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Abstract

In recent works [8, 17], the authors considered various Lagrangians, which are invariant under
a Lie group action, in the case where the independent variables are themselves invariant. Using
a moving frame for the Lie group action, they showed how to obtain the invariantized Euler-
Lagrange equations and the space of conservation laws in terms of vectors of invariants and the
Adjoint representation of a moving frame.

In this paper, we show how these calculations extend to the general case where the independent
variables may participate in the action. We take for our main expository example the standard
linear action of SL(2) on the two independent variables. This choice is motivated by applications
to variational fluid problems which conserve potential vorticity. We also give the results for
Lagrangians invariant under the standard linear action of SL(3) on the three independent variables.

2010 Mathematics Subject Classification: 58E30, 22E70 (primary), 34A26, 34K17 (secondary).

1. Introduction

Noether’s First Theorem states that for systems coming from a variational
principle, conservation laws may be obtained from Lie group actions which leave
the Lagrangian invariant.

Recently in [8, 17], for the case where the invariant Lagrangians may be
parametrized so that the independent variables are each invariant under the
group action, the authors were able to calculate the invariantized Euler-Lagrange

© The Author(s) 2016. This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence
(<http://creativecommons.org/licenses/by/3.0/>), which permits unrestricted re-use, distribution, and reproduction in any medium,
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system in terms of the standard Euler operator and a ‘syzygy’ operator specific
to the action. Furthermore, they obtained the linear space of conservation laws in
terms of vectors of invariants and the Adjoint representation of a moving frame
for the Lie group action. This new structure for the conservation laws allowed the
calculations for the extremals to be reduced and given in the original variables,
once the Euler-Lagrange system was solved for the invariants. These results were
presented in [8] for all three inequivalent SL(2) actions in the complex plane and
in [9] for the standard SE(3) action.

In this paper, we show that the results presented in [8] can be extended to

cases where the independent variables are not invariant under the group action,
which is the case for many physically important models. In Table 1 we list
some conservation laws arising from group actions on the base space. We
take as our main expository example the standard linear action of SL(2) on
the two independent variables due to its importance in variational problems
which conserve potential vorticity. Indeed in [4, 15], Bridges et al. give a
rigorous connection between particle relabelling, symplecticity and conservation
of potential vorticity; they show that conservation of potential vorticity is a
differential consequence of a 1-form quasi-conservation law, which is obtained
from rewriting the shallow water equations as a multisymplectic system. Here,
we will show that conservation of potential vorticity is a differential consequence
of Noether’s conservation laws for the SL(2) action.

Table 1. Conservation laws arising from group actions on the base space.

Group action Conservation law
Time translation Energy

Space translation Linear momentum
Space rotation Angular momentum
Area preserving diffeomorphism  Potential vorticity

In Section 2, we start by giving some background on moving frames, differ-
ential invariants, invariant differential operators, and invariant forms. We then
move on to the invariant calculus of variations; we show in this section how the
invariantized Euler-Lagrange equations are obtained in a way similar to that of
the Euler-Lagrange equations in the original variables.

In Section 3, we show how the variational symmetry group acts on Noether’s
conservation laws and demonstrate the mathematical structure of Noether’s
conservation laws for invariant Lagrangians with independent variables that are
not invariant under the group action. The conservation laws presented in this
section are a generalisation of the ones obtained in [8]; they differ by the product
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of a matrix which represents the group action on the (p — 1)-forms. In the
particular case of a variational problem with invariant independent variables,
this matrix corresponds to the identity matrix. We end this section with the

calculation of conservation laws associated to the Monge-Ampere equation.
In Section 4, we compute the new version of Noether’s conservation laws

which are associated to two three-dimensional invariant variational problems —
the shallow water equations, and Lagrangians invariant under the linear SL(3)

action on the base space.
In Section 5 we discuss the role that the frame plays in the integration of the

Euler-Lagrange equations and the conservation laws.
We conclude with some remarks about the form of the Euler-Lagrange

equations in terms of the conservation laws, that follow as a consequence of
our main result.

1.1. Summary of main result. The Euler-Lagrange equations of a functional
L[] = f L(x, u, uy)d"x are derived by setting

d _
—| Zu+evl=0

de =0
for any variation v. If the Lagrangian is invariant under a Lie group action,
then the variations v along the group orbits do not give any new information
and so it is sufficient to consider variations of the Lie group invariants using
Z[u] written in terms of the invariants of the group action. Taking advantage of
the calculus of invariants given in terms of the Lie group based moving frame,
we develop an invariant calculus of variations. One can then obtain the Euler-

Lagrange equations directly in terms of the invariants.
We show further that the conservation laws, whose existence is guaranteed

by Noether’s Theorem, can be written in the form presented in the following
theorem. This theorem is a streamlined version of our main result in this paper,
which can be found in Section 3, along with its proof.

THEOREM 1. Let f L(x)1(dPx) be invariant under the prolonged action GXM — M,
where M is a jet bundle. Furthermore, let Ad(g) be the Adjoint representation
of G with respect to its infinitesimal vector fields, and vy, ...,v, the vectors of
invariants coming from the action on the conservation laws associated to the
Euler-Lagrange equations, E*(L). Finally, consider Mg to be the matrix of first
minors of the Jacobian matrix J = d(g - X)/dx. Then the conservation laws
associated to the Euler-Lagrange equations can be written as

d(Ad()™" (v, ... vp ) Mgd?'x) = 0, (1)

where p is the moving frame and M4dP~'X are in fact invariant (p — 1)-forms
written in terms of the original dx;...dx;...dx,.
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Since the frame is equivariant, this formulation provides an explicit expres-
sion of the equivariance of the linear space of the conservation laws under the Lie
group action. The main technical result we need in order to prove our result is,
in fact, a proof of an explicit expression of the equivariance of the conservation
laws. The equivariance was known, but the proof for only the infinitesimal result
was written down (see Proposition 5.64 of [21]).

1.2. Motivating example. Consider the following SL(2) group action on the
(x, u(x))-plane,

g-u=1u=u, 2)
where ad — bc = 1. The following expression

Uy 3 u2

g =
ui 21/!47

1s the lowest order differential invariant, where a differential invariant is an invari-
ant for the prolonged group action of a Lie group on a jet-space. All differential
invariants for the group action (2) are functions of o and its derivatives with

respect to the invariant differential operator D, MI 4

Under this group action, the one-dimensional varlatlonal problem

2 XXX x_3 202
QQu u4 : Usy) dx:fazuxdx
Uy

has SL(2) as a variational symmetry group. Using the formula for Noether’s con-
servation laws, as formulated in §5.4, Proposition 5.98 of [21], we obtain a sys-
tem of conservation laws which can be written in matrix form as A(x, u,, u)v(l)
= ¢, where v(]) is a vector of invariants, and ¢ are the constants of integration;
more precisely, we have

Xlyy + Uy U (Xl + 2Uy)
_— 2xu, —2—
u u
N . 2 —4D.0 C
i Uy - 207 +2D%0 |=| o |,
2uy 4uy _a
2 g 3
x(xuyy + 2uy) 5 (XUyy + 2u,)
—_—— —X"U, —
2”){ 4Mx
3

where this defines A and v(I). Note that matrix A corresponds to Ad(p)~" in (1)
and M4d’xin (1) is 1 in this example.
The Euler-Lagrange equation for this variational problem is —2D30+60 D,
=0,1e.
(—D? +2D,0 + 20D )E’ (L) + D, (L) = 0
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where E” is the Euler operator with respect to o~. This invariantized Euler-
Lagrange equation agrees with the invariant form given in Kogan and Olver [16],

AEL) - B*H(L) =0, (4)

where &(L) is the invariantized Eulerian, (L) a suitable invariantized Hamil-
tonian, and A*, B*, which are named Eulerian and Hamiltonian operators, re-
spectively, are invariant differential operators.

Once one has solved the Euler-Lagrange equation for o and substituted o in
the system of conservation laws (3), one obtains three equations for u, and u,,
as functions of x. Combining and simplifying these yields

u(c1x — crax” + c3)+40 =0. 5

Equation (5) can be solved for u, once a solution o is known.

The matrix A defined in (3) is equivariant, in other words, letting the group
act on its components, then one can verify that the group action factors out; more
precisely,

A(X, Uy, Uyxy) = R(a, b, OA(X, Uy, Uyy),

where
ad + bc 2bd -2ac
1+5
Rabe)=| e & -3 |, a=-22C
—ab —b? a? a

The matrix R(a, b, ¢) is a representation of SL(2); the group product in parameter
space is given by

1+b 1
(a,b,¢)- (@, B,y) = (ax + by,aB + b, ca + dy), d= al € 5= +'87,
a

and it is easily checked that
R(a9 bs C) : R(Of,ﬁ, 7’) = R((a’ b’ C) : (Q,B, 7’))

This representation is the well-known Adjoint representation, see §3.3 of [17].
In fact, the map A is a moving frame, i.e. an equivariant map from the space M
on which the Lie group G acts, in this case, the relevant jet bundle, to the group
itself.

It follows from the theory we demonstrate in this paper, that the matrix A de-
pends only on the symmetry class of the Lagrangian, that is, the symmetry group
and its action. In this example, A will be the same for all Lagrangians of the
form, f L(o, D,o, Z)io-, ...)uydx. Only the vector of invariants, v(/) depends
on L. Other examples given in [8, 9], show that the system of conservation laws
can be used to solve for the extremals, in one-dimensional invariant variational
problems where the Adjoint representation is nontrivial.
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At first glance the structure of the conservation laws, for invariant varia-
tional problems whose independent variables are also invariant (see Theorem
3 of [8]), seems to be identical to the one where the independent variables par-
ticipate in the action. But in fact, they are not identical, as we saw in Theorem
1: there is an extra matrix term in the conservation laws, M4, which does not ap-
pear in one-dimensional variational problems because D, (F(x, u, uy, ...)I(dx)) =
d(F(x,u,u,,...)) as will be proven later in Theorem 4. Besides this there is
another difference, which is not visible here: the vectors of invariants have a
slightly different formula, which is related to the fact that the independent vari-
ables participate in the action.

2. Moving frames and invariant calculus of variations

In this section, we will introduce notions and concepts needed to understand
our results, namely, moving frames as formulated by Fels and Olver [6, 7] in the
context of differential algebra, differential invariants of a group action, invariant
differential operators, invariant forms and invariant calculus of variations. For
further details on these topics see Fels and Olver [6, 7], and Mansfield [17].
Also, a different approach to invariant calculus of variations can be found in
Kogan and Olver [16] .

We will start by defining what a moving frame is and then use it to obtain
the differential invariants, the invariant differential operators and the invariant
differential forms. Then we will proceed to the topic of invariant calculus of
variations, where we explain how the invariantized Euler-Lagrange equations
are calculated. In the process of obtaining these, a collection of boundary terms
are picked up; as will be seen in Section 3, these will yield part of the new
structured version of Noether’s conservation laws in terms of invariants and a
moving frame.

