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Abstract

In recent works [Gongalves and Mansfield, Stud. Appl. Math., 128 (2012), 1-29; Mansfield,
A Practical Guide to the Invariant Calculus (Cambridge University Press, Cambridge, 2010)],
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.
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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

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 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 one-form quasiconservation 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.

In Section 2, we start by giving some background on moving frames,
differential 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
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not invariant under the group action. The conservation laws presented in this
section are a generalization of the ones obtained in [8]; they differ by the product
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
ZLlu] = f I:(X, u, u;) d’x are derived by setting

i K% [u+evl=0

de |,
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 [ L(k)I(d?X) be invariant under the prolonged action G x
M — 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 v, ...,
v, the vectors of invariants coming from the action on the conservation laws
associated to the Euler—Lagrange equations, E*(L). Finally, consider M 7 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
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d(Ad(p) (v, ..., v,)M7d"'x) =0, (1)

where p is the moving frame and M ;d?~'X are in fact invariant (p — 1)-forms
written in terms of the original dx; .. .dx; .. .dx,.

Since the frame is equivariant, this formulation provides an explicit expression
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 [21, Proposition 5.64]).

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

g x=X=——, g-u=u=u, )

where ad — bc = 1. The following expression
Uyxx _ Eui X
w oo 2ut’

is the lowest-order differential invariant, where a differential invariant is an

invariant for the prolonged group action of a Lie group on a jet space. All

differential invariants for the group action (2) are functions of ¢ and its derivatives

with respect to the invariant differential operator D, = (1/u,)(d/dx).
Under this group action, the one-dimensional variational problem

2xxx x_32 2
/(u u4 i) dx:/azuxdx

7
uy

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

XUy + Uy Ur (Xlhgy + 2u,)
I — 2xux —2—3
;x ullex —4DXO‘ Cq
= U, — —2024+2D% | =1 |,
2u, 4u? 4y .
-x(xuxx + 2’/{)() 2 (xuxx + 2ux)2 3
—_—— _x ux _—
2u, 4u?
3)
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where this defines A and v(I). Note that matrix A corresponds to Ad(p)~" in (1)
and M 7d°x in (1) is 1 in this example.

The Euler-Lagrange equation for this variational problem is —2D30 + 60D, 0
= (), that is

(=D} +2D,6 +206D,)E° (L) + D, (-L) =0,

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],

A*E(L) — B*H(L) =0, “)

where &£(L) is the invariantized Eulerian, 7 (L) a suitable invariantized
Hamiltonian, and A*, B*, which are named Eulerian and Hamiltonian operators,
respectively, 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 —cax? 4+ ¢3) + 40 =0. ®))

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,
AX, iy, iyy) = R(a, b, ©)A(x, uy, uyy),
where
ad + bc 2bd —2ac
1+b
Rab.o)=| ca a - |, a=212
—ab —-b* a? a

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

1+b 1
(a,b,c)-(a,B,y) =(ax+by,aB+bs, ca+dy), d= + c,(s: +ﬁy’
o

and it is easily checked that

R(a,b,c) - R(a, B, y) = R((a, b, ) - (a, B, y)).

This representation is the well-known Adjoint representation (see [17,
Section 3.3]). In fact, the map A is a moving frame, that is an equivariant
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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
depends 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, [ L(o, D,0, Do, ...)u, dx. Only the vector of invariants, v(I) 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.

At first glance the structure of the conservation laws, for invariant variational
problems whose independent variables are also invariant (see [8, Theorem 3]),
seems to be identical to the one where the independent variables participate 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, M 7, which does not appear in one-
dimensional variational problems because D, (F (x, u, u,, ...)I(dx)) = d(F(x,
u,uy,...)) 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 variables
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
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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 = (xy, ..., x,)
and U the set of dependent variables with coordinates u = (u', ..., u?). We will

represent the derivatives of ¥* with a multi-index notation, for example
|K
o0 lu”
K axkl s 8)61(’" ’

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

1 1
z=(x1, ... XU, ... ,ulug, ).

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

q

d 2 , 9
Di:aiza_xi—i_ZXK:uKi@’

a=1

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

GXM-—>M, (g z)r—g-z

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

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

— the group orbits all have the same dimension and foliate {4

— 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 C
is known as cross section; and

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

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

p(z)-z=c.

The map p is called the right moving frame relative to the cross section /.
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To obtain the right moving frame, in a first instance, we define the cross section

KC as the locus of the set of equations ¥;(z) = 0, fori =1, ..., r, where r is the
dimension of G. Then solving the set of equations, known as the normalization
equations,

Vi) =vi(g-2=0, i=1....r

for the r parameters describing G yields the frame in parametric form.

EXAMPLE 1. Consider the linear SL(2) action on the space (x, y, u(x, y)) as

follows
X ab\ (x ~
(i)_<cd> <y)’ ad —bc=1, u=u. (6)

~

The prolonged actions on u, and u, are given explicitly by g - u, = it;, = D,
and g - u, = ity = D, i, respectively. .
The transformed total differentiation operators D; are defined by

~ d ro
Dy = —= =) (@/d0 DDy, )
! k=1

where dX/dx is the Jacobian matrix. So,
u, =du, —cu,, u,=—bu,+au,.

Taking M to be the space with coordinates (x, y, u, uy, Uy, Uyy, 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, 4+ yu, = 0. In this domain, we may
take the normalization equations to be X = 1, ¥ = 0 and &, = 0, and thus obtain

a:u—x, b:L, and c¢=—y, (8)
XUy + yu, Xu, + yu,

as the frame in parametric form.

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

If z is given in coordinates, and the normalization equations are 7; = ¢;, for
i=1,...,r,then

IO(Z) Z = (617 '-'acr’l(zr-H)? "'aI(Zn))a

where
I(zi) = 8 - 2lg=p(z, Tork=r+1,...,n.
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Thus, we denote the invariantized jet bundle coordinates as
. - ~
J =1(x) = xk'g:p(z)a Ifé = I(”%) = Mﬁ|g:p(z)-

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

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

8-zZ= (X, Yy, U, Uy, uy7 Uy, uxy7 uyy)|g:p(z)
_ X y u u u u u u
_(J 9‘, 71 9111]27]]]71]21122)

= (1, 0, u, xu, + yu,,0, xXug, + 2xyuy, + yzuyy,

2 2
XlUxUyy — YUyllyy + YUyl yy — XUyl Uity — 2UxlyUyy + Ul
9
Xuy + yu, (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, # = I (u) and I (u,,), 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 [17, Ch. 5] 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,

Di =D, |g=p(z)’

where 5, are as defined in (7). These invariant differentiation operators map
differential invariants to differential invariants.

We know that D;uy = ug;, but the same is not true for their invariantized
counterparts; in general

DiIE # IE..

To show this we shall first define the notion of infinitesimal of a prolonged group
action.
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DEFINITION 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
0% oug

gi=t L R, = .
J K.j
Baj g=e 8(1]' g=e

(10)

Since 5;; and qb]‘é’j are functions of the x;, fori =1, ..., p,u®,fora =1,...,q,
and ug, we can define
E(D =E 1)
and
¢y (D = ¢ (I, 17, 1),
where the arguments have been invariantized.

