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Abstract We study higher-order conservation laws of the nonlinearizable elliptic
Poisson equation as elements of the characteristic cohomology of the associated exte-
rior differential system. The theory of characteristic cohomology determines a normal
form for differentiated conservation laws by realizing them as elements of the kernel
of a linear differential operator. We show that the S!-symmetry of the PDE leads to
a normal form for the undifferentiated conservation laws. Zhiber and Shabat (in Sov
Phys Dokl Akad 24(8):607-609, 1979) determine which potentials of nonlinearizable
Poisson equations admit nontrivial Lie—Backlund transformations. In the case that
such transformations exist, they introduce a pseudo-differential operator that can be
used to generate infinitely many such transformations. We obtain similar results using
the theory of characteristic cohomology: we show that for higher-order conservation
laws to exist, it is necessary that the potential satisfies a linear second-order ODE.
In this case, at most two new conservation laws in normal form appear at each even
prolongation. By using a recursion motivated by Killing fields, we show that, for
the simplest class of potentials, this upper bound is attained. The recursion circum-
vents the use of pseudo-differential operators. We relate higher-order conservation
laws to generalized symmetries of the exterior differential system by identifying their
generating functions. This Noether correspondence provides the connection between
conservation laws and the canonical Jacobi fields of Pinkall and Sterling.
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1 Introduction

A select set of elliptic Poisson equations

9%u
0707

=—f), ey
where u : C — R, is central in the study of submanifold geometries: When

— ) Ginh(Qu) ife +6% > 0
fly =1~ coshQu) ife + 82 < 0 )
e 2u ife+82=0

then Eq. (1) arises as the Gauss equation for a surface of constant mean curvature —2§
in a three-dimensional space form of constant sectional curvature €. When

[y =e 2 —e",

Eq. (1) is the Gauss equation for a special Legendrian surface in S°. In all of these
cases, the metric on the surface is locally given by e?*dz o dz. Once one has a solution
u(z, z) of Eq. (1), the map of the surface into the space form can be recovered by solv-
ing a system of ODE. It is also well known that the hyperbolic equation u,; = sin(u),
where x, ¢ are coordinates on R, is the Gauss equation for surfaces in R3 with Gauss
curvature equal to —1.

For all of the potentials f () listed above, Eq. (1) is often referred to as a soliton
equation or integrable system and is known to have many special properties, includ-
ing a loop-group formulation, infinitely many conserved quantities, and a description
of solutions using algebraic geometry (the spectral curve). The literature on soliton
equations is fascinating but also sprawling and tangled.

Integrable systems of the form in Eq. (1) underlie the simplest cases of primitive
maps from Riemann surfaces into k-symmetric spaces [10]. For this perspective, the
reader might consult the articles by Uhlenbeck [39], Pinkall and Sterling [33], Hitchin
[25], Bobenko [1], Burstall [11], Bolton et al. [2], Dai and Terng [15], McIntosh [29],
and the references within. Hyperbolic equations of the form u;, = f(u) fit into the
hierarchies developed by Terng and Uhlenbeck [37,38]. All of these references use the
fact that soliton equations can be phrased in terms of flat connections on a Riemann
surface.

A markedly different approach using recursion operators was initiated by Lenard
(a private communication cited in [20]) and Olver [31,32] and later developed and
formalized by, for example, Guthrie [23], Dorfman [17], and Sanders and Wang [34].

Yet another approach to investigating integrable systems is through the theory of
characteristic cohomology developed by Bryant and Griffiths [4]. They cite Vinogra-
dov (see the references in [4]) as their main influence, but the theory of characteristic
cohomology, and in particular its formulation in the special case of Euler—Lagrange
systems, is also closely related to the work of Shadwick using the Hamilton—Cartan
formalism ([35] and the references within) and the work of Olver [32].



Higher-order conservation laws 797

Thus far, the theory of characteristic cohomology has mostly been used as a method
for classifying partial differential equations, or more generally, exterior differential
systems (EDS). In [4,5,7,8,13,14,40], scalar parabolic and hyperbolic PDE for 2 and
3 independent variables are studied (using the method of equivalence and the char-
acteristic cohomology) in terms of the dimension of the space of conservation laws.
Bryant, Griffiths, and Hsu [4,7-9] make many interesting suggestions for other ways
in which it might be used, including, for example, to study boundaries of integral
manifolds and to study singularities. Motivated by this, the first author introduced an
elementary approach to studying boundaries of integral manifolds using conservation
laws in [19].