2.1. Moving frames and differential invariants. A smooth group acting on
a smooth space induces an action on the set of its smooth curves and surface
elements and on their higher order derivatives in the relevant jet bundle. These
curves and surfaces are known as the prolonged curves and surfaces. In this
paper, the set M on which the group G acts is the set of these prolonged curves
and surfaces.

Let X be the set of independent variables with coordinates x = (xi, ..., x,)
and U the set of dependent variables with coordinates u = (u', ..., u4). We will
represent the derivatives of ¥* with a multi-index notation, e.g.

oKl

Uy = ————
K (9ku cee 6ka

bl
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where K = (ky,...., k) is an unordered m-tuple of integers, where the entries
1 < ky < p represent the derivatives with respect to x,; its order is denoted by
|K| = m. Consequently, we will represent the coordinates of M = J"(X X U) as

1 |
2= (X1, Xpout o ul ug, ).

Furthermore, the operator d/dx; extends to the total differentiation operator

d 8 I , 0
Di:d_x,»za_x,-JraZ::‘;uKiM’

where D; maps J" into J™*!,
A group action of G on M is a map

GXM—- M, (g,2)— g 2,

which satisfies either g- (h- 2) = (gh)- 2, called a left action, or g-(h- 2) = (hg)- 2,
called a right action. To ease exposition, we will denote at times g - 2z as z.

Suppose that G is a Lie group acting smoothly on M and that its action is free
and regular in some domain U C M. This implies that

- the group orbits all have the same dimension and foliate U/,

- the existence of a surface K that intersects these orbits transversally, and
for which the intersection with a given group orbit is a single point. This
surface K is known as cross section, and

- if O(z) is an orbit through 2z, then the element 2 € G which maps 2 to
{c} = O(2) N K is unique.

Under these conditions we can define an equivariant map p : U — M as the
map that sends an element z € U to the unique element p(2) € G which satisfies

p(2)-z=c.

The map p is called the right moving frame relative to the cross section K.

To obtain the right moving frame, in a first instance, we define the cross
section K as the locus of the set of equations ¥;(2) = 0, for i = 1,..,r,
where r is the dimension of G. Then solving the set of equations, known as
the normalization equations,

vi(2) = Yi(g- 2) =0, i=1,..r1

for the r parameters describing G yields the frame in parametric form.
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ExampLE 1. Consider the linear SL(2) action on the space (x,y,u(x,y)) as fol-

lows _
(,;ﬁ):(‘c‘ Z)(;C) ad—bc=1, H=u (6)

The prolonged actions on u, and uy are given explicitly by g - u, = uy = D.u
and g - uy = u, = Dyu, respectively. _
The transformed total differentiation operators D; are defined by

~ d P o
Di= == ;((&/dX) )aDr (7

where dX/dx is the Jacobian matrix. So,
uy = duy — cuy, uy = —buy, + auy.

Taking M to be the space with coordinates (X,y, U, Uy, Uy, Uxy, Uxy, Uyy, ...), then
the action is locally free near the identity of SL(2) and regular away from the
coordinate plane x = 0 and the locus of xu, + yu, = 0. In this domain, we may
take the normalization equations to be x = 1,y = 0 and u, = 0, and thus obtain
u u
a=——— b=—2 and c=-y, €))
Xty + Yty Xty + Yty

as the frame in parametric form.

THEOREM 2. Let p be a right moving frame, then the quantity I(2) = p(2)- zis an
invariant of the group action (see [6]).

If zis given in coordinates, and the normalization equations are 7; = ¢;, for
i=1,..,r, then
p(z) Tz = (Clv ceey Ci’? I(ZF+1)7 (R3] I(Z}'I))v

where
I(z) = 8 Z%lg=p(z)» for k=r+1,.,n

Thus, we denote the invariantized jet bundle coordinates as
' _ —
5= 1(x) = Xilg=pa)s I = 1) = tiglg=p(z)-

These are also known as the normalized differential invariants. This follows the
notation in [7]. Other notations appearing in the literature are ¢(2) and 7 z.

ExampLE 1. (cont.) The normalized differential invariants up to order two are as
follows

§-2= (35’ Yy Uy Uy, Uy, Uxy, Uyy, uyy)|g:p(z)



Moving frames and Noether’s conservation laws — the general case 9

= (PP I I BT T )

_ 2 2
= (1, 0, u, xuy + yuy, 0, X Uyy + 2XYUxy + Y ikyy,

)

’

2 2
Xllyllyy — Yibyllyy + Yilgllyy — XUyllyy Willyy = 2Ullyllyy + Uy Mxx)
Xy + Yty (xuy + yuy)?

The first, second and fifth components correspond to the normalization equations
and are known as the phantom invariants. We will see that the third and eighth
components, u = I(u) and I(uyy) respectively, are the generating invariants and
one can obtain all the higher order invariants in terms of them and their invariant
derivatives (we refer to Chapter 5 of [17] for a discussion of the relevant results
that allow such claims to be proved).

2.2. Invariant differential operators and differential forms. The invariant
differential operators are calculated in a similar way to that of the normalized
differential invariants. We obtain them by evaluating the transformed total
differentiation operators at the frame, in other words,

D; = Di|g:p(z)a

where D; are as defined in (7). These invariant differentiation operators map
differential invariants to differential invariants.
We know that Djuy = ug;, but the same is not true for their invariantized
counterparts; in general
Dily # Iy;.

To show this we shall first define the notion of infinitesimal of a prolonged group
action.

Dermnition 1. Let G be a group parametrized by ay, ..., a,, where r = dim(G),
in a neighbourhood of the identity element. The infinitesimals of the prolonged
group action with respect to these parameters are

g=t 0 gn =R (10)

Since fj. and ¢%’j are functions of the x;, fori = 1,...,p, u®, fora = 1,..., ¢,
and u% we can define

& =& 1P
and _
¢y (D) = o5 (J PP ID),

where the arguments have been invariantized.
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By definition of Ig and D;, from the chain rule we obtain
DiIg =Dilgep(sy UL(D1s -oes Prs X, U, Uy)
L\ Ou® _ _
K
=) K D; | + (D
; dayr ( lp[) g=p(2) ( luK)

g=p(2)
The second summand in (11) is I, by definition. By Theorem 3.2.27 of [17] and
by definition of infinitesimal, the first summand becomes

(1D

g=p(2)

6,0 (Bpe)| .

= §=p(2)

where this defines K;, = 5ip5(2)|g:p(z), and K = (K;y) is known as the correction
matrix. Thus,

.
Dilg = I, + My, where My, = > Kiig (D) (12)
=1
are called the correction terms. Similarly, we can obtain the invariant differenti-
ation of the J*

DiJ* =6 + Ny, where Ny; = Z K& (13)
=1

and 5f is the Kronecker delta.

The error terms can be calculated without explicit knowledge of the frame,
requiring merely information on the normalization equations and infinitesimals
— symbolic software exists which computes these, see [12, 18]. From Equation
(12), one can verify that the processes of invariantization and differentiation
do not commute. If we consider two generating invariants, /{ and I{', and
let JK = LM such that Ij, = then we obtain the so-called syzygies or
differential identities

a
ILM ?

Okly = Dmli = Myg — My (14)

For more information on syzygies, see Chapter 5 in [17]. A full discussion of
the finite generation of invariant differential algebras and their syzygy modules
is given in [13, 14].

ExampLE 1. (cont.) The invariant differential operators for this action are
d d

x = X7 PR 1
D xdx+ydy (15)
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Uy d Uy d

Dy=~— — + —.
) Xiy +yuy dx  xuy + yu, dy

(16)

It can now be seen that in the list of differential invariants given in Equation
(9), that the fourth component is D,(u), the sixth component is Dﬁ(u) - D, (u),
and the seventh component is D,D,(u). It is not possible, however, to obtain
the eighth component, 1(uyy) by invariant differentiation of u, since Dy(u) = 0.
All other differential invariants of the form I(ux) can be obtained from u and
I(uyy) by invariant differentiation and algebraic operations, and thus these two
invariants generate the algebra of invariants.
The syzygy between I(u) and 1(uyy) is

a2 20\ 2
D (I(uyy)) Z)ny(u) —41(uyy) + —— (I(uyy)@x(u) Z(Z)yl)x(u)) ) 17

D ( )
ExampLE 2. We now extend the previous example by adding an extra, dummy,
independent variable T, which we declare to be invariant under the group action.
In the sequel, we will use differentiation by 7 to effect the variation, a step which
will allow us to use the invariant calculus to achieve our results. As T is a dummy
variable, the normalization equations will never contain t derivatives. The new
generating invariants will therefore be first order in T, and there will be new
syzygies. Set u = u(x,y, 7). Let g € SL(2) act on (x,y,u(x,y, 7)) as in Example 1
and set T = 1. Taking the normalization equations as before, we obtain

u‘rlg:p(z) = Ig = Ur,
Uy =1 = XUy + 2XVUpy + VU
xxlg=p(z) — 411 = XX YUyxy T Y Uyy,
Xlylyy — YUyllyy + YUyllyy — XllyU

o —_ u
Usylg=p(z) = I} = ity + yu ’
x y

2 2
Wity — 2Uyllyllyy, + Uy Uy

Upylomp(z) = T¥y =

yylg=p(2)

2 (xuy + yuy)z

From Figure 1, we can see that there are two ways to reach I{ , and since these
u u .

must yield the same result, we get the following syzygy between Iy and I},

D1}, = DI — D, (18)

Similarly, there are two possibilities to obtain I

o which give rise to the
Jollowing syzygy between I§ and I,

u

u 2 yu 21’1‘2 u I u
Dilfy = DYl - D+ 2p. 0. (19)
1
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Finally, there are several ways in which to reach I{,,; there are two syzygies
between I“ and Ii’z, which are as follows:

Lt
DI, = Z)yi)xlg‘ - ( I + I)D)I’;, (20)
u u Illll 112 u
Dy, =D, DyI5 + (1 - E Dy I Iit - D, ;. 21D
A
|
|
|
|
|
Ig‘*/lt,,,, >, 1353
|
y I u
|>" 123
I+ /b @ ® -
Iis & 7 E=0 I3
U 7 .
// I
Ity ) J
K/

Figure 1. Paths to Ii;; in Example 2, where K represents the index of differentiation with respect
to the x;, fori=1,....,p

From Equations (20) and (21) in Example 2, one can verify that the invariant
operators O, and O, do not commute. In general, the invariant total differenti-
ation operators do not commute. In [7], Fels and Olver gave a formula for the
commutators of these invariant operators, which only relies on the correction
matrix K and the infinitesimals of the group action. Denote the invariantized
derivatives of the infinitesimals f’g, fork=1,..,pand{=1,...,r, by

Ef; = Di(@g-pio.