By definition of I and D;, from the chain rule we obtain

Dilfé = Di|g:p(z) ug(p1, ..., Pr, X, U, Uy)

r

(D: ) e=p(zy + (Dithi) | e—pizy- (11)

g=p(2)

The second summand in (11) is Ig; by definition. By [17, Theorem 3.2.27] and by
definition of infinitesimal, the first summand becomes

> b (DD (D) g

=1

where this defines Ki, = D; ps(%) lg=p(z)» and K = (K;,) is known as the correction
matrix. Thus,

DiI¢ = I, + My, where My, = > " Kig (1) (12)
=1
are called the correction terms. Similarly, we can obtain the invariant
differentiation of the J*

DiJ* =68 + N, where Ny = Y Ku&f (1) (13)
=1

and 8 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
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such that I}y = If;, then we obtain the so-called syzygies or differential identities
Dxlj' — Dulf = My — My (14)

For more information on syzygies, see [17, Ch. 5]. 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
D, =x— — 15
X +y O (15)
Uy d Uy d

D, = -

xu, + yu, 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 D?(u) — D, (u),
and the seventh component is D, D, (1). It is not possible, however, to obtain the
eighth component, / (u,,) by invariant differentiation of u, since D, (u) = 0. All
other differential invariants of the form / (ux) can be obtained from « and I (u,,)
by invariant differentiation and algebraic operations, and thus these two invariants
generate the algebra of invariants.
The syzygy between I (u) and I (u,,) is

D, (I(uy,)) = DiD,(u) = =41 (uyy) + =—— (1 (u,,)D; () — 2(D, D, (w))?).

a7

D()

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

Urlg=p(zy = I = Uz,

g _qu __ L2 2

Urilg=p(z) = 117 = X Uxx + 2xyuyy + yuyy,

—_ _ XUyUyy — YU Uy, + YU Uy, — XU U,
Urylg=p) = I} = )

Xuy + yu,

2 2
Willyy — 2U Uyl + U U
(xuy + yu,)?

o — Ju _
Uyylg=p(z) = Iy =
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I o o i
A
* T
@ I,
" e ° ° -
I o =0 I%
IH
1 @ ]
Ity

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

From Figure 1, we can see that there are two ways to reach I}|; and since these
must yield the same result, we get the following syzygy between /3 and I}:

DI}, = DI} — D, I}. (18)

Similarly, there are two possibilities to obtain 1,,, which give rise to the following
syzygy between I3 and I,:
21 L
D.I}, = D}Ij — I—L‘nyI;‘ + ﬁDXI;. (19)
1 1
Finally, there are several ways in which to reach I}';; there are two syzygies
between I; and /{,, which are as follows:

&
D1y =Dt~ (4 1)D8, 0)
1
u u Iill u Ilu2 u
DTI]Z = DXD.VI3 + 1 - I_“ Dyl3 + [_“DXI3 . (21)
1 1

From Equations (20) and (21) in Example 2, one can verify that the invariant
operators D, and D, do not commute. In general, the invariant total differentiation
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 é;‘lf‘, fork=1,...,pandZ=1,...,r, by

—~k N sk
Ey = Di§(2)lg=p(2)-
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Then the commutators are given by
[D;, D1 = Z Al Dy, Z KjeZ5; — Kie ;. (22)

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.

DEFINITION 2. The invariant one-forms obtained via the moving frame are
denoted as

(23)

4
I(dx;) = dglg:p(z) = (ZDj(J?;)dx,)

j=1 g=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
D, = Z(jiT)izDz, where J = X

=1 X g=p(2)

LetVi=(J Di,.... (T Dip)and D = (Dy, ..., D,)";s0D; =V, - D.
Consider the invariant total differentiation D; of a form w, denoted as D;(w),
to be the Lie derivative

Di(w) =d(V; - Duw)+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 = 1 (dx;), then (24) simplifies to

D;(I(dx;)) =V, - D1(d1(dx))), (25)

by the following lemma.

LEMMA 1. Let D; = V; - D be the invariant differential operator. Then

V,‘ D I(dxj) = 8,']‘, (26)
where §;; is the Kronecker delta, in other words {I(dx,), ..., I(dx,)} forms a
basis to the dual space of T M|z, whose basis is {D, ..., D,}.
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Proof. Let J denote the Jacobian matrix dX/dx|,—, .. Then
p
V- D.I(dx;) = T Dty -+, (jiT)i]?) - D (Z(j)jldxl>
=1

P
= (T s s (T Hpi) » D (Z(j)jedxe)

=1
=T YDp+-+ TN (Djy

It is possible to calculate the Lie derivative of the 7 (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.

THEOREM 3. Let g € G actonx € 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, {1 (dx;)}. Then setting

p
D;(I(dx)) =Y B (dx) 27)

k=1

we have
J o pi
B;; = ko

where the A’ are the coefficients in the commutator

P
[D;. D) =Y AL Di(f)
i=1
given explicitly in (22).

Proof. We first prove that for any function f on M,

p
df =Y Di(f)I(dx:).

i=1
Let dx = (dxi, ...,dx,)"and D = (Dy, ..., D,)"; further, set
1(dx) = (I(dx)), ..., I(dx))"
and D = (D, ..., DI,)T. We know that I (dx) = Jdx, where 7 is the Jacobian
matrix dX/dx|,—, ., so thatdx = J'I(dx), D = J "D and D = J "D, then
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d
f dx,
by

dx,
P 4
[Z(jT)anm(f)(Z(j_l)nil(dxi))]
=1

1 i=1

p
D (Dun( T )i D ()1 (dx;)

1 n=1

8mil)m(f)l (dx,)

M~

df =

3
I
-

Il
NE

3
I

I
NE
Mﬁ

Il
DML
3
=l

0
3

Di(f)1(dx;).

Il
'M“

1

1

Next, since d* = 0, we have
P P
0=df = d( ZDi(f)I(dxi)) = Z[d(Di(f)) A 1(dx;) + D (f) d( (dx;))].
i—1 -1
Let Dy = Vi - D.From V- D_d?> f = 0, it follows that

P
0= Z[(Vk » DLd)(Di(fNI(dx;) — d(Di(f)(Vi - Da1(dx;))
i=1

+Di(f)(Vi - Dad) (I (dx;))]
p
= Y DD (NI (dx)) = 8ud(D;(£)) + Dy (f)De(I (dx))]
i=1

P P
=> [Dk Di (NI (dx) +Di(f)) B;;I(dxna} — d(De(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‘ , (27), in the third line.
Note this proves that D; (I (dx;)) is linear in the I (dx,).

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

P
0= Z[Dk(Df(f))&_/ + Di(N)B}i8mi]l — (V; - Dad)Di(f)
i=l1

p
= Di(D;(f) — D;(Du(f) + Y Di(f)B;

i=1

P
= [De. D) + Y _Di())BL

i=1
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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) =Y _Di(f)B..

i=1
Since [D;, Dil(f) = Y A% Di(f), where A’ is defined in Equation (22), this
implies that ‘ .

Aljk = B/ii’

as required. O
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 € SL(2) act on (x, y, t) as in Example 2. Then the Lie derivatives of
I (dx;) with respect to D; are as shown in Table 2.

Table 2. Lie derivatives of the I (dx;) with respect to the D;.

Lie derivative I(dx) I(dy) I1(d7)
Iiy
D, 7 1(dy) 21(dy) 0
1
D Iluzldx 12u31d 2I(d 0
: —Sp (@) = 2 Idr) 20 ()
1
1
D, Fl(dy) 0 0
1

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

LEMMA 2. Let g € G act on the set of independent variables {x;}, fori =1, ...,
pH+1.1fg - x,p1 = Xpyi, then

Di(l(dxp+l)) =0,
foralli=1,...,p+ 1.

