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HIGHER ORDER CONSERVATION LAWS. II

ALEXANDER P. STONE

1. Introduction

Suppose that ¢ is an exact differential form of degree 1 and 4 is a vector 1-
form. Then ¢ is a conservation law for h if Af is also exact. The Nijenhuis
tensor [A, A] of a vector 1-form % with distinct eigenvalues plays an important
role in the study of conservation laws and their generalizations on an analytic
manifold. For example, the vanishing of this tensor guarantees the existence
of a basis of exact 1-forms (dv’, - - -, dv™) which are also eigenforms of A. An
important consequence of this fact is that a differential from ¢ of degree p is a
higher order conservation law if and only if it has a representation

2 i 08, v AVE N - A dvie
i1<ese<lip .
The preceding result is established in Higher order conservation laws [5], here-
. after referred to as HOCL.

In the present paper higher order conservation laws for vector 1-forms A4 and
k which commute are studied. The results which are obtained include as special
cases certain theorems which appear in [4]. Some of the notation which was
established in HocCL is reviewed briefly in § 2 of this paper.

2. Notation and definitions

The ring of germs of analytic functions at some point of an analytic manifold
is denoted by 4, and the localization of the A-module of differential forms on
this manifold is denoted by &. The exterior algebra ,*& generated by & is a
direct sum

A*E = ALEDASD - DAE,
where 46 = A4 and A'¢ = &. Anelement Ae Hgm (&, &) induces homomor-
phisms

h@
A28 ——— NP6, 0<qg<p,
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of A*& which are defined by setting

RO@ A - A 8))
2.1 1
( ) B m; |7f|‘(h0n(1) ANRRRIVAN }_10,,((”)/\ 0n<q+1> ARERIVAN 0:(17) 2

where @, ¢ &, and = runs through all permutations of (1, - - -, p). The signature
of the permutation = is denoted by [z|, and the transformation A is taken to
be the identity on A?&.

The following result which is utilized in § 3 asserts that 4 can be expressed
in terms of A%V, A®, ... htD,

Lemma 2.1. Let #¢c A%, Then

[(ADD — (R~ H)DRD 4 ... 4 (=12 1hORe-1]g
2.2 (0 a>p,
(=1D)*"'gh'?d, q <p.

The proof of Lemma 2.1 appears in HOCL. The result may also be estab-
lished in the Case ¢ = n by an application of the Cayley-Hamilton Theorem.
Let A have characteristic equation

/ln == vQ{oI 4+ &{lh + <%zh2 + - +%1z_1hw—1 )

where &7, is the sum of the diagonal minors of order i of (h), the matrix which
represents /1 in some given basis of &. Since the trace function is linear, one
then obtains from the characteristic equation the result that

trhA® = neofy + S trh + S trh* + - + A, trhtt
where tr s denotes the trace of A. If p = n in equation (2.1), then

h(q)(ﬁl VANEEEEVAN gn) — (tr h(q;)(aI A e A 011)
- (—1)(1_1ﬂn—q(01 /\ e /\ 0n), ]- _<_ q S n,

and hence
tr p* — (tr B)(tr £*7Y) + (tr A®)(tr B*77)
— o+ (—1)”“(tr h(n—l))(tr b) — (_l)n—ln det f_l .

The last equation can then be interpreted as an operator on #-forms, and we
obtain

(/.lu)(l) _ (hn~-1)(l)h(u + (hn—Z)(l)h(?)
— - (=D r A"O)tr A) = (—1)* 'ndet h
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as a result.

A mapping D: A*& — A*& is said to be a derivation of degree r if D(A7&)
C AP &, D@, N\ 0,) = DO, N\ 8, + (—1)?70, \ DI,, and D(6 + ¢) = DG+ Dg.
The subscripts denote the. degrees of the forms. It is clear that A as defined
by (2.1) is a derivation of degree 0. Further examples are obtained by taking
special cases of formula (5.9) in [1]. The following definition will be of im-
portance in this paper.