Then the commutators are given by

[D:,Dj] = Zﬂ D AL Z Kk — KiEf). (22)
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Invariant volume forms are obtained by taking the wedge product of invariant
zero and one-forms. We define the latter next, and their behaviour under the
invariant Lie derivative operators.

Derinttion 2. The invariant one-forms obtained via the moving frame are de-
noted as

(23)

P
1(dx;) = dXjlg=p(z) = [Z Dj(fi)dxj]

= 8=p(2)

These are known in the literature as contact-invariant horizontal one-forms [22].
As for differential invariants, the invariant total differentiation operators send
invariant differential forms to invariant differential forms.
By definition,

p
D; = Z(j_T)ith’, where J = d—i
=1

dx g=p(2)

LetV; = g(j‘T),-l, (j”),,,} and D = (Dy, ..., D) ;50 D; = V; - D.
Consider the invariant total differentiation 9; of a form w, denoted as D;(w),
to be the Lie derivative

Di(w) =d(V; - Diw) +V;- D, (dw), (24)

where d is the usual exterior derivative, and _ is the interior product of a vector
field with a form. In fact if w = I(dx;), then (24) simplifies to

D (Itdxy) = Vi - D2 (dI(dx;)), (25)
by the following lemma.
LemMma 1. Let D; = V; - D be the invariant differential operator. Then
V, - D, I(dx;) = 6;;, (26)

where 6;; is the Kronecker delta, in other words {1(dxy), ..., I(dx,)} forms a basis
to the dual space of T Mz, whose basis is {Dy, ..., Dp).

Proor. Let J denote the Jacobian matrix dX/dX|e—,(,). Then
P
Vi DoIdx) = (T it oo (T ip) - D2 D () jedxe)
=1

P
= (T 6 (T D) - D D (Djedhxe)

=1
= (T DD+ (T DDy
= (S,'j.
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It is possible to calculate the Lie derivative of the /(dx;) with respect to the D;
knowing only the infinitesimals and the normalization equations, that is, without
explicit knowledge of the frame. The following theorem shows exactly this.

THeEOREM 3. Let g € G act on x € X and let f be a function on M, and denote the
set of invariant total differentiation operators by {D;}, and the set of invariant
one-forms, {I(dx;)}. Then setting

Di(I(dx))) = Z BL1(dx) 27)

we have ‘
i _ qi
B = k>

where the ﬂ;k are the coefficients in the commutator

)4
(D}, D) = D ALDiS)

i=1
given explicitly in (22).

Proor. We next prove that for any function f on M,

P
df = " Di(HI(dx).
i=1
Let dx = (dxy,....dx,)" and D = (Dy, ..., D,)"; further, set I(dx) = (I(dx), ...,
I(dxp))T and D = (D, ...,Z),,)T. We know that I(dx) = Jdx, where J is the
Jacobian matrix dX/dx|,—(), so thatdx = J'1(dx), D = T " Dand D = I D,
then

I
=

af df

i

P
JT z»&ﬂ[}]cr%»JmMﬂ}

r—ﬂ
T%w

=
1l
—_

P
Zwmu>mmmml

1 n=

6mi-©m (f)I(dxl)

‘M'@%Mv
S,

i
3

=1

Di(HI(dx;).

M
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Next, since d = 0, we have

P

4
0=df=d [Z D;(f)l(dx,-)J = D [d@i() A 1(dx:) + D HAU(dx)]
i=1

i=1

Let Dy = V- D. From V; - D2 d?f = 0, it follows that

[(Vi - Do d)(Di(NI(dxi) = dDi())(V - D11(dx;))

INgE

+O;(/)(Vi - Do d)(I(dx)]

= Z [Di(Di(NI(dx;) — 61 d(Di(1)) + Di( )Di(I(dx;))]

P
=1

ip )4
= | DUDIAR) + Dich) Y Blldxn) | - dD(F),
i=1 m=1

where we have used the properties of the interior product in the first line, the
equality (25) in the second line, and the definition of Bf.‘j, (27), in the third line.
Note this proves that 9;(I(dx;)) is linear in the /(dx,).

Finally, we have further that V; - D, (V- D2 d?f) = 0, and thus

Mw

0 [Dk(@ (N6ij + Di(IBiomj| — (V- Dad)Di(f)

Il
—_

= DUDLS) - DD + Z DB,
=1
= [D.. D) + Z Di(f)B},.

where we have used the properties of the interior product in the first line and the
equality (25) in the second line. Rewriting the above we obtain

p .
(D), D) = ), D)BY.-
i=1

Since [D, DiI(f) = Z) :(f), where ﬂ’ is defined in Equation (22), this
implies that
ﬂljk = Bii’

as required. O
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Table 2. Lie derivatives of the /(dx;) with respect to the D;.

Lie derivative 1(dx) Idy) | I(d7)
T
D, If I(dy) 21(dy) 0
I} Iy
D, —I—ul(dx)— Bdr) | -21dx) | 0
1 1
123
D, R 2 1(dy) 0 0

ExampLE 3. Recall in Example 2 we introduced an invariant dummy independent
variable, T, which will be used in the sequel to effect the variation. Let g € S L(2)
act on (x,y,7) as in Example 2. Then the Lie derivatives of 1(dx;) with respect
to D; are as shown in Table 2.

Note that in Example 3, the Lie derivatives O; of I(dr) are all equal to zero.
This is no coincidence as is shown in the following lemma.

LemMma 2. Let g € G act on the set of independent variables {x;}, for i =
L.,p+ L Ifg xps1 = Xp41, then

D; (I(dxpe) =
foralli=1,..,p+ 1.

Proor. The Lie derivative of a form can be written as

p+1

D; (Idxpen)) = > B, 1(dxp).
=1

According to Theorem 3, the coefficients B[ , are equal to
+1 —p+1 =p+l
17 Z Kln-—'n[ - K(n p .

Since x,; is invariant, P+l — 0, and therefore, i ;1 = EZ:I = 0. Thus, for
t=1,.,p+1,
](ng) =

zp+l
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As we are interested in calculating the invariantized Euler-Lagrange equa-
tions and its associated conservation laws for variational problems whose inde-
pendent variables are not invariant, it will at times be necessary to apply recur-

sively the commutators [D,1, D;] = ” *l ﬂf, 1. D fori =1,..., p, where x4

is a dummy invariant independent Varlable and ﬂk ; are as defined in (22). The
next lemma provides a formula for the commutators [D,,+1, D], where K is a
multi-index of differentiation with respect to x;, fori = 1, ..., p.

Lemma 3. Let ¢ € G act on the set of independent variables {x;}, for i =
L,...,p+ 1L If g - xps1 = Xp41 and w is some differential form on M, then

m P
Dy Dx(w) = DKDP+1+ZZDK, (A1 1 Dn) Drvio @), (28)

(=1 n=1

where K = (ky, ..., k,,) is a multi-index of differentiation with respect to x;, for
i=1,..,p, of order m and, K; and K\(Ky, k¢) are tuples of differentiation of the
following form

K[ = (k], ...,k[_l), with K1 = (O), and K\(K(,kg) = (k[+1, ...,km).

Proor. To obtain (28), we use the equation for the commutators (22) recursively
as follows,

Dpi1 Dk (w)

p+1
- [z)h@,,ﬂ A Dn]Dkz...Z)km(w)

n=1

p+1 p+l
= Dy, [Z),Q prt+ Y A ]Z)k3 Dy () + D AL DDy, Dy, ()

n=1 n=1
2 p+l
= D Dt Dyt Dy - D, (@) + D D D (A D) Diqi@) (29)
(=1 n=1
and so on. Note that as x,;; = x,41, then fg’” =0, forall j = 1,..,r, and

therefore, from (22) we have that AL = 0 for all £. After applying the

p+1, ke

commutators (22) recursively and setting AP to zero for all £, (29) becomes

p+1,k;

m_ p
DDpi1(@) = Dk Dypor(@) + ) Y D (A D)DKy (@):

=1 n=1
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2.3. Invariant Calculus of Variations. Consider Lagrangians L to be smooth
functions of X, u and finitely many derivatives of #“ and denote the related
functional as .Z[u] = f L[u]d’x, where d’x = dx; . ..dx,. Moreover, assume
these to be invariant under some group action and let the «;, for j = 1,..,N,
denote the generating differential invariants of that group action; in [14] Hubert
and Kogan prove that there exists a finite number of generating invariants. We
can then rewrite .Z[u] as .Z[k] = fL[K] 1(dPx), where I(d’x) = I(dx1)...1(dx,)
is the invariant volume form obtained via the moving frame.

Kogan and Olver in [16] obtained formulae for the invariantized Euler-
Lagrange equations through the construction of a variational bicomplex; we
arrive at these using calculations that are similar to those employed to obtain
the Euler-Lagrange equations in the original variables (x,u). _

Recall that if x — (x,u(x)) extremizes the functional #[u], then a small
perturbation of u yields

d

0 = —
de

£ [u+ ev]
=0

&=l

q P -
w e o d (oL
Zfaz_;[E (L)’U +;d—)6i(@’l} +-~)]d"x

after differentiation under the integral sign and integration by parts, where

E* = Z(—l)’”Li

@
< dx, ... dxg, Ouy

is the Euler operator with respect to the dependent variables u* and K =
(k1yees k). B

To obtain the invariantized analogue of d% Ezo.iﬂ [u + ev], we must first
introduce a dummy invariant independent variable x,.;, where p is the number
of independent variables.