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

p+l1

D;(I(dxp)) = Y B, 1(dx).

=1
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According to Theorem 3, the coefficients Bf »+1 are equal to

p+1 z : =p+l —~p+l
Klll“ne KZn E

rll

Since x,, is invariant, £’*! = 0, and therefore, /"' = £”*' = 0. Thus, for
L=1,...,p+1,
I(dx,)=0. O

l p+l

As we are interested in calculating the invariantized Euler-Lagrange equations
and its associated conservation laws for variational problems whose independent
variables are not invariant, it will at times be necessary to apply recursively the
commutators [D,., D;] = ,f:ll bl Dy, fori =1,..., p, where x,4, is a
dummy invariant independent variable and A%, ; are as defined in (22). The next
lemma provides a formula for the commutators [D,,,, D], where K is a multi-

index of differentiation with respect to x;, fori =1, ..., p.

LEMMA 3. Let g € G act on the set of independent variables {x;}, fori =1, ...,
p+1.1fg - x,41 = xpy1 and w is some differential form on M, then

Dy Dx(w) = <DKDP+1 + Z Z Dy, (A}, kZDn)DK\(Kg,k/C)> (w), (28)

e=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

Ke=(ki, ..., kem), withK; =(0), and K\(K, ko) = ke, .oy k).

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

p+l1
D, Dx(w) = (Dkl b1t ZAP‘H I )Dkz' . Dy, (w)

n=1

p+1
= Di (Dkz pr1 T+ ZA[H—I K )Dks .- Dy, (o)

n=1

p+l1

Z A DDy, ... Dy, (@)
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= Dk] Dkzpp-HD/g e ka ((,l))

2 p+l
+ ZZDK’ (-Ap+1 k{Dn)DK\(K{,kg)(a)L (29)
=1 n=1
and so on. Note that as X,;| = x,;, then 5_;’“ =0,forall j =1,...,r,and

therefore, from (22) we have that A?ii x, = 0 for all £. After applying the

commutators (22) recursively and setting AP +1 x, to zero for all £, (29) becomes

m p
DkDpi1(@) = DDy (@) + Y Y D, (AL, 1 D) Dy (@) O

=1 n=1

2.3. Invariant calculus of variations. Consider Lagrangians L to be smooth
functions of x, u and finitely many derivatives of u“ 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 ZL[k] = f L[k] I(d?x), where [ (dx) = I(dx;)...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 Z[u], then a small
perturbation of u yields

j[u—l—av]

=0

1 _ " d (oL
— EaL o . o dp
[l e g () Jos

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

d
0=—
de

0

Z( D Xy, U

is the Euler operator with respect to the dependent variables 4* and K = (ky, .. .,
k).
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To obtain the invariantized analogue of (d/ de)lszoj [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
I, =g 0u®/0x,1l4=p(- and a set of syzygies D, 1k = HI (u,y), that is

ki 4 1£+1
Do | i |=#| : | (30)

‘1
Kn I]H—l

where H is an N x ¢ matrix of operators depending only on the D;, fori =1, ...,
p,thek;, for j =1,..., N, and their invariant derivatives. Since the independent
variables are not necessarily invariant, the operators D;, fori = 1,..., p, and
D,+1 do not commute in general.

We know that, symbolically,

de

Z[u].

j[u—#sv] = "

£=0 pt+llu, =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,

0="D, | Llkll(d"x)

oL
N / [Z 3D Dy D1 (d7%) + LDP+1<1<dPx)>]
J.K J

aL m P )
= / |:Z 0Dk (DKDp+] + Z Z Dk, (Al,,+1,k£Di)DK\(Kg,k5)> (k;1(d’x))
JK J

=1 i=1

+ LD, (1(d"x>>}

- [Z(«D’%é@,

I(dpx))DerlKj
I . AN

BDKKJ Z Z Dk, (A,,+1 k/CDi)DK\(Kg,kg)(KjI(dpx)))

=1 i=1

+LZI(dx1) D, 1 (dx;) .. I(dxp)i| +B.Ts, (31)
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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, k; by (30) and use Theorem 3 to
differentiate the invariant one-forms, which yields

LRl )

aDKKJ Z Z D, (A1 1, D) D\, ok I (d”X)>

(=1 i=1

+L Z B, ]I(d"x)] +B.Ts. (32)

Note that the terms A’ , , Dk, (A, ,,), and BPJrl ; involve sums of terms
which include I .. Unless |[K| = 0, then one needs to substitute the Ig ., by
their respective differential formulae Dy 1), — M, ., where M,  are the error
terms obtained by applying Dk to /. Note that if the M}, i involve terms of
the form /7, . |, then these must also be substituted by their respective differential
formulae. Performing a second set of integration by parts to (32) yields

p+1
:/(ZE“(L)I I(d”x)+ZD (Z I(dxl)...I(dxj)...l(dx,,+1)>>,

(33)
where E“(L) are the invariantized Euler-Lagrange equations as defined in (4), F;;
depend on Iy ., and /j* with K and J multi-indices of differentiation with respect
tox;,fori =1,..., p,and

[(dxy) .. T(dx;) .. I (dxppy) = I(dxy) ... T(dx;_ )T (dx;pr) ... T (dxpsy).

Note that after the second set of integration by parts has been performed in
(32), all p-forms involving 7 (dx ), 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(dx,+1), 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 Iy ;.
THEOREM 4. The process of calculating the invariantized Euler—Lagrange
equations produces boundary terms that can be written as
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p . —_—
/ > d((—l)'1 ( S I, c;g,.>1(dx1) S I(dx) .. I(dx,,)), (34)
i=1 K«

where

—

I(dxy)...I(dx;) ... I(dx,) = I(dxy) ... I(dx;— )T (dxip1) ... I(dx,),

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

Proof. Consider the boundary terms in (33)
P p+1 -
/ZD,-(ZEjI(dxl)...I(dxj)...l(dx,,+1)>. (35)
i=1 j=1

Since D; is a derivation, we obtain

p+1
D,-(ZF,-, I(dxl)...I(dxj)...I(dx,,H))
j=1

p+1

=Y D(FHIdx) ... T(dx)) ... 1(dxyp0)

=1

+ F;D;(I(dxy) ... I(dx,) ... 1(dxpi1)). (36)
Forj=1,....p+1,D,((I(dxy)...I(dx,)...1(dx,.,)) in (36) can be written

as

Di(I(dxy)) ... I(dx;)... [(dxpp) +---+1(dxy) ... 1(dx;) ... D;(1(dx,41)).
(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 /(dx,.;) form and there is no
integration along x ;.

—

Furthermore, for j =1, ..., p, the terms D; (F;;) I (dx;) ... I (dx;) ... I(dxp41)
in (36) disappear as there is no integration along x,.,. Hence, (36) reduces to

Dy (Fipe)1 (@%) + Fi i D (1(dP%)
= Di(F, pi1 1 (%)
— d(V; - DI Fyp 1(dP%) + V; - DId(Fi i 1@%),  (38)
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where D; =V, . D. The invariant volume form, 7 (d”x), can be written as |/ | d”x,
where as before J = dX/dx|,_,.), and therefore (38) becomes

3(E,p+1|j|)d

d(= 1" Fpi I (@dxy) ... T(dx) ... 1(dx)) + V; - D
0Xp11

Xpp1dPX.
Note that to simplify the first term of (38) we have used the result of Lemma
1. Since D; = 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 .