The references to the literature given above are by no means exhaustive or even
representative. They were highlighted to give examples of other approaches that turn
out to have close links to the theory of characteristic cohomology. It is not clear, for
example, how the existence of hydrodynamic reductions (see [18] and the references
within) relate to the existence of conservation laws. No doubt there are many more
approaches and many more connections to be made between the various techniques
in the literature.

In [6] (Proposition 4.6), it is shown that the nonlinear Poisson equation Au = f(u),
where u : R” — R and A is the Laplacian, admits no nonclassical conservation laws
if n > 3 and f,, # 0. On the other hand, the class of equations Au = f(u) with
n =2and u and f (u) vector valued encompass the Toda equations, which are known
to be integrable [2]. It does not appear to be known whether higher-order conservation
laws exist for the nonlinear Poisson equation when n > 3 and u and f(u) are vector
valued.

In this article, we study the (possibly infinite-dimensional) space of conservation
laws of Eq. (1) using the characteristic cohomology. We show that for there to exist
higher-order conservation laws, it is necessary that f satisfies a linear second-order
ODE. In [42], Zhiber and Shabat reach the same classification by looking for Lie—
Bicklund transformations. We give a complete and explicit description of the conser-
vation laws in terms of the characteristic cohomology in the case that f,, = Bf and f
does not satisfy a linear ODE. A forthcoming article by the first author completes the
description for the case that f,, = af, 4+ 2 f, which corresponds to the Tzitzeica
equation. We find that in this case the conservation laws for Eq. (1) are equivalent to
those studied by Olver in the hyperbolic case [31], though his characterization is not
complete because he does not prove that the necessary recursion operator is always
well defined, nor does he prove that the method would produce the complete set of
conservation laws. The generating functions for the conservation laws are equivalent
to the integrals in [42]. There is also some overlap with the work of Dodd and Bullough
[16], though they also do not address the issue of completeness.

The conservation laws turn out to be equivalent to the canonical Jacobi fields of
[33] and thus to the formal Killing fields of [12]. This is not surprising given the
Noether correspondence between generalized symmetries and conservation laws (see
Sect. 10). In a future article, we will describe how the characteristic cohomology can
be used to recapture the notion of finite type solutions [12,33]. We will also elaborate
on the relationship between conservation laws and formal/polynomial Killing fields
for primitive map systems.
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‘We conclude this section with a sketch of the remainder of the article. In Sect. 2, we
reformulate Eq. (1) as an exterior differential system, Eq. (3), and present the structure
equations for the k'"-prolongation (M®, 7(®)) allowing k = co. An S!-symmetry of
the PDE leads to an S'-symmetry of (M ®, Z%)) and to the notion of weighted degree
for functions and differential forms. We also introduce an almost complex structure J
on a codimension-one subbundle of 7*M® which leads to 3 and 3 operators.

In Sect. 3, we present the basic definition of classical and higher-order conservation
laws for an EDS, in both their differentiated and undifferentiated forms. The classical
conservation laws for Eq. (3) are presented in Sect. 4. In Sect. 5, we use the general
theory [4] to obtain the first approximation to the (differentiated) conservation laws. In
Sect. 6, we refine the first approximation, obtaining an exact formula for differentiated
conservation laws in normal form in terms of a generating function, which is a solu-
tion to an (overdetermined) system of linear PDE, Egs. (13) and (14). Complicated
calculations that would be necessary to directly verify that this formula does in fact
convert solutions of Egs. (13) and (14) into conservation laws (i.e. to show that the
thus defined differential forms are closed) are circumvented by studying (weighted)
homogeneous conservation laws in Sect. 7. The S'-symmetry of the EDS allows one to
produce from the differentiated conservation laws a normal form for undifferentiated
conservation laws—something that has not appeared in the general theory but is likely
to be generally applicable to systems that have a gauge symmetry. See Sect. 11.