The introduction of this new independent variable results in ¢ new invariants

IZH = g - 0u”[0xps1lg=p(» and a set of syzygies D, 1k = HI(u,,1), that is

K1 1;17+1
Dl |=H| | (30)
Kn Ig+1

where H is an N xq matrix of operators depending only on the D;, fori = 1, ..., p,
the «;, for j = 1,...,N, and their invariant derivatives. Since the independent
variables are not necessarily invariant, the operators 9;, fori = 1,...,, p, and
D41 do not commute in general.
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We know that, symbolically,

d

PLlu+ev] = d Z[u].
de

= dx
e=0 p+1 u,. =y

Proceeding as for the calculation of the Euler-Lagrange equations in the
original variables, we obtain the following, after differentiating under the integral
sign and performing integration by parts,

O :Z)p+1 L[K]I(de)
oL 12 P
1> G Dr DR (75) + LD, (5|
X j
m p

f [ Z 6DKK (DkDper + 3, D D A1, D)D) (K1)

(=1 i=1

+LD,,+1<I(d”x>)]

f[z (~1)"Dx(5

m

BZ)KK ’ 2 Z Dy (A 14, DD\t (K71(@7%)) )
t=1 i=1

B 1 0)D,0

+L Z I(dxl)...Z)p+11(dxj)...l(dxp)] + B.Ts, 3D

=1
where B.T.s stands for boundary terms, m is the order of the multi-index of
differentiation K, and K, and K\(K, k;) correspond to the tuples defined in

Lemma 3. Note that we have used Lemma 3 in (31).
Next, we substitute the underlined D,,«; by (30) and use Theorem 3 to

differentiate the invariant one-forms, which yields

0= [N (E oz,

oL ¥ ,.
9Dk o ; ; Dk (A1 1, DD\ k1 (A7 X))

I(d”x)) hal%)

+L Z B, 1(dX)]+B.Ts. (32)



Ténia M. N. Gongalves and Elizabeth L. Mansfield 20

Note that the terms ﬂp Lk Z)K[(ﬂ k) and B’ involve sums of terms

p+1, p+l.j
which include Ig pil- Unless K| = 0, then one needs to substitute the I Pl
by their respectlve differential formulae Z)Klp 1 M[J LK — where M" L1x are

the error terms obtained by applying Dk to IZ .1~ Note that if the Mp 1K 1nvolve
terms of the form If‘p ,1- then these must also be substituted by their respective
differential formulae. Performing a second set of integration by parts to (32)

yields

p+1
f (ZEQ(L)I(z+II(d”x)+ZD ZF,, I(dxy)...I(dx;).. I(dxp+1))), (33)

i=1

where E“(L) are the invariantized Euler-Lagrange equations as defined in (4), F;
depend on /g , , and [} with K and J multi-indices of differentiation with respect
tox;, fori=1,..., p,and

I(dxl)...@...l(dx,,ﬂ) = I(dxl)...I(dxj_l)I(dxj+1)...1(dx,,+1).

Note that after the second set of integration by parts has been performed in
(32), all p-forms involving I(dx,.1), which sit outside the boundary terms, have
been discarded as there is no integration along x,.;. In the next theorem, we will
show that the boundary terms of (33) do not contain any (p — 1)-forms involving
I(dxp41), and therefore as they crop up in the calculation we can simply just
discard them. Furthermore, an important point of the next theorem is to show
that the resulting boundary terms are linear in Ig’p "

TueOREM 4. The process of calculating the invariantized Euler-Lagrange equa-
tions produces boundary terms that can be written as

P
f Zd[(_l)i—l {Z Iﬁ’pHCI‘EJ]I(dxl)...l(dx,-)...l(dxp) : (34)
i=1 K,a

where -
I(dxy)...[(dx;)..1(dxp) = I(dxy)..J(dx;i- )] (dxis1)... I (dxp),

K is a multi-index of differentiation with respect to x;, fori = 1, ..., p, and Cy .
are functions of I¢, with J a multi-index of differentiation with respect to x;.

Proor. Consider the boundary terms in (33)

p+1

f ZZ) [Z Fi; 1(daxy)...1(dx))...1(dxpe) |. (35)
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Since D; is a derivation, we obtain

p+1

D;| " Fiy 1(dx)...1(dx))...[(dx 1)
=1
p+1

= 3 (DUF NIy J(dx,). I Axpar) + FipDiI(dxy)...T(d;)... (A1)
=1

(36)
Forj=1,..,p+1,9D; ((I(dxl)...l(/dx\j)...l(dxp+1)) in (36) can be written as

Di(I(dxy)).. 1(dx;).. d(dx ) + - - + 1(dx)).. L dx).. D(I(dxper)).  (37)

For j = 1,..., p, the last term in (37) is zero by Lemma 2, also all remaining terms
in (37) disappear as they all possess a I(dx,.) form and there is no integration
along x,.1. .

Furthermore, for j = 1, ..., p, the terms O;(F;))I(dx;)...I(dx;)...I(dxp.1) in
(36) disappear as there is no integration along x,.. Hence, (36) reduces to

Di(Fipr)I(dPX) + Fi 1 Di(1(dPx))
= Di(F;p11(d"x))
=d(V;- D_ F,;PHI(de)) +V;-D_J d(F,',pHI(de)). (38)

The invariant volume form, /(d”x), can be written as | J|d”x, where as before
J = dx/dx]s—p(,), and therefore (38) becomes

3(Fipald)

d((=1)"F; por I(dxy)...[(dx;)...1(dx,)) + V; - D
axp+l

Xp+1 d’x.
Since O; = V; - D does not involve any D,,;, we will be left in the second
summand with a form involving dx,, and as there is no integration along x,.
we obtain

d((= 1) Fyp I(dxy ). 1(dx)...1(dx, ). (39)

From Theorem 3, we know that B{Fj = ﬂ;’k’

K ngék. Since some of the terms in F; .y are products of the form /i

which is equal to 3f_, Ki/E}, -

Bk
,p+lIJBij’

where k # p + 1, and the B{Fj in these products never involve invariants of the

form Ig .1 the F; 1 are linear combinations of the Iy

, . . p+1”
Thug, the boundary terms (35) simplify to r

p
f D (=) Fi i Iy ). 0(d) . (dx,)

i=1
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f Z (( 1y 1[2 Igpﬂc%,]l(dxl) A(dx)..Idx,) |, (40)

K,

where C" are coefficients of the Il‘é il O

ExampLE 4. Consider the variational problem f f u(iyyttyy — u,) dxdy, which is
invariant under the action presented in Example 1. Finding the Euler-Lagrange
equation in the original variables for this particular variational problem is a
simple task and in this case, the invariantized version of the calculation of the
Euler-Lagrange equation is not simpler, although it does provide a simple check
of our theory. On the other hand, the conservation laws contain many terms
and using invariants to rewrite them, does reduce them. To find the invariantized
Euler-Lagrange equation, introduce a dummy invariant independent variable T
and set u = u(x,y, 7). The introduction of this new independent variable results
in the new invariant uzlg-p, = Iy and a set of syzygies, as computed in Example
2. Rewriting the above variational problem in terms of the invariants of the
group action yields

f f (1 1, — (1M)HIdX)I(dy).

In the process of calculating the invariantized Euler-Lagrange equation and
its boundary terms, we differentiate under the integral sign and obtain

D. f f I — (1)DI(dx)I(dy)

f f (D@ 18y = (1)) + Ly eI, + 11 D I,y
—20" I DI V() I(dy) + (U4 1y — (1)) D-(I(dx)I(dy))].

Using Table 2 we find that D.(I(dx)I(dy)) = 0. Then substituting D I

1
D 1Iy,, and DI}, by (18), (19), and (20), respectively, and performing integra-

tion by parts yields
3 (115, - (I1)%) I51(dx)I(dy)

[Mlu IM
f f |D. (((1“1;2 LI + 11y~ — ) I+ 1“1;21;’3) I(dx)I(dy))
1

Iu[lldll?Z u yu Ugu qu ugu Ju
+D, (((1— = "I | 1 = 21T I + I I | () (dy) ) |,
(4D

where all forms involving 1(dt) have been discarded as there is no integration
along 1. Thus, we obtain the invariantized Euler-Lagrange equation

E'(L) = 3 (1 15y = (1)) = 3usny = ),




Moving frames and Noether’s conservation laws — the general case 23

as expected, and according to (40), the boundary terms can be written as

U yu U yu U yu Iulitllgz u ugu Ju
d\ \(I", — L, + I, — iz I3 + I'L I3 | I(dy)
1

I EvE

- ((% -1 ;‘12) I =20 I + 1“1;‘11;3) I(dx)), (42)
1

where the summands are linear in the I, as expected. In Example 7 we will

continue this example and obtain the conservation laws.
We note that we have not used the translation invariance of this Lagrangian,

and indeed we could have used the equiaffine action to study this problem. This
would have led to three normalized derivative terms instead of just the one.
However, we would also have had three generating differential invariants and
additional syzygies.

ReMARK 1. Note that in Example 4 we could have substituted D-1{, by Equation
(21) instead of Equation (20), or we could even have used a combination of the
two; in any case, no matter which syzygy is used the seemingly different boundary
terms yield equivalent conservation laws.

3. Structure of Noether’s conservation laws

In [8] it was shown that, for invariant Lagrangians that may be parametrized
so that the independent variables are each invariant under the group action, Noe-
ther’s conservation laws could be written in terms of the differential invariants
of the group action and the Adjoint representation of a moving frame for the
Lie group action. Here we generalise this result to variational problems with
independent variables that are not invariant; in this case Noether’s conservation
laws have a similar form as the ones presented in [8], but with an extra factor —
the matrix representing the group action on the space of (p — 1)-forms, where p
is the number of independent variables.

ExampLE 5. Consider the S L(2) action as in Example 1 and the variational
problem of Example 4. Applying Noether’s Theorem to the variational problem
and rewriting the three conservation laws in terms of the differential invariants
of the group action yields

Ad(p)~!
Xty — YU, 2uyuy
Xity + Yty (o, + yity)? —2%y vi U2
s | (Hmm = ni -
d XUy +yuy  (xuy + yuy)? - ! (I)l Iz - (I)l fi
XUy M}2. 5
My, G yn)?
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X -y
«| ; ]( jy) —0, 43)
XUy + YUy XUy + Yy \L
M B dix

where Ad(p)~" is the inverse of the Adjoint representation of S L(2) with respect
to its generating vector fields evaluated at the frame (8), v| and v, are vectors
of invariants, and Mg is the matrix of first minors of the Jacobian matrix J, as
defined in the proof of Lemma 1, evaluated at the frame (8). The quantity Myd'X
is in fact invariant, as will be shown in the proof of Theorem 6, Equation (64).
Note that each row of (43) corresponds to the conservation law for the invariance
with respect to a, b and c, respectively.

3.1. The group action on the conservation laws. Before we proceed to
generalising the result in [8], we shall look in detail at the group action on
the conservation laws, for which we will need the following definitions and
identities.

DernTioN 3. The Adjoint action Ad of g € G on the vector field v; = Za,,-(fj.é)xi +
¢7aun) is given as follows

Ad, [Z(fj-ax, + ¢?aua)] = Z(fj-(i, Wiz, + (X, Wdz),

so that

ox,u)
o(x,u)

with &; = (fjl., ...,fﬁ') and @; = (gb}., ...,¢‘J].), and for all v;, by Theorem 3.3.10 of
[17], we have that

-T
((Ady(E)) Ady(®) ) =( E;&K 1) q),-(i‘,ﬁ))( ) . @

ax,u)

-7
O(x, u)) ’ 45)

Adg)( Exw) Oxu) ) =( EXKW) OX W) )(

where Ad(g) is an r X r matrix, giving the Adjoint action, depending only on the
group parameters, with » = dim(G).