A=) Fyp I (dxy) ... T(@dx) ... 1(dx,)). (39)

From Theorem 3, we know that Bl’.‘j = A? +» Which is equal to
D KBl — K&y
=1

Since some of the terms in F; )., are products of the form Iy , HIJ’S ij, where
k # p + 1, and the Bffj in these products never involve invariants of the form
Iy »+1> the Fi 4 are linear combinations of the /g

Thus, the boundary terms (35) simplify to

,p+1°

p
/ N A1 F I (dx) . T () - 1(dx,))

i=1

14
:/Zd((—l)i1<ZI§YI,+]C,‘§,i)I(dx1)...I(dx,-)...I(dxp)>, (40)
i=1 K,a

where Cy ; are coefficients of the I O

oL
EXAMPLE 4. Consider the variational problem [ u(u,u,, — u3,) dx dy, 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, t). The introduction of this new independent variable results in the
new invariant i, |,—,,) = I3 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 1" Iy — (I35 1 (dx) 1 (dy).
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In the process of calculating the invariantized Euler—Lagrange equation and its
boundary terms, we differentiate under the integral sign and obtain

o, [[ rass - apiranra
/ (DU Ly, — (U ) Y+ 1L, D 1Y+ 1'1)\D. I,
—2I"I},D. I{) 1 (dx) I (dy) + 1" (I}, I3y — (I} D, (1 (dx) 1 (dy))].
Using Table 2 we find that D, (I(dx)I(dy)) = 0. Then substituting D, I},

D. 1}, and D, I}, by (18), (19), and (20), respectively, and performing integration
by parts yields

// 3(14 1y — (If)H) I3 1 (dx) 1 (dy)
- " IL(IM Iu ;
+ // |:DX(<<I LY — 11 + 141, — 1111 22)13
+ I“Iz”‘zlfg)l(dx)l(dy))
+’D %_I“I“ IM_2IMIU IM +Iu]u IM I(d )I(d ) (41)
y I 12 |13 12413 11423 X )

where all forms involving I (dr) have been discarded as there is no integration
along 7. Thus, we obtain the invariantized Euler-Lagrange equation

E'(L) = 3(I1 Iy — (11)%) = 3(uttyy — ),

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

d IMIM _ IL[IM + IL[IL[ _ Iu[lul 121"2 Iu + IMIL[ Iu I(d )
2 1422 122 IR 3 22413 y
ISENE
— (( 1111 27 1“2)1 — 21141 + 1"}, 123>I(dx)> (42)

where the summands are linear in the /g5 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.
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REMARK 1. Note that in Example 4 we could have substituted D, I}, 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, Noether’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 generalize 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 SL(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)™!
XUy — YUy _( 2u,uy 3 oy vl v,
xuxy‘;xylly Xthu‘j%‘ yuy 2 £ 5N CRS E5 W £ (X0 L )
d Xuy + yuy (xu, + yuy)2 -y -1 I] 112 -1 Il I”
2
Xuy B u 5 0 0

XUy + yuy (xuy + yu,)?

X -y d

X iy Uy < d)yc ) —0, 43)
Xuy + yuy, xu, + yu,

Mz

where Ad(p)~! is the inverse of the Adjoint representation of SL(2) with respect
to its generating vector fields evaluated at the frame (8), v, and v, are vectors
of invariants, and M is the matrix of first minors of the Jacobian matrix 7, as
defined in the proof of Lemma 1, evaluated at the frame (8). The quantity M 7d'X
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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
generalizing 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.

DEFINITION 3. The Adjoint action Ad of g € G on the vector field v; =
> i (50, + ¢§0,0) is given as follows

Adg(Z@;ian + ¢7aua>> = Z(s;i(i )0z + 09X, W),

so that

O B ) - (44)

a(x, u)

with Z; = (§/,...,&]) and @; = (¢}, ..., ¢7). By [17, Theorem 3.3.10], for all
v; we have that

(Ady (&) Ady(@))) = (&;&, 1) &;X, 1)) (

- o (AW
Ad(g)(E(X,u)QD(X,u)):(E(i,u)cD(i,u))(ag 3) .45

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

EXAMPLE 6 (Example of the calculation of an adjoint action). Consider the
infinitesimal vector fields
X0y —Yy0dy, Yy, and x0,,

which generate the linear SL(2) action. The Adjoint action of g € SL(2) on these
infinitesimal vector fields is as follows

8 (a(xax - yay) + IByax + yxay)

=a(X0y — 58;) + ﬂia; + )/;3;
ad 4 bc 2bd —2ac\ (x9, — yo,

=(xBy) cd d* —c? y0, , (46)
—ab —b* a* xdy
Ad(g)

where ad — bc = 1.
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For more details on the Adjoint representation of G with respect to the
generating vector fields, see Gongalves and Mansfield [8, 17].

LEMMA 4. Letx = (xy,...,%,) andu(x) = @' (x), ..., u?(x)). The g x p matrix
du/ox can be written as
b _ (0 dER) (R iy )
ox ou dxodu dx ox 0x
Proof. We have
du dx . du
dXdx  dx

and - - -

dz 0z 0z du

— =—+-——, wherez=xoru.

dx 0x Juox
The result follows from expanding the first equation, and collecting terms in
ou/ox. O

DEFINITION 4. Given the vector field v; = Za,i(g jaxi + @700, the column
vector Q; with components

p
Qi(x, uuy) =t (x,w) — Y wE(xuw), a=1,...q,

i=1

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

Letting g € G act on Q;, we have

o~ du £l X 1)
x,auy) = ——1 e
Q& ( dx q) (¢}(x,u>>

Using (44) and (47) this can be written as

o oW dii O% u
Q& &, ) = < )(Adg@f) - a—Adg(a,T))

du  dXdu

X
. ou duoax Ad(Q) 48)
“\du dXou/) 7
where this defines
T du =T
Ad,(Q;) = Adg(cbj) - gAdg(aj . (49)
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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.

LEMMAS. If

P
(—DAE AR dE, = ) (=D ZEdy L dg . dy

4
=1

- dx\ ™ dx
(—1) z€=(<&) ) det(&). (50)
tk

The proof of this lemma can be found in Appendix A.

defines Z 2‘, then

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

X > g-Xx = X(x, u),
U g-u = ux, u),
L N
u — u% = ud = —_——
K & K K axkl cen Bka
so that -
_ o~ dx
L(x,u,ug) = L(X, 0, ug)det | — |.
dx
If

P
Y (=D xu g, Ej(x,0), @;(x,w) dy; . dxg .. dx,,

k=1
forj=1,...,r,

are Noether’s conservation laws, with E;= (&}, ..., &) and ®;= (¢}, ..., $])
being the infinitesimals as defined in (10), then forall g € G

p
D (=DICIR L bk, &R W), @R, W) dF .. dE ... dF,
k=1

P
=Y (=DClx w g, Adg(8)), Adg(@])) dxy ... dxg ... dx,.

k=1
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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.

Proof. Any nth-order 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 =L(x,u,v%) ZAK(uK v — > A () — Vi),

o K 62k,

where J and K are ordered multi-indices of differentiation. The multi-index orders
of J and K, in the first two summands, range, respectively, from 1 to n and from
1 to n — 1. The ordered multi-indices K in the third summand are of the form

(kl,_. .., k,—1). Note that (vg), = dvg/dx, # vg,. The Euler-Lagrange equations
for L are
E"(L) = {— +Z< DEH D (Ag) | 0,0 < K[ < n — 1},
E'(L) = { — Y|, K ;éo,n—l}
dvg
a o
Ulawg TR > Do) | K| =n—1¢,

>k

ML) = {(u% — 12 | o, 0 < [K| <1 — 1} U{(2), — v, |, |K|=n—1,¢}.