In Sect. 8, we use the normal form of undifferentiated conservation laws to show
that any solution to Egs. (13) and (14) defines a nontrivial conservation law. Further-
more, we show that there is an at most one-dimensional complex space of solutions
of Egs. (13) and (14) for each odd weighted degree, none of nonzero even weighted
degree, and that these solutions are either ‘holomorphic’ or ‘anti-holomorphic’ poly-
nomials in the derivatives LL;

In Sect. 9, we investigate the space of solutions of Eqs. (13) and (14) under certain
assumptions on f. We prove that if f does not satisfy a linear second-order ODE,
no higher-order conservation laws exist. When f,,, = Bf and f does not satisfy any
first-order ODE, we prove the existence of the maximal possible number of generating
functions and hence determine the complete (infinite-dimensional) space of conser-
vation laws. We also provide examples of higher-order conservation laws for the case
when f,,, = af, +2a? f. In this case, a coordinate change of Eq. (1) transforms it to
the Tzitzeica equation u,: = e — e~ 2.

In Sect. 10, we show that generalized symmetries of (M (® 7(°>)) are determined
by generating functions that are solutions to Eq. (14), though they need not satisfy
Eq. (13). This leads to a limited version of Noether’s theorem that explains the rela-
tionship between conservation laws and the canonical Jacobi fields of Pinkall and
Sterling [33]. Section 11 contains some concluding remarks.

2 The EDS and its prolongations

To begin, we encode the PDE as an exterior differential system (EDS) with inde-
pendence condition. For a basic introduction to EDS, see [3] or [27]. Recall that an
exterior differential system consists of a smooth manifold M and a homogeneous
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differentialideal Z C » QP (M, C). Anintegral manifold of (M, 7) is an immersed
submanifold: : N — M such that *(Z) = 0. If the ideal is generated by forms «; (and
their exterior derivatives since it is a differential ideal), we will write Z = («;). For
any set of 1-forms g; € Q1(M, C), we use {8;} C Q' (M, C) to denote the subbundle
they span. If o € T is a complex valued differential form, then by (* (o) = 0 we mean
that both the real and imaginary parts pull back to the real manifold N to be zero.

In order to encode Eq. (1) as an EDS, let M = C xR x C have coordinates (z, u, uq)
and define the differential forms

¢ =dz
w1 =du()—|—fE
no = du — uo¢ — iog

_1 _
Y =Im( rwy) = —g(( AWl = ADY).

The reader may recognize M as the first jet space of maps # : C — R. The desired
differential ideal is Z = (no, ¥). We calculate that

dno =2Re({ rw)) = Aw + 1§ Ady
dy = _V_lfunoAé-/\E'

Thus, the differential ideal can be expressed as

Z = (no, ¢ rowr).

One checks that a surface ¢ : C — M for which (*(¢AZ) # 0 and (*(19) = 0 is the
1-jet of a function u : C — R with ug = 3% and itg = 4. If in addition * (1) = 0,
then the function u(z, 7) is a solution to Eq. (1). Thus, solutions to Eq. (1) correspond
to integral surfaces (N, ¢) such that (*(¢ AE) # 0.

The goal of this article is to study the conservation laws of the EDS

(M,T), where M =C?> xR and Z = (5o, V), (3)

and its prolongations. This EDS is involutive with Cartan characters so =1, s1 =2,
s> = 0. Again, see [3,27] for the basics of EDS.

We outline the process of the first prolongation. For a general discussion of the
prolongation process, see [3] or [27]. We comment that for the system under study, all
of the integral elements are regular and so the process of prolongation is well defined.
However, we will define all of the higher prolongations explicitly and so the reader
need not be concerned about the general theory. We will restrict our attention to inte-
gral manifolds corresponding to solutions of Eq. (1). If ¢t : N — M is such an integral
manifold, then its tangent space at ¢(n) is a real 2-plane ¢, (T, N) C T;(;)M on which
the ideal pulls back to be zero and (*(¢AZ) # 0. Any real 2-plane E C T,(myM on
which £AZ # 0 is defined by relations
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nolg = c1¢ +7ci¢
w1|lg = c2¢ + ¢3¢

for some complex numbers c1, ¢z, ¢3. The ideal Z = (ng, £ rw1) vanishes on E if and
only if c; = ¢3 = 0. Thus, the space of possible tangent planes to integral manifolds
is parametrized by one complex number, which we will call u, via the conditions
nolg =0and w|g = ui¢.