ExampLE 6. (Example of the calculation of an Adjoint action.) Consider the
infinitesimal vector fields

x0x —y0y, y0, and x0,,
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which generate the linear S L(2) action. The Adjoint action of g € S L(2) on these
infinitesimal vector fields is as follows

g (a/(xax —y0,) + Byo, + yxﬁy)
= a(X0z = yb5) + Byox + yxd5

ad +bc 2bd -2ac X0y — ydy
=(a B y)| c«a & = Yo |, (46)
-ab  -b* & x0y

Ad(g)

where ad — bc = 1.

For more details on the Adjoint representation of G with respect to the generating
vector fields, see Gongalves and Mansfield [8, 17].

Lemma 4. Let X = (x1,...,x,) and u(x) = W (x), ..., ud(x)). The g X p matrix
ou/ox can be written as
ou_(d_@ox| (@ )
dx \ou dxdu dxox oOx/)’

Proor. We have

diidi'_dfi
dxdx ~ dx
and
di_ dz Iz 6u

&—&+%&, where z = x or u.
The result follows from expanding the first equation, and collecting terms in
ou/ox. O

DerintTion 4. Given the vector field v; = z(,,i(gjaxi + ¢3‘J?(9,4a), the column vector
Q; with components

Q(}/(xs u, ux) = ¢7(X, u) -

L

P
u?f}(x, w, a=1,..,q,
=1

is referred to as the characteristic of the vector field v;.

Letting g € G act on Q;, we have

du El (X, W)

omnm=(-F 1 | /& )
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Using (44) and (47) this can be written as

- — du dudx 7. ou T
Qx,u,uy) = (% - d_iﬁ) (Adg(q)j) - 6—XAdg(~j ))
u dudx
= (% - Ea)Adg(Q,-), (48)
where this defines
_ r, _Ou =T
Ad,(Qj) = Adg(dbj) - &Adg(:j ). (49)

The following lemma provides a result on the action of an element g € G
on the (p — 1)-forms, which will be needed to determine the action on Noether’s
conservation laws.

Lemma 5. If

P
(1) dF . AR AT, = (=11 Zfdx. ... dx,
=1

defines 7 then

dx\™' dx
()17 = ((—X) ] det(—x). (50)
dx dx
tk
The proof of this lemma can be found in Appendix A.

THEOREM 5. Let Z[u] = fQL(X, u, ug)d?’x be a variational problem, which is
invariant under the action of a Lie group symmetry G given by

X b g-x = X(xu),
u = g-u = ﬁ(x’u)s
~ MMy
@ Y = [T p— —
uK J uK uK axkl...aka
so that
— dx
L(x,u,ug) = L(x,u, uK)det(&).
If
p

Z(—l)k_lC,{(x, u, ug, Zi(x,u), D;(x, u))dxl...@...dxp, forj=1,..,r,
k=1
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are Noether’s conservation laws, with E ;= (§J1., s ff) and @ ;= (¢}., s ¢’;) being
the infinitesimals as defined in (10), then for all g € G

)4
Z(—l)k—lc,i&‘,ﬁ,u},aj X, W), d,(X, W)dx; ...dx;...dx,
k=1

14
- Z(—l)k—lc,{(x, u, ug, Ady(E]), Ady(®]))dx;...dx...dx,.
k=1

To simplify the proof of Theorem 5, we shall need the following lemma.

Lemma 6. It is sufficient to demonstrate Theorem 5 for a first order Lagrangian
with a Lie group symmetry. That is, any Lagrangian invariant under an action
of a Lie group G is equivalent to a first order Lagrangian that is also invariant
under an extended action of G.

Proor. Any Lagrangian can be written as a first order Lagrangian by introducing
Lagrangian multipliers and a new dependent variable, vy for every derivative of
u® appearing as an argument of L. Specifically, define

L= Lo u, v, (v)e) = D A@s = vf) = > AR (e = v,
al a,l,|K[>0

where K = (ky, ..., kN) is an ordered multi-index of differentiation which is at
most equal to J = (ji, ..., jn). The Euler-Lagrange equations for L are

_ L <
9@=%;+Z&W)%,
i=1

- oL
EU(L) = {w + /1% + Z Dg(/l%[) ’ a, K}

K {>kn

oL oL
=N Dy |+ 2 | 2,1},
ovf ; "(a(u;*)g) e

EYD) = {uf — vf | e €} U {(u)e — g, | . K.}

Eliminating the v’s and the A’s yields the Euler-Lagrange system for L. We now
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induce an action on the additional dependent variables as follows. Set

g v = (& uwlug,=ve 1 M50}
(04 a -1
.u [— .U d .
g- 0 = ((—g ¢— 8 ‘)det( (8 X))) a,
u[ _/U[ dx
e g o) (dg )|
A = det 2
$ K (( (U)e — Vg, N\ K¢

and thus, by construction Ld”x is invariant. This is indeed a group action: the
action on the vy is symbolically that of the action on the derivatives, uy, which

is a right action. Further,
a a -1
S UuS — )} d .
u; — v, dx

gh-u? — gh-v? d(gh - x)\\ "
: det he s
((h~u“—h-v§’ “atn-x ¢

l
h-u®—gh- v . -1
(* )
4

uf — vy dx ¢

h-(g-47)

= gh- 4

by the chain rule and using the fact that the determinant is multiplicative.
The argument for Ay is similar. Finally, we note that obtaining Noether’s

conservation laws for L and eliminating the vg and Ay using the Euler-Lagrange
equations E¥(L) and E*(L), yields the conservation laws for L. O

Proor. (oF THEOREM 5) By Lemma 6, it is enough to prove the result for a first
order Lagrangian. A first order Lagrangian with a Lie symmetry has Noether’s
conservation laws in the form

where

q
; oL
Cl = Lix wu)gf(x,w) + ) 05(x.u, ) G
a=1

and Qf is as defined in Definition 4. For further details, see Corollary 4.30 of
[21].
Step 1 Now considering the operator used for the k™ component of the conser-
vation law

q
D 0ixuuy)

a=1

9
ouy!
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0
Kt 614

where £ is fixed, we will show that the action of g € G on the operator is equal to

ZQ (iuu,a——ZAd(Q“( )

Uy
Since we know what the action of g € G is on Q; (see (48)), we just need to find
how g € G acts on d/du;’. Schematically, we have that
—\-T
Vi = (dllx) Vux,
X duy

and to obtain the components of this Jacobian matrix, we consider Equation (47)

and calculate
u du &
ou_du ‘ﬁ) HEE = A'HB = V(H),

tim 22| (____
s—0 ox |d d‘+8H ou dxdu dx

where this defines A, B and V(H). By construction, the coefficient of H,y in the

(8, ) component of this matrix equals

o
ouy
Direct calculation shows that if e;; is the matrix with (e;;)x¢ = 010 ¢, then
(A7)
(A7),
Vie;) = : ( By Bp -+ By )
(A
and thus
o) ((aﬁ dﬁa‘i)_l] (di)
5,;7]: du dxdu e dx /.,
We have then, for k fixed,
q e 9
Z j X, U, Uy _71
a=1 U
AanAdy (@A NpoBre—
; g\ B au?

0

X

=>4 (QB)(dX)M i

Bt
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using (48), and noting that the matrix appearing as a factor of Q(X, u, uy) is A.
Step 2 Now we evaluate ), Q?(i, u,u,)d/0uf on

_ dx\™"
L(x,u,uy) = L(x, u, uy) det x| (51

which is the invariance condition on the Lagrangian. From

f 5~ X Ou
dx (9X ou Ox

it can be shown that

b,
a—det( )zgiﬁ((m) ﬁrstnnnorofg—~ (—1)/’“’)
g )
:Z 0x; (( ) ) det(d—i).
dx
J=1 Lj

Thus, we obtain, recalling k is fixed, that

N ]
D &, 5 s (LT 80)
a=1

—det( ) {ZAd(QB)( ) —uﬁL(xqu) ZAd(Q") L(xuux)

(52)

Step 3 We are now in a position to consider the k™" component of the conservation
law in the transformed variables, namely,

; - . .0 -
g Cl=LRLBERD + ) 0K T, )= L. )
@ U

Using Equations (44), (51) and (52), and collecting terms, yields
: dx\' (dX
g Cl= det(—x) (—X) [L(x u, u)Ad () + ZAd 0%

L(x u,uy)|.

dx dx J ouy

(53)
Step 4 We now consider

P P
g- [Z<_1)k-1c,§dx1... dx;... dxp] = M DN C)dT.. 0 .. A5
k=1

k=1
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Combining Equation (53) and Lemma 5 yields

)
8- ( (-D*'Clx, u,uy, B, @))dx...dx...dx,
=1

P
= Z(—l)k-lc,{(x, U, Uy, Adg (), Adg(®)))dxy...dxp...dx,, (54
k=1

which completes the proof. O

Since we can write the Adjoint action on the generating vector fields in matrix
form (see (44)) and the conservation laws are linear in £ and ¢, the actionof g € G
on the conservation laws can be written as

p
DD
k=1

Ad(g) : , (55)
P
Z(_ 1 )k—lCIZ
k=1

where Ad(g) is the Adjoint representation of G. This representation can be easily
computed as was shown in Example 6.

3.2. Noether’s Laws in terms of the invariants and the Adjoint action
of a moving frame. The following result states the structure of Noether’s
conservation laws for the general case, where the independent variables are not
necessarily invariant under the Lie group action.

