicity we will prove the theorem only for
Lie point symmetries. The proof can be extended to Lie-Bécklund symmetries as it has been
done in Theorem 3.3.

Theorem 3.4. Consider a system of m equations
Fo(x,u,uqy,....,u) =0, a=1,...,m, (3.33)

with n independent variables x = (xl, ..., x") and m dependent variables u = (ul, o u™).

The adjoint system

§(vP Fp)
ou¥ -

inherits the symmetries of the system (3.33). Namely, if the system (3.33) admits a point transfor-

mation group with a generator

a

oxi

then the adjoint system (3.34) admits the operator (3.35) extended to the variables v* by the

formula

Fl(x,u,v,...,ue), v) = 0, a=1,...,m, (3.34)

X=£&"(x,u)

e )= (3.35)
TG '

0 0
Y—Elﬁ‘i"?aa—a ﬂzﬁ (3.36)
with appropriately chosen coefficients n¥ = n%(x,u, v, ...).
Proof. Now the invariance condition (3.25) is replaced by
X(Fy)=MFp, a=1,...,m, (3.37)

where the prolongation of X to all derivatives involved in Eqgs. (3.33) is understood. We know
that the simultaneous system (3.33), (3.34) has the Lagrangian

L=v"F,. (3.38)

We take an extension of the operator (3.35) in the form (3.36) with undetermined coefficients n$
and require that the invariance condition (2.20) be satisfied:

Y(L)+ LD;(§") =0. (3.39)
We have:
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Y(L£) + LD (") =Y (v*) Fy + v* X (Fy) +v* Fu Di (£")
=n%Fy + 20" Fg + v F, D; (£')
= [n% + 250”7 + v D; (") ] Fa.
Therefore, the requirement (3.39) leads to the equations
ni:—[k‘;vﬁ—i—v“Di(éi)], a=1,...,m, (3.40)

with X% defined by Eqgs. (3.37). Since Egs. (3.39) guarantee the invariance of the system (3.33),
(3.34), the adjoint system (3.34) admits the operator

.9 0 ]
— &l o a B apn. ()12
Y_saﬂ4wyaﬁ—{Mu-+qusﬂaw. (3.41)
This proves the theorem. 0O
Remark 3.3. Theorems 3.3 and 3.4 are valid for non-local symmetries as well.
3.4. The main conservation theorem
Theorem 3.5. Every Lie point, Lie—Bdcklund and non-local symmetry
X=¢(x,u,u )i+ “(x,u,u )i (3.42)
- s A (1)?"‘ axl n s ¥y (1)7‘-' aua .
of differential equations
Fo(x,u,...,ug) =0, a=1,...,m, (3.43)

provides a conservation law for the system of differential equations comprising Egs. (3.43) and
the adjoint equations (3.34).

Proof. To prove the statement, I present the procedure for computing the conserved vector asso-
ciated with the symmetry (3.42). The construction follows from Theorem 3.3 for scalar equations
and Theorem 3.4 for systems.

Let (3.43) be a scalar equation with one dependent variable u. Then the symmetry (3.42) has
the form (3.23) and the corresponding conserved vector C' is obtained by applying Eq. (2.27) to
the Lagrangian (3.26) and to the operator (3.24) with the coefficient 7, given by (3.28) if (3.23)
is a Lie point symmetry and by (3.31) if (3.23) is a Lie-Bicklund symmetry. In the latter case one
can ignore the presence of the term D; (B') in Eq. (2.24) since the vector B’ defined by (3.32)
vanishes on the solutions of Eq. (3.43) (see Remark 2.1).

Let (3.43) be a system with m > 1 and let (3.35) be a point symmetry. The conserved vector
C' is obtained by applying Eq. (2.27) to the Lagrangian (3.38) and to the operator (3.41). We
complete the proof by invoking Remark 3.3. O

3.5. An example on Theorem 3.5
The heat equation u; — u,, = 0 together with its adjoint equation v; 4+ vy, = 0 have the

Lagrangian £ = v(u; — uyy). We will apply here Theorem 3.5 to a Lie point symmetry and a
Lie-Bécklund symmetry.
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Let us take the following generator of a point transformation group:

0 0
X=2t— —xu— (3.44)
ox ou

admitted by the heat equation and extend it to the variable v. The prolongation of X to the
derivatives involved in the heat equation has the form

0 0 0
X =2t— —xu— — (xuty +2uy)— — Quy + Xlyy)
ax ou ouy

The reckoning shows that Eq.'(3.25) is written as X (u; — tyxy) = —x(u; — uyy), hence A = —x.
Noting that in our case D;(&') = 0 and using (3.28) we obtain 1, = xv. Hence, the extension
(3.29) of the operator (3.44) to v has the form
Y =2t 9 9 + 9 (3.45)
=2t— —Xu— +xv—. .
ax au av
One can readily verify that it is admitted by the system u; — u,y =0, v; + vy, =0.
Let us find the conservation law provided by the symmetry (3.44). Since we deal with a
second-order Lagrangian, £ = v(u; — uyy), we compute the conserved vector by the formula

(2.29). Denoting t = xVx=x% u=u',v=u?, we have for the extended operator (3.45):

51:0, &2:2t, nI:—xu, nzzxv, W =—(xu + 2tuy).