Let M) = M x C and let u; be a holomorphic coordinate on C. Define the com-
plex one-form 7y = w; — u1¢ and the subbundle IV = {ng, n1, 71} € QLMD ©),
which generates a differential ideal Z!). The new system (M, 1) is the first pro-
longation of (M, Z) with respect to the independence condition ¢AZ # 0. Thus, we
construct the prolongation by adjoining a new coordinate parametrizing the possible
tangent spaces to integral manifolds and introducing tautological 1-forms that vanish
on potential tangent planes to integral manifolds.

So what is the meaning of u1? It contains the new second-order information of
u(z, z): The vanishing of no = du — uo¢ — IZQE implies that ug = g—’; The vanishing
of n1 = dug — u1¢ + f¢ implies that u; = % and — f = %. The first tells us

that u; = 32—’5 the new second derivative information on u, and the second of these
recaptures the PDE condition that was encoded in the vanishing of .

Now using the fact that dn; must vanish on solutions of (M W 7 (])), one can find
the possible tangent planes of solutions of (M1, (1) and in the same way as before
construct the second prolongation. Let M ®) denote the k'”-prolongation. It is not hard
to see that M* D = M ® » C and we will always use uy 11 for the new holomorphic
coordinate on M*+D_ Furthermore, on a (real) two-dimensional integral manifold
t: N — M for which (*(¢ ) # 0,

i+1
Fup) = 3_1/!
! 9zitl’

By calculating the first few prolongations, one is motivated to define complex func-
tions and forms

wiy1 = du; + TiE B
=5 - no =du —uot —uo¢
Ti+1l — >0 (})u,-_,-TL;’ Ni+l = W41 — Ui418
=2 (})Tuj Mi—j-
The real and imaginary parts of ¢, 1, .. . , 7k, wk+1 form a coframe of M® and
-

0, 11, 71, -+ ks Tk} € Y@M P, ©)

generates the ideal Z®). The vector fields on M® dual to this coframe are
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kK _ 9 3 k=1 9 ko omiog
€ —aa_z +uog; + 2o it u; 2i=0T it ¢
€0 = 3, 1o
) . .
€ = i=1...k+1 n @ =1...k), wrs1

and their complex conjugates.!
To compute the structure equations, we will need

Lemma 2.1 Fori, j > 0, we have

L Th=(" ) ffork =i
AR
2. T = (P

Proof We use induction and the binomial identity (’71) + (;:]1) = (;) for both formu-
las. We illustrate the calculation for the second formula only, making use of the first
identity in the calculation. Suppose that the second formula holds for all n < i + 1

and all j. Then,

Ti+j+l

k pitj _ ok i+j
uj ejr1e T = (el jejy1 +e)T'™/

i\ & i i+ N (i)

In the last equality, we used the fact that [e’i 1 eo]T'~! = 0 because [e’i 1» €0l is in the

span of the e7, which annihilate 7" for all r. O
Thus, on an integral manifold 7% = % Using Lemma 2.1, it is not hard to compute
that

k+1

[h ), 1 =T et — T ey, “)

which will be needed later.

Proposition 2.2 For 1 < i < k the following structure equations are satisfied on
M®:

AT =T + ¢/ mod ¢

dc =0

dno = ¢ ami + &AM
dog+1 = ‘L’k/\E +Tk+1§/\5

dni = —nigin g+ AL

’
1 Although the notation eé and ef.‘ would be more correct because, for example, eé‘) and e’é are vector
fields on different manifolds, we drop the indexing of the prolongation because the same formula holds
and there are natural inclusions and surjections between M ®) and M) which identify the corresponding
vector fields. We leave the superscript on e~ | because this vector field does change from prolongation to
prolongation.
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Proof The second and the third equation follows directly from the definitions and the
last two equations follow easily from the first. To prove the first equation, we calculate,
using Lemma 2.1 to differentiate 7":