THEOREM 6. Let f L(ky, k2, ..)I(dPX) be invariant under the prolonged action
GxM — M, where M = J"(X X U), with generating invariants k;, for
Jj = 1,..,N. Introduce a dummy invariant variable x| to effect the variation
and then integration by parts yields

Dy | Lk, k2, .. )I(dPX)

P
= f Z EG(L)I;ZHI(dﬁX) + Z d[(—l)kl [Z [}Y’/)HCik} I(d_XI)...I(d.xk).ul(d-xp)}
a k=1

Ja

s

where this defines the vectors C; = (CY,). Recall that E*(L) are the invariantized
Euler-La.gr.ange .equations and IJ(fp = I(u}fp ) .where J is a multi-index of
differentiation with respect to the variables x;, fori = 1,...,p. Let (ay,...,a,) be
the coordinates of G near the identity e, and v;, for i = 1,...,r, the associated

infinitesimal vector fields. Furthermore, let Ad(g) be the Adjoint representation
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of G with respect to these vector fields. For each dependent variable, define the
matrices of characteristics to be

2°@) = (D(QY),  a=1,..q,

where K is a multi-index of differentiation with respect to the x; and

PO
Y&

Hg=e =1

o
Uy

g=e

are the components of the g-tuple Q; known as the characteristic of the vector
field v;. Let 2%(J,I), for a« = 1,...,q, be the invariantization of the above
matrices. Then, the r conservation laws obtained via Noether’s Theorem can
be written in the form

d(Ad)™" (v1,-++ . vp) Mg d"7'X) = 0,
where

ve= Y (=D (290, DCE + LEW, D)), (56)

are the vectors of invariants, with (E(J,1)) the k™ column of Z(J,I), My
is the matrix of first minors of the Jacobian matrix evaluated at the frame,
j = (Ii/dX|g=p(z), and

dx;dy...dx, dx,dxs...dx,
dx;dx,dxs...dx dx;dxs...dx
o IR N (57)
dxl...dxp,ld/); dxlde-udxp—l

Proor. The infinitesimal criterion of invariance tells us that G is a variational
symmetry group of f L(z)dPx if and only if

pr™v,(L) + LDivE; = 0,

for all z € M and every infinitesimal generator v;; the n'" prolongation of v; is
defined as pr®”v; = ¥, f{‘@xk + 2o @y 0ue . This criterion can also be written as

pr”vq,(L) + Div(LE;) = 0,

where prvq, = 3, ; D;Q%d,s. Calculating [ pr™vq,(L)d’x yields

f (Qi- E(L) + Div(A)) d”x,
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which is exactly what d/dslazoj [u® + ev®] produces, where v* correspond to
the infinitesimals. Since we know that

d _

—|  Zu*+ev*] and

dg =0 dx[7+l u® l:,Ua
p+

Llu“]

yield the same symbolic result,
z)/)Jrl |5;11F'|g:p(z):1l“ g[K]

provides us with the invariantized Euler-Lagrange system and the boundary

terms
p

Zd (- leflm T [1(dxy)...1(dxp)... 1 (dxp) |- (58)
k=1 Lo
By definition, pr ., 1s equal to

I(LV

_ s
Vet = Dpiruy le=p(2)-

Hence by the chain rule,

— = T
. ﬁ(u”.ujy] .u?z....)
— @ @ @
'“)—(Dp+1u D17+1ujl D/>+I14J2 "')|g=/7(z) O(uﬂ,u‘f Mf )
2

g 15 I (59)

8=p(2)

where the J; are multi-indices of differentiation with respect to x;, fori = 1, ..., p.
We know that the Jacobian matrix J = dx/dX|,—,,) can be written as a

partitioned matrix

(251 ox 0%
Pt lg=p(2) R lg=p(z) Pt lg=p(a)
. ‘ . . AT BT
T=1 s L5 0%, “{o 1)
21 lg=p(2) Polo=p(z) P01 lg=p(a)
01\‘/;+IT . (9-’(,7+IT 0«\'/;+1
91 lg=p(2) 9% lg=p(z)  P%r+1 lg=p(2)
where this defines A and b, and that
Ox
1 a o a o
u u
D 1u”‘| ()_—bA_l . u® + Je _ e _ axl u? _..._ﬂua’
p1Uy,lg=p(z) = : 1 = 1.1 Iep
¢ 9 ! ax[H 1 ax[H 1 aprr | ¢ axp+ 1 b
Xp
Next consider
ou® B Bxl U — e 6xp '
0xpi1 |, 0xpit|, ! 0xpit |, P Pl
I g=e )2 g=e ) g=e
§ ou® dx1 ox, (60)
P g ik Y R 7] [
=Y =9 i = ) 1 ) P
= dai|,_, 0a;le, dai|,_,
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and
aui _6_56 L e — a@ u® =u¥
Oxper| , Oxper] ! Oxpitfg, T
P ou? ox1 0x,
k I oxy P
=Dy, QF = ¢, - >l = o Bt P Rt el I
=1 i g=e ilg=e i lg=e
(61)
so that x,. is considered to be the group parameter, a;.
Furthermore, from Theorem 7 we know that
— . T
. ouf
Ad(p)” 2°(J, 1) = 2%(2) o (62)
! &=p(2)
where 2(2) = (Dx(O)).
Substituting the vector (I* , I¢ I¢ -+-) in (58) by its expression in

p+1 “Jip+l Tlop+l

Equation (59) yields

. o
i1 d[(_l)kil(Z:x(Dp-lua D/?”” D/Hl” “g=p(z) ﬁuj'

T
cg]I(dxl)MI(/d\xk)m](dx,,) .
8=p(2)
By (60) and (61), the vector (5,: ut 151: 1uy 15,:1 uy ---)in the above equation

can be substituted by every single row of the matrlx of characteristics 2%(z2).
Hence, for each independent group parameter a; we obtain

Z,,: [( 1y 1[2 Q"(z) L

Cng(dx])---I(/dx\,g---l(dxp)], i=1,..r
k=1 §=p(2)

where 27(2) corresponds to row i in 2(2).
If we have r group parameters describing group elements near the identity of
the group, we can write the r equations in matrix form as

Zp] [( ! [Z 2°(2) —a

k=1 J

T

c,‘j] I(dxy) - - I(dxg) - - I(dx,,)] .

g=p(2)
Using the equality (62), we obtain

p

>d ((—1)’6—1 (&zld(p)_l > 2w, 1)02] I(dxy) - I(dxg) - I(dxp)]. (63)

k=1
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Next, it is a standard computation in differential exterior algebra to show that

Idx)I(dx,) - - - I(dx,) M M o My, \( dodn---dx,
I(dx)I(dx) - - - I(dxp) Myp My -0 My, dx;dx; - - - dx,
I(dxy) - - I(dx,_)I(dx,) Mpr M2 o My ) diy - di,oidiy,
M57 dar-'x
(64)

where Mg is the matrix of first minors of the Jacobian matrix J. Thus, (63)
reduces to

P
>d (ﬂd(p)_] [Z(—l)k‘l 2°(J, 1)cg] M jdp-"x‘] , (65)
k=1 a

and we have thus found the invariantized version of Div(A). We must now find
the invariantized version of the term Div(LZ;) in the infinitesimal criterion of
invariance, fori = 1, ..., 7. We know from Theorem 5 that

P
2 DN CIE B 0 E G W), O & D). ... AT,

k=1
p —_—
DD IR E R D), 0% M)A .. dF... dF,
k=1
p —_—
DO g, By (%, ), @y (%, W)dy.. ... dox,
k=1
= Ad(g)
p —_—
D =D 0, B (%, w), @p(x, ) .. ... doxy
k=1
Thus,

P
DD LE T, G ER, B)dy . ... dF;
k=1

)4
= Ad(g) Z(— DA L(x, w, ug)(E(X, w))dxy .. dx... dox,,
k=1
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where (2(x, u)); is the k" column of Z(x,u). Evaluating this at the frame and
rearranging produces the boundary term, Div(L(Z);),

P
d (ﬂd(p)-l Z(—l)k-lL[K](E(J, D)l (dxy)... 1(dxy)... I(dx,) |- (66)
k=1

Thus, adding the boundary terms (65) and (66) yields
d(Ad()™" (v1,-++ . v,) Mg &%) = 0,
with d?~'X defined in (57), as required. O
In terms of calculating the conservation laws in the form
d(Ad(p)™ @1, ... v,)Myd"'X) = 0,
the vectors of invariants can be obtained by either

1. invariantization of the components of the law in the original coordinates,
or

2. using the formula (56).

As there exists software which calculates the conservation laws (Maple package
Differential Geometry, subpackage JetCalulus [1]), it will usually be easier to
invariantize the conservation laws to obtain the vectors of invariants, rather than
perform the invariantized integration by parts.

To obtain the vectors of invariants using formula (56), we have used the
package Indiff [18]. The package AIDA also determines syzygies between
invariants [12].

ExampLE 7. Here we illustrate how the different components of the conservation
laws in Example 5 are obtained which concerns the Monge-Ampére problem of
Example 4. We have already obtained the Adjoint representation Ad(g) for SL(2)
in Example 6. Inverting Ad(g) in (46) and evaluating it at the frame (8) yields
Adp)~'.

Theorem 6 tells us that to obtain the vectors of invariants, we need to
compute the invariantized matrix of characteristics, 2"(J,I), the vectors of
invariantized infinitesimals, (Z(J, I);, and the vectors C;‘. The latter have already
been calculated in Example 4; the elements of C! correspond to the coefficients
of the I} in (42). The invariantized matrix of characteristics is

Qu  D«(Qw) Dy(Qu
a (-1 -I'-1 -

20 Hh=b | 0 0 i
c 0 =1, =13,
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and the (E(J, 1));, fori = 1,2, are

& &
a (1 a (0

EWUD) =b | 0|, EWUD)=b 0|
c\0 c \1

Thus, the vectors of invariants are

B (I =20 = LT, + I Iy — (1))
v = 0 ,

-1,

~ITRI + 1Y)
vy = T
2
—I"(I)

Finally, the Jacobian matrix [ is

Ox/| ox| 4
i htad u, .
ox g=p(2) ay g=p(2)

=\ xu,+yu, xu,+yu, |,
9 % B X
Oxlg=p(z) Oy 2=p(2)

and its matrix of first minors ,Mg, is

X -y
Uy Uy .
Xiy + YUy Xy + Y

Although the vectors of invariants obtained here are not the same as those
obtained in Example 5 (these were obtained by invariantizing the laws), the
resulting conservation laws are equivalent, i.e. the conservation laws differ by
trivial conservation laws. Indeed, the boundary terms in (41)

IMIM Iu
D, (((1“1;2 -1, + I, - %) I + 1“132153) I(dzx))
1

e, (500052 g Vg oo g s ) 1020 = 0
Yy 1114 11273 12713 11723

can be written as

D, ((~11 14 + 1L I — T I + D1 15)) 1(dx))
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+D, ((Iur 18 = 11 1 + T 1y = DT 1%)) 1d%) = 0,

1273 12713
which simplify to
D, (-t + I, — 1) 166%)
+Dy ((I?I?zlg — I 15 + 1“11’113’3)1(d2x)) =0;

it is easy to see that from these we get the vectors of invariants in (43).

To conclude this example, we summarise the information made available
by employing the invariant calculus for this group action. For the frame with
normalization equations X = 1,y = 0 and u, = 0, the differential algebra
of invariants is generated by u and I(u,y). In addition to the Euler-Lagrange
equation, which is now seen to be one equation for the two generators, there
is also the syzygy, Equation (17), providing a second equation connecting the
generating invariants. In this case we can calculate the frame which is given in
Equation (8). The invariant differentiation operators are given in Equations (15)
and (16), and setting the frame into the standard 2 X 2 matrix form we have

1 DyDix(u) | 0 1(uyy)
D.pp” =( o ) Dypp~ =( 1 2 ) (67)

The differential compatibility of these equations also yields the syzygy between
the generating invariants. Finally, we have the conservation laws, which when
differentiated yield the Euler-Lagrange equation. Finally, we note that the
frame, its Adjoint representation, the differential operators, the syzygies and
the equations connecting the derivatives of the frame with the invariants are
independent of the form of the Lagrangian (that is, the form of the Lagrangian
as a function of its arguments), so that these are a “one time” calculation once
the equations for the frame are chosen.