In our case, (2.29) provides the conservation equation D;(C 1y + D, (C? = 0 for the vector
C = (C', C?) with the following components:
oL

cl= W =oW = —v(xu + 2tuy),
U

C*=2tL+ WDy (v) — vDx (W) = v(2tu; +u + xuy) — (Xt + 21, )vy.
This vector involves an arbitrary solution v of the adjoint equation v; + vy, = 0, and hence

provides an infinite number of conservation laws. Let us take, e.g. the solutions v =—1, v = —x
and v = —ef sinx. In the first case, we have

CI:xu—i—Ztux, C2=—(2tu,+u+xux).

Noting that D;(2tu,) = D;Dy(2tu) = D, D;(2tu) = D, (2u + 2tu;) we can transfer the term
2tu, from C! to C? in the form 2u + 2¢u,. Then the components of the conserved vector are
written simply as

Clzxu, C2=u—xux.
In the second case, v = —x, we obtain the vector
CI:x2u+2txux, C2=(2t—x2)ux—2txu,,

and simplifying it as before arrive at
Clz(x2—2t)u, C2=(2t—x2)ux+2xu.

In the case v = —e' sinx, we note that 2¢tu,e’ sinx = D, (2tue’ sinx) — 2tue’ cosx and simpli-
fying as before obtain:

C! = ¢! (xsinx — 2t cos x)u, C? = (u+2tu — xuy)e sinx + (xu + 2tuy)e’ cosx.
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The heat equation has also Lie—Bicklund symmetries. One of them is
0
X = (xuxx + Ztuxxx)a' (3.46)

We prolong its action to u; and u,,, denote the prolonged operator again by X and obtain

XUy —uyy) = xD)%(u, — Uyy) + 2tDi(u, — Uxy).
It follows that Eq. (3.30) is satisfied and that the only non-vanishing coefficients in (3.30) are
Azz =x and A222 2t. Accordingly, Eq. (3.31) yields:

Ny = —D)%(xv) + D§(2tv) = —2Vy — XVUyy + 2 Vxxx,

and hence the extension (3.24) of the operator (3.46) to the variable v is

0 d 0
Y=n—+n—= (xuy + 2tuxxx) + (2t Vxxx — 205 — XVxx) —. (3.47)
ou dv av

For the operator (3.47), we have Sl = 52 =0and W = n = xuyy + 2tuy. Therefore, (2.29)
provides the conserved vector with the following components:
oL

c! =W — =nv=_[Xuyx + 2tuyrx]V,
au,

C2:2M%—WDX<;£ = [2¢(u; — uxx) — Dx())]v + Dy (v)

Uxx

aL
>+DAW5

Uxx

= [Zt (U — Uy — Uyxxx) — Uyy — xuxxx]v + (s + 2t Uy v,
4. Applications
4.1. The Korteweg—de Vries equation

For the KdV equation (3.16), u; = uyxx + uuy, let us take the Lagrangian (3.18),
L=v[u; —uny —thxyxl,

and apply Theorem 3.5 to the following two point symmetries (the generators of the Galilean
transformation and a scaling transformation) of the KdV equation:

0 0 0 0 0

Xi=——1t—, Xo=2u— —3t— —x—.

ou 0x ou dat 0x
The reckoning shows that the extension (3.24) of X to the variable v coincides with X . Let
us find the extension of X». Its prolongation to the derivatives involved in the KdV equation is
written as

9 9 9 9
o=l 30 9 s 3 4 5 .
2= AU Tl TNy Mgy, Tt g T e g o Sl

Consequently, Xo (u; —utty —uyxxyx) = S(uy — Uty —uyxyx), and hence A = 5. Since D; (Ei) =—4,
Eq. (3.28) yields n, = —v. Thus, the extension (3.24) of X is
d 0 0

d
Yo=2u— —3t— —x— —v—.
ou ot 0x ov
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The operator X; yields the conservation law D;(C 1 4+ D,(C?) =0, where the conserved
vector C = (C!, C?) is given by (2.31) and has the components

C'=(+1tuy)v, C? =t (Vyllyy — Uy Vxx — VUz) — UV — Vyy.
Since the KdV equation is self-adjoint (see Example 3.3), we let v = u, transfer the term tuu, =
Dx(%tuz) from C! to C2 in the form ruu, + %uz and obtain

1
Cc'=u, czz—EuZ—um. 4.1

Let us make more detailed calculations for the operator X». For this operator, we have W =
(2u 4 3tu; + xu, ) and the vector (2.31) is written as:

Cl'= —3¢L + Wv = Btuyey + 3tuny + xuy + 2u)v,
C?=—xL — (uv 4 vy)W + v, Dy (W) — vD*(W)
= —(2142 + xuy + 3tuu; + duyy + 3tu,xx)v 4+ Buy + 3tusy + Xty )y
— Qu 4+ 3tuy + Xty ) Uy

As before, we let v = u, simplify the conserved vector by transferring the terms of the form
D.(...) from C! to C? and obtain
2
c'=u?, Cr=u> = 2uu,, — glﬁ. 4.2)
The KdV equation has an infinite algebra of Lie—Bécklund and non-local symmetries [4]. The
Lie—Bicklund symmetry of the lowest (fifth) order is

0 . 5 10 5,
X3 = fs— with fs =us+ -uuz + —urus + —u“uy,
ou 3 3 6

where u; = uy, Uy = uyy,.... The reckoning shows that the invariance condition (3.30) for
F =u; —uu, — uyy, is satisfied in the following form:

X3(F) = E(ug +uuy) + %(4142 +u?)Dy + ?MID)% + guDi + Di](F).
The first component of the conserved vector (2.31) is C! = vfs. Upon setting v = u, we have
ufs = Dy(uug —ujuz + %u% + %uzuz + %u“). Hence, the Lie-Bécklund symmetry X3 provides
only a trivial conserved vector (2.31) with C I=o.
Let us apply our technique to non-local symmetries (see Remark 3.3). The KdV equation has
an infinite set of non-local symmetries, namely:

)(n-}—Z =8n+27> 4.3)
ou
where g, are given recurrently by ([4], see also [1, Eq. (18.36)])
2, 2 2
g1=1+1tuy, gni2 = Dx+§u+§DX g, n=173,.... “4.4)

The operator X7 = (1 + tul)% corresponding to g is the canonical Lie—Bicklund represen-
tation of the generator X| of the Galilean transformation (Example 2.1). Equation (4.4) yields
g3=1/3)2u + 3t (u3 +uuy) + xu]l = (1/3)(2u + 3tu; + xuy), hence A3 coincides, up to the
constant factor 1/3, with the canonical Lie—Bicklund representation of the scaling generator X»
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(cf. Example 2.2). Continuing the recursion (4.4), we arrive at the following non-local symmetry
of the KdV equation:

Xs = 0 ith g5 =tf5 + = (u3 + uuy) + + 2+] %
=gs— wi = —(u3 +uu —ux+ —u"+ —ujp,
5=855 85 5+ 33 D+ gua+y g1

where f5 is the coordinate of the Lie-Bécklund operator X3 used above and ¢ is a non-local
variable defined by the following integrable system of equations:
15
Ox = U, (PZ:uxx'i‘Eu-
We will write down only the first component of the conserved vector (2.31). It is given by
C! = vgs. Setting v = u, transferring the terms of the form D, (...) from C! to C?, elimi-
nating an immaterial constant factor and returning to the original notation u| = u,, we arrive at
a non-trivial conservation law with

Cl=u —3u. (4.5)

The non-local variable ¢ is involved in the component C? of the conserved vector. We can also
take in C! = vgs the solution v = 1 of the adjoint equation (3.17), v; = vyxx + uv,. Then we
will arrive again to the conserved vector (4.2).

Dealing likewise with all non-local symmetries (4.3), we obtain an infinite set of non-trivial
conservation laws. For example, X5 yields

C' =29u* + 852uu? — 252u3. (4.6)
4.2. The Black—Scholes equation

For the Black—Scholes equation

1
ur + EAzxzum + Bxuy — Cu=0, (4.7)
the adjoint equation has the form
1
§A2x2vxx + (247 = B)xvy — v, + (A= B—-C)v=0 (4.8)

and the Lagrangian is
1,22
L= ut+§A X Uyxy + Bxuy — Cu |v. 4.9)
Let us find the conservation law corresponding, e.g. to the time-translational invariance of
Eq. (4.7), i.e. provided by the infinitesimal symmetry X = ;—t. For this operator, we have

W = —u,, and Eq. (2.29) written for the second-order Lagrangian (4.9) yields the conserved
vector

1
Cl=£—u,v=<§A2x2uxx+Bxux—Cu>v,
2 1 2.2 1 2.2
C“=—| Bxv— Dy, EAXU MI_EAX Vllyy

1 1
= |:—va + A%xv + §A2x2UXi|u, — §A2x2vu,x.
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We can substitute here any solution v = v(¢, x) of the adjoint equation (4.8). Let us take, e.g. the

invariant solution obtained by using the operator X = x % —v %. The solution has the form

1
v=—e"¢  where C is from Eq. (4.7).

X

Substituting it in the above C', C? and simplifying as before, we obtain

1 1
' =" = (= A%uy + Bu— =A% )eC". (4.10)
X 2 2
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