Tz+lé.+z Iln]_Tt+1§.+Z(J) ‘ETiJr]é'—i—‘l:i,
j=0

where all equivalences are modulo ¢. O

It will also be convenient to work on the infinite prolongation M (see Section
4.3.1 of [6]). The infinite-dimensional space M (* is the inverse limit of the sequence

e 2 %52 0]
that is,

M) — {(PO, Pl,..) € MO 5 @D 5 ... i (pr) = px—1 for each k > 1} .
Let 77y : M — M® be the natural surjections

)y (Po, P1,--.) = (Po, P1s -+ -, Pk)-

A smooth function or differential form on M is given by the pullback via k) of a
corresponding object on some finite prolongation. On M (), the real and imaginary
parts of ¢, no, 01, ... form a coframe and the dual vector fields on M (%) are the real
and imaginary parts of

J 9 P =i 9
el =BE+“05+Z?ioui+laT,,.—Z ol 55 ¢
e0 = 7, < 1o
ez:au‘i_l i=1...k+1 n (=1,2,...)

The ideal is generated by the (formally Frobenius) subbundle

190 = {no, n1, i1, m2 2, - - -}
Note that if F € Q(M® | C), then T (k| F) = e_1 (i, (F)).

Thus far, we have calculated a coframe, its dual frame, and the structure equations
of an arbitrary prolongation of (M, 7). We now turn to some of the special structures
on (M®, %) that arise due to the ellipticity and the S!-symmetry.

The PDE Eq. (1) is invariant under the S'-action (u, z, 7) — (u, Az, A7) (withA € C
and |A| = 1). This leads to a symmetry of (M®, Z(®)) which yields a decomposition
of differential forms and thus conservation laws. To see this, let F : S! x M®) — p®
be defined as

Fou,zou) = A7 2, 00 ). (5)
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For p > 0 and j € Z, we define the spaces of differential forms of homogeneous
weighted degree j to be

Q! (M®) = {(p e QP(M®,C) | Frg = xfgo} . (6)

For an element ¢ € Qf (M(k), C), we write wd(¢) = j. Note that wd(¢) = —wd ().
This grading is preserved by exterior differentiation:

d: QP (M®) — QfH(M(k)).

We will use the S!-symmetry and grading in Sections 7 and 8. For later reference, we
note that

wd(z) = —1 wd(z) =1

wd(u;) =+G +1) wd@;)=—-G +1
wd(u) =0 wd(no) =0

wd(g) = —1 wd(Z) =1

wd(wj) =+ wd(@;) = —
wd(n;) = +Jj wd(7;) = —J.

The ellipticity of Eq. (1) leads us to the following

Definition 2.3 Define the subspaces QLOM®BYy = C - {¢, 1, ..., 0, wk+1} and
QODMB) =C-{Z. 71, ... ik @xy1}, and in the standard way also QP9 (M ®).
We define the operators 3 : C*(M®, C) - QOM®)and § : c*MP, C) —
QODMB)y as

k
0A =" (AL + D" Ay i + Ay orp
i=1
k

EA = e%(A)g + ZAMi—lﬁi + Auk@k+1’
i=1

allowing for k = oo.

It will be convenient to use the following linear operator
7' M®) - @' m®),

which acts by +/—1 on QU0 (M(k)), by —+/—1 on Q(O*l)(M(k)), and as the identity
on R - no. This is an almost complex structure on the annihilator of eg.

3 Conservation laws as elements of the characteristic cohomology

Let (M, T) be an involutive exterior differential system with maximal integral sub-
manifolds of dimension n and characteristic number /. The characteristic number is
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computed from Z using linear algebra. See Section 4.2 of [4] for the definition. It is
1 for Eq. (3). Its characteristic cohomology is defined to be

HY (M, Q/T),

that is, the cohomology for the complex /7 with differential d : Q7 /(Z N QP) —
QP+ /(T N QP*YY induced by the standard exterior derivative. The subscript 0 indi-
cates that we are working on the zeroth prolongation. We say that we are in the local
case if H ; r(M,R) =0 for p > 0.In [4], it is shown that in the local involutive case
Hé’ (M, 2/Z) = 0for p < n — [. The first nontrivial group is of special interest.