4. Two variational problems with area and volume preserving symmetries

In this section, we present two examples which illustrate how to obtain the
conservation laws in this new format. The first example regards the conservation
laws for the shallow water equations, due to the importance that conservation
of potential vorticity plays in meteorology [3, 5, 23, 24, 25]. In the second
application we look at conservation laws arising from a linear SL(3) action on
the base space, as it exemplifies the basic volume preserving action on a three-
dimensional base space. This type of action appears in ideal incompressible fluid
flow problems [2, 20].
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4.1. Conservation laws for the shallow water equations. The conservation
laws for the shallow water equations are well-known [3]; we are particularly
interested in the conservation laws arising from the linear SL(2) action on the
particle labels.

To ease the exposition, some notation is introduced. In the two-dimensional
shallow water theory [25], a particle is represented by the Cartesian coordinates

x=x(a,b,1), y=ya,b,1), (68)

where (a,b) € R? are the particle labels and r € R* is time. At the reference
time, t = 0,
x(a,b,0) = a, y(a,b,0) = b.

Usually we regard liquids, such as water, to be incompressible; the incompress-
ibility hypothesis requires that

h(a,b,0)  d(x,y)
h(a,b,t) ~ O(a,b)’
where £ is the fluid depth, and the Jacobian on the right is the one corresponding

to the map (68). In this paper we assume that h(a, b,0) = 1, so the incompress-
ibility hypothesis becomes

h(a,b,t) = (69)

XaYb — XbYa

As shown by Salmon [26], the following first order Lagrangian
- _ _ 1
Ldadbdt = [(u - R)x + (v + P)y — E(uz + v% + gh)| dadbdt, (70)

where g is a nonzero constant (corresponding to the combined effect of ac-
celeration of gravity and a centrifugal component from the Earth’s rotation),
P = P(x,y) and R = R(x, y) satisfy

P,+R,=f, with the Coriolis parameter, f = constant,

has the shallow water equations

X =u, (71)
y=u, (72)
i+ gh(ypha — yahy) — fv =0, (73)
O+ gh(x.hy — xphy) + fu =0, (74)

as the associated Euler-Lagrange equations.
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To simplify we will consider P and R to be linear functions of x and y, i.e.
P=cix+cyy+cz and R =c4x+csy+ce.
The following vector field
=Sp(a,b)dq + S u(a, b)0y, Sp=-&Sa=

where & and 7 are the infinitesimals of the group action on the base space,
generates the particle relabelling symmetry group [3]. The generators of the
linear SL(2) action are of this type; the action is

B3 0)5) e o

We now find the associated conservation laws.
We start by calculating the moving frame using as normalization equations

a=0, b=1, % =0,

which yields
Xa
=b, = —aq, = 75
¢ P a 4 ax, + bxp (75

as the moving frame in parametric form.

We already have the Adjoint representation for SL(2) (see (46)); so evaluating
it at the frame (75) and inverting it gives Ad(p)~' (see first matrix of (76)).
Next we need to compute the vectors of invariants. For this, we introduce a
dummy variable 7 and set x = x(a,b,t,7), y = y(a,b,t,7), u = u(a,b,t,7), and
v = v(a, b,t, 7). Proceeding as in Section (3), we rewrite the Lagrangian (70)
in terms of the invariants; then differentiating and integrating by parts yields the
invariantized shallow water equations

B =B e+ —S ~ILB -0 =0
Ji3 =13 (1§)3(1{)3 1142 114 1244 (I‘)3(I’)2 1l 2244 >
X v g y X X X
-fE =15 - m(lillz -G+ 1) =0,
2 1
L-1"=0,
L-1"=0,
as expected, and the boundary terms
ghly 8l ) 8l

D, — — — | 1(da)I(dD)I(dt) | + Dy || - - | 1(da)I(db)I(dt

((2(1;)2@)2 NG (da)I(db)I(dr) 0 2L (da)I(db)I(dr)

+ O, (((" = I + (° + P)L) I(da)I(db)I(d)r) =

where P and R are the invariantized versions of P and R, respectively.
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Thus, the vectors of invariants are

41

0

I y L 0
2 I 2 8
nh = (0] oS - B | v 1] = 5.
0] 200X o' | 2LE) 0 21
—— —— ——
2r 2 E)
8
X _ L+ -
LYy ! 207,
v, )= 10 L]0 |= 0 ,
o) 2n 0
0
—— ——
2% ()
I L 0\ (BU“-R+LU"+P)
n(,D= 0| -R+|-L|1+P)+L |0| = ~II" + P)
0 0 0 0
—— —— ——
2r o) )
The matrix of first minors of the Jacobian matrix gg:z:g evaluated at the frame
(75) is
Xb Xa
ax, + bx, ax,+bx,
MJ = —a ol
0 0 1
Thus, the conservation laws are
bx, — ax, 2X4%p
ax, + bxy (ax, + bx,)?
bx, ’ x
ax, + bxp (axy + bxp)?
4 _ 2 x—i
ax, + bxy (ax, + bxp)?
0 +2§y B(I" = R) + B(I" + P)
2 L
XL+ — 0 ~-LI" + P)
212 I’1
0 0 0
ax )-Ci-bbx ax, )-C:bx 0)(dbdr
« 20 ST o] dade || = .

(76)
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Note that L = L(I).

In [4] Bridges et al. proved that conservation of potential vorticity is a differ-
ential consequence of some of the components of a 1-form quasi-conservation
law, which relies on writing the shallow water equations as a multisymplectic
system. Below we show that conservation of potential vorticity is a differential
consequence of the system of conservation laws (76).

Multiplying (76) through, we obtain

b - a
d ((aFl)dbdt + (bF,) dadt + (M F, — 2ab F3) dadb) -0, (7
ax, + bxy,
bx,
d ((bFl) dbdr + (—; F, - b’ F3) dadb) =0, (78)
ax, + bx,
d|= (aF)) dadr + [-—22 F, + &® F3 | dadb| = 0, (79)
ax, + bx,

where F = L+ g/QEL), Fy = (I = R) + BU" + P), and F3 = I[(I" + P).

Performing the following operations, D, (b - (79)) — Dy (a - (78)) + (77), on the
above equations we obtain

(Da (Dy(abF,) — aFy) + D, (bD, (ﬂn + ang))) dadbdt
ax, + bx,

bx,

- (Db(Da(abFl) - bF]) + Dy (CZD[ (——
ax, + bxy,

F, — b2F3))) dadbdt

b - a
+ (Da(aFl) — Dy(bF)) + D, (MF2 - 2abF3)) dadbdr

ax, + bx,

=D, (Da (be”F2 + asz3) + D, (ﬂFz + aszg)) dadbdt

ax, + bxy axy + bxp
IX
=D, (Gb%FQ + 2abF; — abD,F, + abZ)bF3) dadbdt
2
= —abD, (I3 + BI} - LIy - I3F, f) dadbdt
= —abDy(Q) =0,

where Q = 1/h(0y/0x — 0x/0y + f) represents the potential vorticity. Note that
we have used the product rule and the definitions of the invariantized differential
operators D, and D;. Thus, conservation of potential vorticity is a differential
consequence of Noether’s conservation laws for the linear SL(2) action. More
to the point, it does not require the full pseudogroup. This was also observed by
Hydon, [15], who found the conservation of potential vorticity as a differential
consequence of the conservation of the linear momenta.



Moving frames and Noether’s conservation laws — the general case 43

4.2. Variational problems invariant under the standard SL(3) action on the
base space. Consider the linear SL(3) action on the base space (x, y, z),

ay ap  aps X
=| ax ax» axn y |, detA =1, (80)
az axn  ass z

=] =)

A

which leaves the dependent variables, (u, v, w), invariant.
Let g € SL(3) act on the Jacobian B = o) and define the cross section by

a(x,y,2)
1 0 O
6 b b
wow) oo | @81)

a(x, y, Z) 0 O Igy
where I3 = (g - W)lframe- Thus, the moving frame in parametric form is
Wy Wy
|BI" |Bl)

Consider an invariant Lagrangian, written in terms of the invariants of the
group action (80), such as

fffL(IW,DZIW)I(dx)I(dy)I(dZ). (83)

To calculate the invariantized Euler-Lagrange equations and its associated con-
servation laws, we introduce a dummy variable 7 and set u = u(x,y,z,7), v =
v(x,y,z,7), and w = w(x,y, z, 7). Differentiating the functional (83) in terms of
7 and integrating by parts, we obtain

D, [[[ LU, D.I")I(dx)I(dy)I(dz)

:fff[_ (59 1“)IWIM Dy (ﬁD I”)IWIU (61" _(01) I )) IW]I(d3X)

[ D (785 LI+ Dy (FE= Iy I 1))+ D (=15 1) |,
(84)

(82)

(a1, a1z, a13, a1, az, azs, az, az) = (Mx, Uy, Uz, Uy, Uy, Uy,

where we have used the equality D,I" = I}, the commutator
[D:,D.] = -D 1D, — DI, Dy + (D, Iy + DyI)D.,

and the Lie derivatives of the invariant one forms presented in the Table 3.
Notice that the coefficients of Ij(, 4> and IW in (84), which are not in the

boundary terms, correspond to the 1nvar1antlzed Euler-Lagrange equations with
respect to u, v, and w, respectively.
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Proceeding as in Section 3, we let g € SL(3) act linearly on its generating
vector fields

X0y —20;, Y0y, 20y, X0y, YyO,—z0, 20y, x0; Y0..

This yields the Adjoint representation, Ad(g), for SL(3)

R asy az

R
MuA =M (3] =MoA+ M () Misee)-Ma(§ D)
0 0 0 0
M A — M5 (’;3 MpA + M3, Ry —My3 (G C2) —M33(“81 “82) ’
M (R) ~Mx () Mss(! 62
(85)
where the R;, fori = 1,2,3, and C}, for j = 1, 2, represent, respectively, the rows
and columns of matrix A defined in (80), the M,,,,, form,n = 1,2, 3, represent the

first minors of A, and the a,,, are elements of the matrix A. Evaluating Ad(g)™!
at the frame (82) yields Ad(p)~".

Table 3. Lie derivatives of the invariant one-forms for the frame (82).