Let 6 ¢ A?& and k and k be any elements of HcA)m (¢, &). A mapping [h, k]:

A?& — AP+'& may be defined by setting

[, k16 = %{—[h“’k“) — (hk)y)dg
(2_.3) + [h“)dk‘”ﬁ + k(l)dh(l)g]
+ [d{(hk)m + k(l)h(l)}e]}-_

If one observes that
A0, N0 = h®6, N\ 0, + 0, N\ hP06, ,
and
h®@, N\ 0,) = h®0, \ 0, + 6, \ h®0, + h"0, N\ h0, ,
then it is easily verified that

(2.42) [4, k16, N 6,) = [h, k1o, N\ 0, + (—1)?0, A\ [h, k0, ,
(2.4b) b, k10, = /[hKI0,, A,

and consequently [A, k] is a derivation of A?& of degree 1, and

[h, k]  Hom (478, AP+6) .

1t should be observed that if p > 1 and & = £, the formula
(2.5 (A, 10 = —h®df + hVdh™6 — d(h)" + h™])6

is the special case of formula (5.9) of [1] obtained by setting L=M =h. That
is, [h, k10 = Liy, 0 with @e A7& and p > 2. The cases p=1 and & = & yield
the usual formulas _
[b,k]g = %{—[h“’k“’ — (hl)™]de
(2.6a) + [h"dks + kVdhb]
— [d{ik + kR)O1} .

and
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(2.6b) [k, h18 = — h®dO + hVdhe—dh .

Note that [k, k] as defined by (2.3) acts trivially on A€ = A, and its action
on A'¢ = & determines it completely. Thus if [A, k] = O on 1-forms, it also
vanishes on p-forms when p > 2. However if [4, k] vanishes on p-forms when
p > 2, it does not follows that [A, k] vanishes on 1-forms. For example let
p = 2 and suppose {3/du,, 3/du,, 3/du;} forms a basis for E = Hom (&, A).

If 4 is described by setting

0 h = 0 n o 0 ,
ou, ou, ou, ou,
9 }_l = 9 >
ou, ou,
0 h 0
ou, ou,
then
( 9 A )[h,h],
ou, ou,
0 7l 0 0
th, k] A —< A )[h,h]/\—
( u, auz> ou, ou, ou, B ou,
0
+<—/\———)hh A2 o,
ou, ou, (&, 4] u,
while
0 ) 0
A [A,hl = — +0.
( ou, ou, u,

§ 2 is concluded with a definition of the notion of a higher order conservation
law.

An element e A7& is called a conservation law of order p for 19,0 < ¢
< p < n, it and only if 4 and A4 are all (Jocally) exact forms.
3. The endomorphisms % and k
Let he Hgm((f, &) have distinct eigenvalues 2, 2,, - --,4,. ke HoAm(o@, &Y
and Ak = kh, then & is of the form
(3.1 k=f) =] + LB+ - + 07,

where 7, € A. Any eigenvectors of /1 are also eigenvectors of &, while
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(3.2) Bi=1Q) =oAL+ A2y + -+ + A, a1

are the eigenvalues of k. The following lemma appears in [4].
Lemma 3.1. Let he H(A)m (€, &) have disiinct eigenvalues 2, - -,2,. If

hk = kh and [h,h] = [h, k] = O, then there exist coordinates v*,v?, -+ -, v"

such that {dv', dv*, - - -, dv"} are eigenforms of h and k, and the correspond-

ing eigenvalues ; and B; of h and k respectively are functions of vt alone.
Lemma 3.2, let hc H(A)m (&, &) have distinct eigenvalues and satisfy

[h, h] = 0. An element § ¢ AP is a conservation law for h®, ... 6 h? if and
only if
0= 3 A, (00 v de A A deie
T1reaip
where {dvi} are the eigenforms of Lemma 3.1.

- The proof of Lemma 3.2 appears in HOCL.
Theorem 3.3. Let he H(zm (&, &) have distinct eigenvalues. If hk = kh,

[a,h] = [h, k] = 0O, and 8¢ APE is a conservation law for h'? with 0 < g
< p < n, then @ is also a conservation law for (k) where 0 < j < p and
o<i<p.
Proof. Let 6 have the form
0= 2 A fdvie A A doiry

f1<en<ip

It is a consequence of Lemma 3.2 that the functions .« ... i depend only on

(v, - .-, v') and therefore ¢ is exact. Hence
kg = 3 &/i.....»-,,(ﬁf. 4+ ... ‘Bip)dvztl A oo A dvir
fiee<ip

where the 8; are the eigenvalues of k. As a consequence of Lemma 3.1, the
form k4 is also exact. Similarly the forms (£7)’@ and hence (k/)V8 are exact
when j and [ are nonnegative integers in the set (0, 1,2, ----p).