Definition 3.1 The space of classical undifferentiated conservation laws for (M, 7)
is H ™' (M, Q/T).

Remark For the system Eq. (3), we have n = 2 and [ = 1 so that the space of classical
undifferentiated conservation laws is HO1 (M, 2/1).

In addition to the quotient complex (§2/Z, d), we also have the subcomplex (Z N
QP (M, R), d) and its cohomology Hé) (M, T). To calculate the conservation laws in
the local case, one uses the isomorphism

HY'(M, Q/T) = H (M, T)

which follows from the long exact sequence in cohomology, which is induced by the
short exact sequence

0-7T—->Q2Q—>Q/IT—-0

and the fact that H” (M, R) = 0 for p > 0.

Definition 3.2 The space of classical differentiated conservation laws for (M, 7)
is H} 7'M, D).

As stated above, for the case at hand, [ = 1. An element of Hg_“rl (M,T)isaclosed
(n — 1 4+ 1)-form in the ideal and we only care about it modulo d of (n — [)-forms
in the ideal. The characteristic cohomology machinery developed in [4] identifies the
space of conservation laws as the kernel of a linear differential operator (as opposed
to elements of a quotient space), much as one finds harmonic representatives of de
Rham classes in Hodge theory.

On (M () T (‘X’)), one has the associated characteristic cohomology, which we
abbreviate as H? := H (M () Q /Z). We continue to restrict to the local case,
HP(M® R) =0fork > 0and p > 0.

Definition 3.3 The space of higher-order undifferentiated conservation laws for
(M,TI)is

H' = H"{(M™, Q/T).
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The space of higher-order undifferentiated complex conservation laws for (M, 7)
is

A = H (M), Qe /Te),

where the subscript C denotes complexification.

Any element of A"~/ is represented by an element of "~(M (), R) which, by
definition, is the pullback of an element in Q" H(M®  R) under TRy - M ()
M® for some k. Again, we can study the conservation laws via the isomorphism
H™L(M® Q/7) = B+ (M® | 70 because H? (M®,R) = 0 for p > 0.

Definition 3.4 The space of higher-order differentiated conservation laws for
(M, T)is H"'*1(M () T). The space of higher-order differentiated complex con-
servation laws for (M, 7) is H" '+ (M) T¢).

Exterior differentiation provides isomorphisms

d: I__Il’l—l _;) Hn—l-‘rl (M(OO)’Z')

d: I:I(E_l 3 Hn—l+l(M(00)7IC)

in the local involutive case. We recall again that for the case at hand, [ = 1.

4 Classical conservation laws
For the system in Eq. (3), the maximum integral manifolds are of dimension 2 and
the characteristic number is 1. In the notation of the last section, n = 2 and [ = 1.

Thus, a classical differentiated conservation law is represented by a closed form in
INQEM,R). Any 2-form in Z can be written as

®" = pano+ Ay + Bdno
for some 1-form p and functions A and B. This can be rewritten as
@' = (p —dB) Ano + Ay + d(Bno).

As we are only interested in the class [®'] € H 2(M, T), we need only concern our-
selves with finding a 1-form p and a function A such that

O =pano+ Ay
is closed and ® # da for @ € Z. It is easy to check that for any @ of the form given,

® # d(gno) for any function g. Examining noad® = 0 uncovers that p = —%J dA
mod ng. Then, considering the terms in d® = 0 that involve 1o uncovers the condition

1 )
5d7dA — VoI AL AL+ Ay =0 mod 7.
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By studying the coefficients of this vanishing 2-form, one can check that if one has
log(f)uu # 0 and f,, # 0, then the only conservation laws are given by setting

A=P+P
P = auyg + ~/—1bzuy

where a € C and b € R are arbitrary constants.

In Sect. 7, we will introduce a systematic way of finding undifferentiated conserva-
tion laws from differentiated ones. It will fail only for the classical conservation laws
with a = 0 and b # 0. For that reason, we present here the 1-form

@0 = Gno+ E¢ + E¢ @)

with G = —(zug + zitg) and E = —%zu% +z f f. It satisfies dpg = ® when we take
P = /—1zug in the definition of ®. Notice that @ is also an element of Qé(M ,R),
a fact used in Sect. 8.