I(dx) I(dy) 1(dz) 1(d7)
T™
D, ~14,1(d7) ~17,1(d7) —(1,“]+1;’2+ﬁ)1(dz) 0
w 3
L o)
]W
Dy ~1%,1(d7) ~13,1(d7) —(1,“2+1;2+ﬁ)1(dz) 0
3
I
-2 1(dr)
5
IW
D, ~1%,1(d7) ~12,1(d7) (1;!1 +I%+ ﬁ) 1(dx) 0
H 1L+ +é 1(dy)
1t I Y
+(I},+1)I(d7)
IW w
D, | I I(dx)+IEIdy) | I51(dx)+I5,1(dy) ﬁl(dx)+ﬁl(dy) 0
3 3
14,1(dz) 12,1(dz) —(I",+13)I(dz)
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The vectors of invariants, v; = (—1)"! (Za 2°(J,DCY + L(E(J, I))i>, are

v, =

where we have used

oun=| °

(=N eNeNe)

(B, D)

N (L—

JL-r
( 30D, 17

U3(.], 1) =

_Jx
.y
_J?

s

5

oL

)
)

n(, D=

J? (—L+ Iy

L
J? (—L Ay

oL

I (L -

A (L -

2°un=| " |-

S O O

=

EWLD): =

>

(=)

39D, 1Y

30D, 1Y
0

39D, 1"

0D, IV

DI =

EW D) =

Finally, we calculate the last component of the conservation laws, the matrix
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of first minors of the Jacobian J = % e Thus,
(A rame

VW, — VW) UeW, — Uy VxWy — UyWy
|BI |BI |BI

Mg =| WWe = Uy Ugws —uzwy  UsWy — UyWy
|BI |BI |BI

UyUp — Uz Uy UV, — UzUy Uy — Uyl

Thus, the conservation laws are
d(Adp)™" (LD vk D) v3(D) )Mgd™X) =0,

where d’X is defined in (57).

5. The role of the frame in the integration of the Euler-Lagrange system

If a Lagrangian is invariant under a Lie group action, then the Euler-Lagrange
equations will be expressible in terms of the invariants of the action, and can
therefore be viewed as differential equations for the generating invariants. It
should be noted, however, that these cannot always be solved using standard
techniques as the invariant differential operators can involve expressions in the
original variables. Once these have been solved for the generating invariants,
there remains the problem of finding the solutions to the Euler-Lagrange system
in the original variables; if a generating invariant is of the form Iy = I(uy), then
there will still be K degrees of integration to obtain #®. On the other hand, if the
frame p is known, then we will have

u=pt.re, a=1,...,q, (86)

where the action - is the group action specific to u®; this is true even in the case
that /* = ¢ is a normalization equation for some constant c.

In the texts [17, 19], it is explained in detail how to write down the so-
called curvature matrices, Q; = Do o', j=1,...,p, where o is any matrix
representation of the frame p, in terms of the invariants Iy, knowing only the
normalization equations and the infinitesimals of the group action. Further, the
set {Q;|j=1,..., p} are compatible in the sense that

DQ; - D;Qi =D, Djloo™" +1Q, Q)] = Z ﬂ?ij +[Q1, Q)]
k

where the ﬂf.‘j are given explicitly in (22). Thus, we can write down the matrices

Q; = D Ad(p) Ad(p)”! (87)
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directly in terms of the generating invariants. Once we have solved the Euler-
Lagrange equations for the generating invariants, then the matrices Q; are known,
and we thus have p compatible equations for the frame,

DAd(p) = QAd(p), i=1,...,p. (88)

We note that if one has solved for the frame using the normalization equations
in terms of the derivative terms uy, then the equations u® = ,o‘1 A% a=1,...,q,
are a tautology. One needs the frame as a function of the independent variables
without reference to the uy in order to obtain the desired solutions to the
differential equations.

Thus far, these results may be applied to any Lie group invariant system of
equations. One solves the equations for the generating invariants, yielding the
matrices Q; as functions of the independent variables. One then solves (88) for
the frame and then, finally, applies the inverse of the frame to the I to arrive
at the u®. Examples of this process are detailed in [17]. Knowing that the
conservation laws can be written in terms of the frame and the invariants, can
ease the second integration step for the frame. Indeed, in the one-dimensional
case, the conservation laws are first integrals. As we have indicated in the
examples, both in the Introduction of this paper and in [8, 9], if the Adjoint
representation is not trivial and has been solved for in terms of the uy, then a far
simpler second integration step may be achieved.

Instead of solving the differential equations (88) for p, which may be difficult
if the D; involve the uy as happens in the examples, we propose the following.
The conservation laws are, by Stokes’ Theorem, integral equations for the frame
which hold on the boundary of any topologically simple domain, such as a
simplex of a mesh. One can thus use a numerical quadrature method to obtain an
algebraic system for Ad(p) on say, particular sets of points on the faces, edges
and vertices of a mesh; this will then yield values of the u* on those points. The
use of the conservation laws in the numerical solution of the Euler-Lagrange
system remains to be explored, and will be left to future work.

6. Conclusion

In Theorem 3 of [8], it was shown that for Lagrangians which are invariant
under a certain group action, and whose independent variables are left unchanged
by that action, the conservation laws can be written as the product of the
Adjoint representation of a moving frame for the Lie group action and vectors of

invariants; in this new format, the laws are handled and analysed more easily.
In this paper we have generalised this result to include cases where the

independent variables of a Lagrangian participate in the action. The structure
of these conservation laws differs from the ones in Theorem 3 of [8] by a matrix
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factor, which represents the action on the (p — 1)-forms, and by some invariant

terms in the vectors of invariants, v;(J, I).
It is interesting to note that from (38) we know that

d(Adp™ @1, ... vp)Myd”'X) = 0
is equivalent to

Zp: D; (Ad(p) ™ vil (d7x)) = 0,
i=1

which simplifies to an equivalent form of the Euler-Lagrange system,

P
Z (Z)i(v,») - QjU,' + C,'(J, I)Ui) =0,
i=1
where Q ;= Di(Ad(p))Ad(p)~" is the invariant curvature matrix defined in (87),
and c;(J, I) is the coeflicient of /(d”x) in D;(1(dPx)).

Our rewrite of Noether’s conservation laws brings insight into the structure
of the laws. Using invariants and a frame usually condenses the number of terms
needed to write down the laws, and makes explicit their structure by using the
same invariants as those needed to write down the Euler-Lagrange equations.
Further, we have shown how these results can aid the (numerical) solution of the
Euler-Lagrange system.

The structure of the conservation laws presented in this paper rely on symme-
tries arising from point transformations. At the present time, we do not know if
these can be generalised or adapted to the case of generalised symmetries. This
would certainly be an interesting topic to research in the future.

Appendix A.

In this appendix, we give the proof of Lemma 5 which shows how an element
g € G acts on a differential form. Furthermore, we state and prove an adaptation
of the result on the Adjoint action as induced on the generating vector fields
presented in Theorem 3.3.10 of [17].

Proor. (or LEMMaA 5) We have

- - dx .
dT; A (—l)k_ldﬂ...dﬁ...d@ _ dxp...dx, = det(&)dxl...dx,,, j=k,
0, else.

Note that we can write

(-1 'dx... dx;... dx,
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as
14

D =D Zfdx . .. dx,
=1

and therefore,

— P45 dx
AGAC D! AT AR 45 = L (1) ZE . dx,,zéjkdet(—x)dxl... dx,,
= d)C[ dx

1.e.

L\ 45 X
> d—x’(—l)"“Z§ =64 det(d—x). (A1)
| X¢ X

Now (A.1) implies that

-1
-1z =[(g—§) ] det(j—i),
tk

&) &-aln)
as = =1

dx) dx  dx \dx

TueoreMm 7. Let (ay,...,a,) be coordinates on the Lie group G and let the in-
finitesimal vector field with respect to the coordinate a; be given as

Vj = EjDX + iju?,
where Z; = (§},...,§§’), 2; = (Q},...,Q;I.,DlQ},...), Dy = (Dy,....D,) and

Vuflz = (0, ..., Oy, Bu}, ...). Let Ad(g) be the Adjoint representation of G with
respect to the v;. Then the action of g € G on v; is

g.(( Ei(2) 2,2 )( VD:a )):( =@ 2,2 )
d-i -T
(&) ?

X —_—— —_—
(Y RN (Y (RN (e
— — | X X H—| +VY
6u§’ 6u}’ c')u}’ (9u}’ dx
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where Y
ax\' 6u‘J’ ouf ox \!
“\ax) ) (o) \awg)
(M) T w7 ()
| ou? 6u dx ax |’
= zero mamx
Furthermore,
—~  -T
di -T 6ua 6~X~ T 5
Ad@E()=E@)|—| -2@|-%| |=%] X' (A3
dx ou ouy
and
~ -T
aun ﬁ T du(y T
ﬂd(g)e@(z):.,@(}:)[(aui] (ﬁ) X! (d—XJ) +y‘1}. (A.4)
i J
Note that here uf = (u,uy).
Proor. We know that
& ox 7T
Vi ) ox  ouy v, AS
8 Vu} = 6u~§’ @ Vug ) (A.5)
ox  ouy
where
_ — T
6_§ ﬁ ! X—l _ @ - ai(lr y—l
ox  ouy ox ox
- — = —~ -T
o aufl (o) (X TX—l Vel
ox  oug ouf ouy

which was calculated using a result in [10, 11] since we assume 0x/0x and
6u”/8u are nonsingular.
Lettlng g € G act on Dy, we obtain

~ . T ~ T

du?® -T ou?

gDy =Vz+ (ﬂ] Vo =XV, - (ﬁ) (ﬂ) Y 'V
dx X J

—~.\T —  -T
dx\ " (du? ouy &\ -
(a) (_dx] “a () < ver v
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~ di -T Hi T .\ dll? T 5)? T
- \dx ox dx Ouy
) () G ) G
— —_— + —_—
ox dx ouf ouf ouf
&\ (((our)  (due\T (our)'
+|—= — | +—=]| |—=
dx) ox dx ) ouf
— T
(Y (B ()25 |y,
ax dx ) \ou? ox ox U

-T du?® T
(8 o2 e

X'v,

dx dx
(&)
=|—=| D
dx
Note that we have used Dy = Vy + (duj/ dx)” Ve and the chain rule.
From (A.5) we already know what the action of g € G is on Vu§; we just need
to substitute Vy by Dy — (du¢/ dX)TVu}v to obtain

—~ =T
du? ax \"
'Vu" = - _J a-a 7IDX
g J (Gu?J (auj') X

~ T
ouy ax \" du®\"

=] (2] x (2] +y!
Ouf Ouf dx

This completes the proof of (A.2).
Since v; = E;Dx + 2;Vyr can be written as E;Vy + ®;Vys, by Theorem

3.3.10in [17] we know that

V.
Y

Dy
Ad(g)( Z(2) Q(@)(vua ):(s@ 2@ )
ax\7
(& 0
our ) (ox\ our ) [ ox\ du?\”
_| L il -1 _J fiall -1 -1
(augf] (auf) X [augr) (au;*) X (dx) Y

from this we can easily read the results (A.3) and (A.4). O
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