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

g- vy =(g- u?)huf\‘/l:uﬁ‘,‘ | IM]>0}»

Ul — g d(e -

o= (B g (50))
Uy — Vg dx
(V%) — g - VY d(e -

g2, =((¢ (WR)e = 8 Ve ) goy (408 )@,
(VR)e — Vge dx

and thus, by construction Ld”x is invariant. This is indeed a group action: the
action on the v} is symbolically that of the action on the derivatives, u§, which is
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a right action. Further,

g-uf —g- vy dig-x\) "
h-(g-2%) =h- kK det 2L
Uy — Vg dx
h-u® — gh-v® d(gh - !
=<(g g — 8 vK)det( (g X))) Bl
h-u®—h-vl d(h - x)
h-u® — gh-v® d(gh - !
(o))
Uy — Vg dx

= gh-x

by the chain rule and using the fact that the determinant is multiplicative.

The argument for A%, is similar. Finally, we note that obtaining Noether’s
conservation laws for L and eliminating the v and A% using the Euler-Lagrange
equations EV (L) and E*(L), yields the conservation laws for L. ]

Proof 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

" d
Zkack_o forj=1,...,r,
where

C’ =L(x,u, ux)é (x, u)+ZQ"‘(X u, ux)

a=1

and Q‘;f is as defined in Definition 4. For further details, see [21, Corollary 4.30].

Step 1. Now considering the operator used for the k™ component of the

conservation law
! 9
E °(
0°(x,u,uy) —
Jj ) 9 X o
g ouy

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

q
N 0
;Q_,(iuux) ~ —ZAd (Q; )( )w o

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/duf. Schematically, we have that

~\ -T
Vg = (d“"> V.
duy
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and to obtain the components of this Jacobian matrix, we consider Equation (47)
and calculate
d
de [0 OX | g5 dx dii /e
Set A(¢) = 0u/0u— (du/dX+ e H)(9X/0u) and C(¢) = (du/dX+ e H)(3IX/0x) —
ou/0x. Then the calculation is

Ju

de

—1 -1 ai 1 1 ai
AE)'Cle) = -A" —HZ)A'Cc+ A 'HZ
Ju ox

T S
=A"TH|—AC+ —

e=0

oJu 0x
— A 'H §8£ + §
uox 0x
o
—A'HE — A'"HB = V(H).
dx

where this defines A, B and V (H). By construction, the coefficient of H,; in the
(B, £) component of this matrix equals

B
au,
oug
Direct calculation shows that if e;; is the matrix with (e;;)rc = 8;x8¢, then
(AN

(A ™Dy

V(e;) = (Bj1 Bj -+~ Bjp),

(A,

dup (90 duax\ ") (dX
gug  \\du d&Xou/) J, \dx/,

‘We have then, for k fixed,

q
D OYR )
a=1

and thus

0

o
ouy

d
=> Aun Ay (Q)(A™)paBre—g
u

B.l.n,a 4
dX ad
=) Ad (Q'%(—) —
ﬂZE: C A ouf
using (48), and noting that the matrix appearing as a factor of Q(X, U, 0y) is A.
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~ ~ ~

Step 2. Now we evaluate ), 09 (X, U, ux)a/auk on

o dx\ ™!
L@umﬂ=uxmmﬂm<f), (51)
X

which is the invariance condition on the Lagrangian. From
dx _ X n 90X du
dx  9x dudx

it can be shown that

3 dx "% dx .
o7 det <d—z> = Z Bi ((J, £) first minor of o (—1)/”)

P 0% ([ dx\ ! dx
S ((2) ) e ().
— Ju dx ¢ dx

Thus, we obtain, recalling k is fixed, that

ZQ&ﬁ@ aﬁﬁ®>

a=1

(&) (Fr(£) o
=de 3 Z Q) 8_ X, U, Uy)

ke OUy

- > Ad (Q‘?)—"L(x, u, ux)>. (52)
> 8X<I7 gub

Step 3. We are now in a position to consider the kth component of the
conservation law in the transformed variables, namely,

g Cl = L& U, G)&! (iﬁ)+ZQ X, U, i) 8~L(§uux)

Using Equations (44), (51), and (52), and collecting terms, yields
, dx\ '/ dx
-C]l =det| — —
85 © <dx> (dx>kz(

Step 4. We now consider

P

P
g- <Z(—1)“C,{dx1...dxk---dxp) =Y (=D"'(g-C)dF ... dx ... dF,.

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

~

g-( (—1)’<lc,{(x,u,ux,sj,qb,-)dxl...@..m,,)
k=1

(=D*1C](x, u, uy, Ad,(Z), Ady(P;)) dx, . .. dr, ... dx,, (54)

Il
M=

~
Il

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 action of
g € G on the conservation laws can be written as

P
> (=
k=1

Ad(g) : ) (55)
14
2 v
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, k3, .. .)1(dPX) be invariant under the prolonged action
G xM — M, where M = J"(X x U), with generating invariants k j, for j =1,
..., N. Introduce a dummy invariant variable x ., to effect the variation and then
integration by parts yields

D,y | Lk, ko, ... )1(d7x)

p
:/[ZE“(L)Ig+ll(dﬂx)+Zd<(—1)"'(Z’ffpﬂc}’,k)
o Ja

k=1

x I(dxy) ... 1(dxp)... I(dxp)>],
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where this defines the vectors C = (Cy,). Recall that E* (L) are the invariantized
Euler-Lagrange equations and Iy, = I (u§ 1), 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;, fori = 1, ..., r, the associated
infinitesimal vector fields. Furthermore, let Ad(g) be the Adjoint representation
of G with respect to these vector fields. For each dependent variable, define the
matrices of characteristics to be

2%(3) = (Dx(0%), a=1,....q,

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

» ~
ou*
0 = ¢ = Y gy = -

—1 Bai

~

iﬁ

g=e =1 i

are the components of the q-tuple Q; known as the characteristic of the vector
field v;. Let 2*(J, 1), for « = 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(p)il(v]a EERR] vp)Mj dp71® = O’
where

ve= Y (=DHQUUL DEE + LIEU. D)), (56)

are the vectors of invariants, with (2(J, I)); the kth column of £(J, I), M7 is
the matrix of first minors of the Jacobian matrix evaluated at the frame, J =
di/dX|g=p(Z), and

CT;ld)Q .dx, dx,dxs ... dx,
- dxldmdm .dx, dx;dx;...dx,
&'z = = ) . (57)
dx; ...dxp,lcfja, dxdxy ... dx,

Proof. The infinitesimal criterion of invariance tells us that G is a variational
symmetry group of [ L(z)d”x if and only if

pr®v,(L) + LDiv &; = 0,

for all z € M and every infinitesimal generator v;; the n'" prolongation of v; is
defined as prv; = Y~ €50, + ", ; @70, This criterion can also be written as

prve, (L) + Div(LE;) =0,
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where prvg, = Y, | D1Q%9,e. Calculating [ pr®vq, (L) d”x yields
/ (Q; - E(L) + Div(A))d”x,

which is exactly what d/delszoj [u® + ev“] produces, where v* correspond to
the infinitesimals. Since we know that

d 2 -
—| Zu*+ev*] and Llu’]
ds e=0 d.xP+l M‘;+] —p¥
yield the same symbolic result,
Dp+1 |5:;;o7‘g:p(z)zva g[l{:]

provides us with the invariantized Euler—Lagrange system and the boundary terms
p —_—
Z d<(_])kl ( Z Iy, Cj’fk> I(dx)) ... T(dxy) ... I(dx,,)). (58)
k=1 Ja