In order to look for higher-order conservation laws—that is, conservation laws of
the prolonged system—we will make use of some spectral sequence machinery which
we now describe.

5 The first approximation of the characteristic cohomology

The material in this section is based on Sections 1.3, 2.1-2.4, and 5.1 of [4]. Let
(M 7(°9)) be the infinite prolongation of an involutive EDS (M, 7). Assume that
H f (M ®) R) = Oforall p > 0and for all k > 0 so that we are in the local involutive
case. The system in Eq. (3) is in the local involutive case. Let Q7 = QP (M, C)
and let 1) = 75 N Q! (M, C). Then, define

FPQI =Im{I® A ... A1) AQI7P - QI)
QP = FrQi FriiQa.

Let (E*?,d,) denote the spectral sequence associated with this filtration [22] whose
first two terms are

p.q _ P
Ey? =¢
(¢ € FPQY :dp € FPHIQIt]

p.q __ p.q —
B = HE S do) = T g T Freia

Notice that

— 0’
HY(Q/T®,d) = E}1.
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We study this space indirectly using the spectral sequence (E?, d,), which includes
the complex

0, d di 242
0 E E; a+2 .

1, 1
ET

From Equation (4) of Section 4.2 in [4], we know that this sequence is exact at E(l)’q
and £ 11 %1 5o that the characteristic cohomology H?($2/Z©®, d) is isomorphic to

ker(d, : E;"9T — EPOT2,

A second spectral sequence allows one to obtain a first approximation to the kernel
of d;. For this, a weight filtration w¢ is introduced. This weighting system will not be
used after this section and is distinct from the notion of weighted degree (wd) defined
in Sect. 2 and used throughout the paper. While we refer the reader to Section 2.4 of
[4] for the definition of wt, we record here the properties needed to make the neces-
sary computations for Eq. (3). Let f # 0 be a smooth function and ¢ and i smooth
differential forms. Then,

wt(fo) = wt(p)
wt(p AY) < wi(p) + wt(Y)
wt (¢ + ) < max(wt (@), wt(¥)).

The second spectral sequence is obtained from the following filtration:
F@"" =9 Q" wi(p) <k} c Q™

We denote the associated graded spaces as 2, ¢ 1= F; Q" /F;_1Q"?. This quotient
complex has the associated cohomology groups

HP = HU(QL™, 8),

where § is the differential induced by exterior differentiation. For each fixed p > 0,

there is a spectral sequence {Ef 1} associated with the weight filtration that converges
to E {7 ! and which satisfies

mkaa __ 4,09
E; —Hk .

Thus computing H,f ! gives us a first approximation of the form of a conservation law.
The importance of this step is that § is linear over functions and computing H,f “isa
purely algebraic process depending only on the principal symbol of the EDS.

Now suppose that (M (), 7()) is the infinite prolongation of Eq. (3). Then, using
the definition of wt in Section 2.4 of [4], we obtain the following weighting system:

wi (@) =wr() =1 wi(po) =1 wi(nj) =wi(iy) =j forj>0.
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To compute the necessary cohomology groups, we need the spaces

Q=0 Q=0
Q' =0 Q=0

—1,1 — —1,2 = - - =

S-2] = (C : {7707 n, 771} Q() = (C . {n0A§7 r}()/\é‘, 77]/\4‘, 7)]/\C7 r’lA;’ 771/\4‘}

—=1,1 _ —=1,2 - — = .
;" =C-{nj.nj} Q" =C-{nj1ins, mjping, njring, njring} for j>1

Easy calculation uncovers that the only nonzero cohomology group for the com-
plexes (Q,f’q, 8)1is

Ho? =C-{mon s mong, ¢ Ami,E aiin).
This implies that a conservation law can be represented by a form
®=Rnon¢+Snoal+A"Re(@ an)+ B Im@ an)  mod F2Q?
for some functions R, S, A”, B”. This can be rewritten as

® = Rnorl+Snonl + Aldno + B'y
= Rnonl +Snonl +nordA + By +d(A'ng) mod F?Q?

or, as we will continue with, it can be written as
d=nrp+ Ay mod FQ>+d(F'Qh

for some 1-form p and function A, where we have left off the exact piece because
that does not alter its class in H 2(M () T (OO)). In the next section, we remove the
congruence, finding how the closure of @ determines p and the other coefficients in
terms of A, as well as equations that A must satisfy. However, to prove the closure of
@ directly requires verifying some elaborate equations. We circumvent this in Sect. 8
by using the normal form for undifferentiated conservation laws found in Sect. 7.