1t should be noted that whenever [k, k] = O it is automatically true that
[k', k7] = O for any pair of nonnegative integers (/,j) and any vector 1-form
k. The converse of this statement is not true. Moreover, the vanishing of [#, A]
and [k, k] does not in general guarantee the vanishing of [k, k]. However if
certain conditions are imposed on £ and k as in Theorem 3.3, then the follow-
ing result is obtained.

Theorem 3.4.- Let he H9m (£, &) have distinct eigenvalues. If hk = kh

and [h, h] = [h, k] = 0, then [k, k'] = [#, k'] = O for any pair of nonnega-
tive integers i and j.

Proof. The vanishing of [4, k] assures the existence of a basis {d%', - - -, dv*}
of eigenforms for &. If § = dv' + ... + dv*, then the set of forms {4, A8,
---,h"7'0} is also a basis of &, and this basis consists of conservation laws
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for h, ht, ..., h*=2 Since 4 is then a conservation law for ki, it is easily dem-
onstrated that [k?, k/J(h'0) = [h%, k'J(R'6) =6, for 1 =0,1,2,---,(n — 1)
and any nonnegative integers i and j.

The fact that [A?, k/] vanishes is a consequence primarily of the algebraic
conditions imposed on A and k. That is, it is possible that [4, A] = [k, k] =
[A, k] = 0 and [A¢, k7] &= O for some choice of A and k and nonnegative integers
i and j. For example if 2 and k are noncommuting vector 1-forms defined in
the two dimensional case by

0 0 0 0 0
h=x—+4 (y — x) , 2L h=x—__,
ox 0x o d oy ay
and
_a_ — x_a_. , _a_/_c =y 0 ,
ox ox ay ay

then it is easily established by routine calculations that {4, A] = {k, k] = [A, k]
= 0, while [A, £*] # 0.

The following corollary yields many additional conservation laws once it is
known that § € AP& is a conservation law for A‘?,

Corollary 3.5. If ¢ AP& is a conservation law for h'®, then 6 is also a
conservation law for (hk)"? where j is any nonnegative integer.

Proof. -Since 0 is a conservation law for k¢, formula (2.3) implies
dl(hk)® + kR™]9 = 0, and hence @ is a conservation law for (hk)®. Since
[ht, k7] = 0, it follows from (2.3) again that d{(Ak))® + (AYP(kHPV]G =0
and by repeated use of (2.2) and (2.3) one obtains the result that 4 is also a
conservation law for (hk)'” when j is any nonnegative integer.

It should be noted that if [ e H(A)m (¢, ), and a p-form @ is a conservation

law [, then 4 need not be a conservation law for [ or ([))® when j > 2,
and consequently the conclusion of Theorem 3.3 and Corollary 3.5 are non-
trivial. An example illustrating this last comment is given in HOCL.

If the hypothesis that the eigenvalues 8; of k are also distinct is added, then
the following converse of Theorem 3.3 is obtained.

Theorem 3.6. Let h and k be elements of H(}m (&, &) and hk = kh. If h

and k have distinct eigenvalues 1, and B; respectively, and [h, h] = [h, k1 =0,
then any conservation law for k7 is also a conservation law for h‘?, where

0<j<p<n.
Proof.  Let 8¢ A?& be a conservation law for k4,0 < j < p < n. Since

{dv', - - ., dv™} is an eigenform basis for &, the (Z) elements (dv* A - . - Advir)

with i, < ... <, form a basis for 4°£. Hence ¢ has the form

0 = 2 Czl...,»pd’v"‘ A - A dvir,

-i,(...(ip
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where the functions C,...;, will depend in general on ', - --,v". In order to
show that § is a conservation law for A‘ it is sufficient to prove that these
functions depend only on the variables v%, - - -, vi». Consequently, one is led
to a study of the equations d(k))*'f# = 0,0 < j < p. These equations in turn

lead to (p _':_ 1) systems of homogeneous partial differential equations, and

each system contains (p + 1) equations in (¢ + 1) unknowns. The analysis is
identical to that contained in Theorem 3.4 of HOCL, and since the eigenvalues
B are distinct by our hypothesis, the result that C,....;, = C;....;, (v, - - -, v'?)
is then obtained.
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