By definition, /7, is equal to

. ~
IJ,p+1 = Dpi1ufle=pz)-
Hence by the chain rule,

o o o
(Ip-H IJ],p+1 IJz,p+1 )
~ o o T
) o(u®, uy,uy,...)
g=p(z) 3(u®

. T T a T
— (DP+]M Dp+1u‘]l Dp+]uJ2

. (39

o o
US> Uy ) i)

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

dX; a5 A%
X1 4= p(2) 0% loempizy 0Xpt1 |gmp(n)
: h : : AT pT
i L 0% 9%, :<0 1>’
01 g=p2) 0% lgmp(z) OXpt1 [g=p(a)
91 Jgmpia) 0% lgp(z) OXp+1 [gp(s)
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where this defines A and b, and that

0
o« —1 .l o au-]az
Dyuf,lg=p-) = —bA S
xp+]
0,
_ au?{ 9x) o 9% o
BRI T L v
p+1 Xp+1 Xp+1
Next consider
81;& a)?l o 8‘5(;7 o o
— ud — - — =u
axp+1 g=e 8xp+1 g=e ! 8xp+1 g=e r rH
p ~ ~ ~
ou* X J
=07 =7 - ) _§lui = — ot == (60)
—1 Bai g=e 8a,~ g=e d i lg—e b
and
8’;?; a';l o 8"x\1; o o
-t — u — u =Uu
axp+1 axp+l Jel axp+1 Jep Jg,p+1
8”] 8x1 o ox, o
B DJ& - ¢JH ZS uhk f g=e aa, g= euJ[l - a_a[: g=equp,
(61)
so that x ., is considered to be the group parameter, a;.
Furthermore, from Theorem 7 we know that
1 o) o 8uJ
Ad(p)" 2°(J, 1) = 2°(2) (62)
g=p(2)
where 2°(z) = (Dx(Q%)).
Substituting the vector (I, I} ,y I3, ,4; --+) In (58) by its expression in
Equation (59) yields
- k—1 N a7y Lo Ty au o
DA D oDyt Dyt Dyt - gmprz | G
k=1 a Uy le—p(z)

x I(dx)) -~ T(dxp) - --1<dxp)).

By (60) and (61), the vector (l/);; u® Z);:u?l D, 1yuf, ---) in the above equation
can be substituted by every single row of the matrix of characteristics 2%(z).
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Hence, for each independent group parameter a; we obtain
~ T

) N
Zd((—l)k 1(;2 (z)%

14
k=

c,f)l(dxl)---l/(d\m---l(dxp )

g=p(2)

—

1,...,r,

~

where 2¢(z) corresponds to row i in 2°(z).
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

P

B Lol
>a(-1 (ZQ o)

k=1

T

C,?)udxl)---@---l(dx,,)).

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

p
> d((—l)kl <Ad(p)‘ > 24, I)C;;‘)I(dx,) S I (dxg) - - I(dx,,)). (63)

k=1

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

T(dx)1(dxo) -+ 1(dx) Mii My - My, [ dxidx; -« dx,
I(dx;)I(dxp) - - - 1 (dx,) My My, -+ My, dxydx; - - - dx,

I(dx;) - I(dx,_)I(dx,) Mpi Mpz --- My, J \duxy -+ - dxpid,
M7 ar-1x
(64)
where M7 is the matrix of first minors of the Jacobian matrix . Thus, (63)

reduces to

p
> d(Ad(p)1 ( > (=Dl I)Cg) de""i>, (65)

k=1 o

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

p
Y (DGR G B & ), ¢ & W) dF ... dE . dF,

k=1

P
Y EDIGRE SR W), &, M) dNL

k=1
p
D (=D u Uy, By (x W), @ (x, w) dx . dxg . dy,
k=1
= Ad(g)
i(—nk*lc,:(x, u uy, Z,(x, u), @, (x, w) dx; ... dx... dx,
k=1
Thus,

P

P
DDLU ) (5 R W)ed5 - dR . dE,
k=1

p
= Ad() Y (=D 'L(x, u, ) (& (x, w)dx; . .. dx; ... dx,,

k=1

where (& (x, u)); is the kth column of &'(x, u). Evaluating this at the frame and
rearranging produces the boundary term, Div(L(&);),

P
d(.Ad(,o)l Z(—l)k’lL[/c](E(J, D)l (dxy) ... I(dxy)... I(dxp)). (66)

k=1
Thus, adding the boundary terms (65) and (66) yields

d(Ad(p) (v, ...,v,)M;d"'X) =0,
with d”~!X defined in (57), as required. O
In terms of calculating the conservation laws in the form
d(Ad(p) (v, ..., v,)Mzd""'%) = 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).

https://doi.org/10.1017/fms.2016.24 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2016.24

T. M. N. Gongalves and E. L. Mansfield 38

As there exists software which calculates the conservation laws (Maple package
DifferentialGeometry, 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—Ampere 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
Ad(p)~".

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, (& (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  Di(Qu)  Dy(Qu)

a (=) =L =1y —Ij
20, D=b| 0 0 —1It
c\ 0 —1t —1t

and the (Z'(J, I));, fori =1, 2, are

&* &’

a1l a0
EJ,Dyiy=b| 0], (EU,DH=>b| O
c\O0 c 1

Thus, the vectors of invariants are

TEE(I} =21 — I Ty + T 1 — (1))
V| = 0 y
—I'I5 1

=1 QLG + 1,
v, = 111,
_Iu(lluz)Z
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Finally, the Jacobian matrix 7 is

ox ox
3_ 8_ Uy Uy
X|,_ _
5% g=p(2) az g=r(2) | _ Xuy + yuy xu,+ yu, |,
9y 9y —y x
dx 8§=p(2) By g=p(2)
and its matrix of first minors, M 7, is
X -y
U, U,

Xuy + yu, xXu, + yu,

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, that is the conservation laws differ
by trivial conservation laws. Indeed, the boundary terms in (41)

Iu ]u Iu
D (1 vttt 1oty = SR ik g reow)
1

Iulu Iu
+Dy<(< Tk 1“11“12) I =201 1 + I”I{‘112”3)I(d2x)) =0
1

can be written as

Do~ IS+ 1T Ty — I I Ly 4+ Dy (1 T L)) (@)
+D}.((Il"ll"213” —I"ILI5 + 1M1 Ly — Dx(lulleég))l(dzx)) =0,

which simplify to

D, (=1L T8 + 1T 1Y — 114515 1 (d*X))
+ D, (I 11 — T 1T + 11 1) 1 (dX)) = 0;

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

To conclude this example, we summarize the information made available
by employing the invariant calculus for this group action. For the frame with
normalization equations X = 1, ¥ = 0, and &, = 0, the differential algebra
of invariants is generated by u and [ (u,,). 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).
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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

ID)»DX(u) 0 I(uyy)
Dipp™' = <0 R ) Dypp~' = (_1 Dx("))- (67)

0

The differential compatibility of these equations also yields the syzygy between
the generating invariants. Also, the conservation laws, 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, 23-25]. 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].

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,t), y=y(a,b,t), (68)
where (a, b) € R? are the particle labels and ¢ € R™ is time. At the reference time,
t =0,

x(a,b,0)=a, y(a,b,0)=0>0.

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

h(a,b,0) d(x,y)

ha.b.t)  da.b)’
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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 i(a, b, 0) = 1, so the incompressibility
hypothesis becomes

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

XaYo = XpYa
As shown by Salmon [26], the following first-order Lagrangian
Ldadbdt = (u — R)x + (v+ P)y — 3’ +v* + gh))dadbds,  (70)

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

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

has the shallow water equations

X =u, (71)
y=v, (72)
i+ gh(yphy — yahy) — fv =0, (73)
v+ gh(x.hy — xpha) + fu =0, (74)

as the associated Euler-Lagrange equations.
To simplify we will consider P and R to be linear functions of x and y, that is

P=cx4+cy+c3; and R =cyx + cs5y + cs.
The following vector field
—Sp(a, D)o, + Sa(a, b)d,, S, =—§,8.=n,

where £ and 5 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

B-(6)- = o

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

i=0 b=1, % =0,
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which yields
Xa

a=b, B=—a, y= (75)

ax, + bx,’
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
tand set x = x(a,b,t,7), y = y(a,b,t,7),u = u(a,b,t,v),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

u gl} ) orX X 4 X
fI3y - 13 + (Ix)3(21)')3 (11)112 - 11112) +11211y)
2 1
g x gy Y orx x gy
——— (I, — I, — 1,]7) =0
3
+(IX) (I)’)2(122 1272 221) ’
2 1
X v g X X J X 4
_f13 - 13 - (Ix)z(IY)3(IlyIIZ - 11112} +11211)) =0,
2 1
I —1"=0,
L —1"=0,

as expected, and the boundary terms

gl I} gl
Da<<2(1§‘)2(lf’)2 B 21;(15)2)I(da)l(db)l(dt)>

81y
+D,((I" = B I + 1" + P)I))I(da)I (db)I (d)1) =0,

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

, 0
L ) I 0
gIZ y g g
nJ, D=0 7055 | —1 —— <+ L|1]= L+ < ,
D=\ P aaeanye T\ amany TR 2051
——
Qx 2y (&)
g
L -1 -
v D=|0]—2——-L[0]= 81211 :
0 2% 0 0
—— ——
2% (&)
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I3 L 0
vs(J.H=|0|U"=R+ |- |U'+P)+L|0

0 0 0

—— — ——
2% =2 (8)3
LI"—R) + LU+ P)
= —-(I"+ P)
0

43

The matrix of first minors of the Jacobian matrix 9(a, ~, ) /d(a, b, t) evaluated

at the frame (75) is

Xp Xq
ax, + bx, ax, + bx,
Mr=1 4 b 0
0 0 1
Thus, the conservation laws are
bx, — ax, 2x4X
— a —
ax, + bx, (ax, + bxp)?
bx, ) xg
I X N B
ax, + bx, (ax, + bxp)?
R X
ax, + bx, (ax, + bxy)?
g ,
0 L+—"—-DIDU*"—R)+LU"+P
g "
X1 L+ ——— 0 ~I'(I"+ P
+ w0 (" + P)
0 0 0
Xp Xa
ax, + bx, ax, + bx, db dr
X da dt =0.
—a b 0 da db
a
0 0 1

Note that L = L(1).

(76)

In [4] Bridges et al. proved that conservation of potential vorticity
is a differential consequence of some of the components of a one-form
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quasiconservation 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) dbdr + (bF,)dadr + (M F, — 2ab F3> da db) —0, (77)
ax, + bx,
d((bFl) dbdr + (—— F, — b’ F3> da db) —0, (78)
ax, + bx,
axp b
d( —@F)dadt + [——2 _F, 4+ & F, ) dadb ) =0, (79)
ax, + bxy

where F; = L+g/QL L)), Fo = Li(I"—R)+ 1, (I"+ P),and F; = I; (I + P).
Performing the following operations, D, (b - (79)) — Dy(a - (78)) + (77), on the
above equations we obtain

(Da(Db(abFl) —aF)) + D, <bD,(ﬂF2 + a2F3>>) da db dt
ax, + bx,

bx,
— <Db(Da (abF,) — bF,) + D, (aD, <—;F2 — b2F3>>) da dbdt
ax, + bx,

b - a
+ (Da (aF,) — D,(bF,) + D, (MF2 — mbm)) da db dr
ax, + bx,
D= k4 wpr) + D — P F, ¢ ar?R, ) ) dadbar
= | — a —_— a a
! ax, + bx, 2 } b ax, + bxy, g ’
IX
=D, (abﬁF2 + 2abF; — abD,F, + abD,,F3) da db dt
2
= —abD,(I'I; + L1 — 'L} — 1) f)da db dr
— —abD,(2) =0,

where 2 = 1/h(0y/dx —0x/dy + 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.
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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),

X ap ap as X
Y| =|0a ax ax y)], detA=1, (80)
Z asz) azp dsj Z

A

which leaves the dependent variables, (u, v, w), invariant.

Let g € SL(3) act on the Jacobian B = 9d(u, v, w)/d(x, y, z) and define the
cross section by
100

=(010], (81)
8(x,y,Z) OOIgw

o(u, v, w) _

where I’ = (g - W) |frame- Thus, the moving frame in parametric form is

w, w
(ar1, arz, aiz, Az, A, A3, Az, Az) = (Mx, Uy, Uz, Uy, Uy, U, |T;|’ |By|)- (82)

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

///L(I'”,Dzlw)l(dx)l(dy)l(dz). (83)
To calculate the invariantized Euler-Lagrange equations and its associated
conservation laws, we introduce a dummy variable v and set u = u(x, y, z, 1),

v =uvx,y,z, 1), and w = w(x, y, z, 7). Differentiating the functional (83) in
terms of t and integrating by parts, we obtain

D. /// LY, D I")1(dx)1(dy)] (dz)

w yu oL w v oL v 3
///[ (aDI )'3 ]“_D"(BD:I"')I3 "‘+(W_ ( D.1 )) “}”d Y
woyu 3 oL w 3 w 3
///[ (BDI I I(dx))+D<8DI I II(dx)) (aDI I l(dx))]

(84)

where we have used the equality D, /" = I’, the commutator
[D.,D.]=-D.1;D, —D.1,D, + (D1 + D,1))D,,

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

I(dx) 1(dy) 1(dz) I(d7)
Iw
D, —I#,1(d7) —12,1(d7) —(11"1+11“2+I%j)1(dz) 0
3
IUJ
——21(dr)
Iz
[w
D, —141(d7) —12,1(d7) — (1;‘2+12v2+ﬁ> 1(d?) 0
3
Iw
— B o)
I:;l)
Iw
D, —141(d) —1,1(d7) (1;’1+1;'2+ ﬁ) 1(dx) 0
3

u v IZM?)s
+ 112"‘122"‘]7 I(dy)
3
+(IYy + 1)1 (d7)
Iw IU)
D, I4I(dx) + I41(dy)  I51(dx)+151(dy) ﬁl(dx)—l—ﬁl(dy) 0
3 3

13,1 (dz) 13},1(dz) —(Iy+1)I1(dz)

Notice that the coefficients of I;, I}, and 1,° in (84), which are not in the
boundary terms, correspond to the invariantized Euler-Lagrange equations with
respect to u, v, and w, respectively.

Proceeding as in Section 3, we let g € SL(3) act linearly on its generating
vector fields

X0y —20;, YOx, 20y, X0y, Y0y —2z0;, 20y, x0,, Yyo..

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

R3 R3 asy axn
M11A—M31<g) —M12A—|—M32(g) M3 (c CZ)—M33<8 8)

—My A — M3 (%) Mp»A + Mz, (%) —Ma; (¢1 ©2) — M33 (“gl “§2> ’
M (&) —Ms (i) My (i3} &)
(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)~".
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The vectors of invariants, v; = (—1)""'(>_, 2*(J, )C* + L(E(J, I)),), are

J(L—1» oL 0
( -2 aDX1w> 0
JY( L I‘”—aL 0
( - 38Dx1"’> JX<—L+1;~ oL )
B » aL 8Dx1w
T E o | T p(-rr) |
0 39D, Iv
0 JZ(—L+1w oL >
0 39D, Iv
0 0
0 0
JZ<—L—|—I“’L)
39D, Iv
0
0
0
) oL
vi(J, 1) = J‘<—L+I§”W) ,
0
J"(L—I'” oL )
39D, I
JY(L -1 oL
( o an1w>
where we have used
—J* 0 JAIY
—JY 0 0
—Jz 0 0
. 0 ) —J* » 0
2"(J, 1) = o | 2V, 1) = L 2¥, 1) = s |
0 —J? 0
0 0 —JE LY
0 0 —JIY

https://doi.org/10.1017/fms.2016.24 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2016.24

T. M. N. Gongalves and E. L. Mansfield 48

J* 0 —Jz
JY 0 0
J? 0 0
Eaon=|ol. @=L @un=|".
0 J* 0
0 0 J*
0 0 JY

Finally, we calculate the last component of the conservation laws, the matrix of
first minors of the Jacobian

AR
a(x’ y’Z) frame
Thus,

VyW, — UV Wy VW, — U Wy VyWy — VyWy

|B| |B| |B|
Ms; =] uyw; — U Wy UyW; — U Wy UyWy — UyWy

|B| |B| |B|
UyV, — U Uy  UyV; — U Uy UyVy — U,y

4

Thus, the conservation laws are
d(Ad(p)™" (vi(J, D) vo(J, 1) v3(J, 1)) M7dX) =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 I§ = I(u%), 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

W=p 1% a=1,....q, (86)

https://doi.org/10.1017/fms.2016.24 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2016.24

Moving frames and Noether’s conservation laws—the general case 49

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,- = DJ-Q Q’l, j=1,..., p, where g is any matrix
representation of the frame p, in terms of the invariants I, 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

D:Q; —D;Q;, =[D;, Djlo o' +19, Q1= Z-Afjgk +19:, 9,1
k

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

Q; =D;Ad(p) Ad(p)”! (87)

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,

D, Ad(p) = Q;Ad(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 uf, then the equations u* = ol I% a =1,

.,q, are a tautology. One needs the frame as a function of the independent
variables without reference to the u 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 /* 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 u§, 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 u§ 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
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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 [8, Theorem 3], 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 generalized 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 [8, Theorem 3] by a matrix 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~" vy, ..., v,)M7d?"'%) = 0

is equivalent to

p
Y Di(Ad(p) il (%) =0,
i=l

which simplifies to an equivalent form of the Euler-Lagrange system,
p -
Z(Di(vi) — Qv+ ¢ (J, DHv;) =0,
i=1

where Q i =Di(Ad(p))Ad(p)~" is the invariant curvature matrix defined in (87),
and ¢; (J, I) is the coefficient of I (d”x) in D; (I (d”x)).

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
symmetries arising from point transformations. At the present time, we do
not know if these can be generalized or adapted to the case of generalized
symmetries. This would certainly be an interesting topic to research in the future.
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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 [17, Theorem 3.3.10].

Proof of Lemma 5. We have

- dx
- dx]...dxpzdet(—x>dx1...dxp, j=k.
dx, = dx

0, else.

AT A=) R L dyy ..

Note that we can write
(—DF'd5y ... dxy ... dX,
as
P
D (=D ZEdx L dx L dy,
=1
and therefore,

P ~
AF A (DR L B dE = Y T (- 2y L dx,

dx
= Sjkdet & dX| e dxp,

that is
14 ~ ~
dx; dx
(=D Zzk =8 det | — ). Al
E dM( )T Zy =6x e(dx> (A.1)

=1
Now (A.1) implies that

cora=((2)), (2)

as (dX/dx) ' (dX/dx) = (dX/dx)(dX/dx)~! = O
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THEOREM 7. Let (ay,...,a,) be coordinates on the Lie group G and let the
infinitesimal vector field with respect to the coordinate a; be given as

Vj = EJDX +Q‘/Vu},

where 5; = (gh...,gj”), 2; = (Q}, cee, Q'j, D,Q',...), Dy = (Dy,...,D,)
and Vuajz = (0,1, ..., 0, 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 ((Ej(z) 2,(2)) (VDU)> =(&;(2) 2,(2)

J
dx\ " o
dx
~\ —T ~\T N\ —T ~\ T a\ T
B ouf 0x pe ouf 0x pr duf Ly
ouy ouy ouy ouy dx

x (5 ’Z) : (A2)

where
v=(5) - (5) () ()
ox ax ouy ouy )’
7= () () () (50)
ouy ouy ax ox )’
O = zero matrix.
Furthermore,
~\ —T %\ -T / ax\T
Ad(g)E(z)=”(E)<j—X) —Q(E)(B“;) <8") X (A3
X ouj uj
and

NCIANE A dug\"
Ad(g)2(z) = 2(2) <3u“) (W) X_I<K> +Y7'). (A
J J

Note that here uf = (u, uy).

Proof. We know that

X oxX\ T

v, ox du? v,
. —| 292 , AS
§ (Vu%) duj Ouf (Vus‘> (A2

ox ouf
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where
~ ~ -T ~\ —T N\ T
X 9X pr (X ouy P
ox ouf ox ox
~ ~ = ~ _T - T s
ouf ouf B Juf ox po P
Ix  duy duy du?
which was calculated using a result in [10, 11] since we assume 9X/9x and
duj /duf are nonsingular.

Letting g € G act on Dy, we obtain

D, = Vs + duj\" rty, - (& (0 Ty—‘v
& - dX “?_ ox ox |
J

dx\ "/ du? e\ T\ .
() (5) [(5) (o) xmeross]
(T (0% (dug\T/ o]

-(&) (R) (&) )
() () Ga))G) () )
X ouf ouf ouf

dx\ " BuJ duf ouy
() () () G)

() (5 () )R (52) v

ouf I
=(2) (vrmr () wvs)
XXV, + Yy
(&)
= D,.
dx
Note that we have used Dy = Vy + (duj/ dx)TVug and the chain rule.

From (A.5) we already know what the action of g € G is on Ve ; we just need
to substitute Vy by Dy — (duf /dX)TV“? to obtain

~ N\ =T ~\T
g Vi = — ouy ax XD,
J ouf ouf
qud\ T/ ax\" due\"
— — ) x (= Y
|Ge) Ge) (&) ]
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This completes the proof of (A.2).
Since v; = &;Dx + Z;Vy can be written as &;Vy + ®,;Vye, by [17,
Theorem 3.3.10] we know that

Ad(g) (E(2) 2(2)) (VD;> =(8(2) 2(2))

dax\ " o
dx DX)

X
_(Bu‘}’ )T< 0% )TX_1 (au‘j‘ >T( o% >Tx—1 (dugf )T+ - (Vu:
ouf ouf auy auy dx
from this we can easily read the results (A.3) and (A.4). O
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