6 The normal form of the differentiated conservation laws

We say that f satisfies an nth-order autonomous linear ODE if it satisfies an equation
of the form

n 2 n—1
df_Z(f’df & f d f) )

dun du’ du?’ T dun!

where Z is an R-linear function of n variables. From now on assume that f does not
satisfy any first-order linear autonomous ODE. We make the following definition.
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Definition 6.1 A representative ® € Z( N Q*(M©) R) of a differentiated
conservation law on M©® is in normal form if

S =norp+AY
+ > (Bmen B i)+ 3 (DY +D i ang).
l=i<j<k 1<i<j<k
for some k and some functions A, BY, DV : M(®) — C with A = A.

There is an analogy between the role of conservation laws in normal form and
harmonic representatives of de Rham cohomology classes which we now recall. The
de Rham cohomology of a smooth closed manifold X consists of the quotient groups

ker(d : Q7(X,R) — QPTI(X, R))
Im(d : QP 1(X,R) —» QP(X,R))’

Hip(X,R) = )

Hodge theory shows that if one has a Riemannian metric, then one can represent
these quotient spaces as subspaces of Q7 (X, R) in a natural way—each class in the
quotient space has a unique harmonic representative. Analogously, elements of the
characteristic cohomology have unique representatives in normal form [4].

Definition 6.2 Let C ¢ Q*(M©), R) N Z(> denote the space of representatives of
differentiated conservation laws in normal form. A conservation law on M in nor-
mal form is said to have level k if it is defined on M®). Let C) denote the space of
representatives of conservation laws of level k in normal form.

Pulling back with 7 : M**+D — p® induces the inclusion 7*Cky C Cik+1),
allowing us to identify C(x) as a subspace of C(x1). Using this identification, we have
C = Uy Cx)- In a series of lemmas, we will prove the following proposition, in which
the normal form is further refined. In this section, we will not prove the existence of
elements of C(); the proposition only tells us what the elements of C () must look like
if they do exist.

Proposition 6.3 Any element of Cy) is of the form

S=norp+AY+ D (Bijn,‘/\nj-l-EUf]iAﬁj). (10)

I<i<j<k
The one-form p and the function B are determined by A via the formulas

1
p=—51dA (11)

k—j—i+1 i
B = /-1 _1ym—i+l
V=1 > (=D ( i

m=0

—1

1 )(e_l)mAurrl+j+il (12)
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if we normalize p so that eq = p = 0. The function A on M —which we henceforth
refer to as the generating function of ®—satisfies

Ay i-=A4,=0 (13)
and
E(A) i=e—qe_1A+ fLA=0. (14)

Remark The normal form of the differentiated conservation laws can be anticipated.
From its definition, ¥ € QZD(M®) @ QO (M®) so that modulo 1y, & €
QEOM®Yy @ QO (M®). When f = 0 Eq. (1) is Laplace’s equation, and then
(3) is an integrable extension of the EDS for holomorphic curves in C2. Differenti-
ated conservation laws of the EDS for holomorphic curves in C" are closed forms in
QEO@C @ 0P [41.

For notational simplicity, extend the index set of B/ to infinity by setting B/ = 0
unless 1 <i < j <k.

Let ® e C). To prove the proposition, we unravel the consequences of d® = 0.
First, we examine the weaker condition noArd® = 0.

Lqmma 6.4 A conservation law @ is of type (2, 0)+ (0, 2) modulo 1o, in other words,
DY =0foralll <i,j <k, and thus ® is of the form in Eq. (10).

Proof Fori = 1...k, the noal An; Afjx41-coefficient of noad® is D¥, so D = 0.
Now assume that D"*~" = 0forr =0... jandi < k—r. We show that D"*=/~1 for
i <k — j— 1. The coefficient of noAEAni/\ﬁk,j wheni <k —j—1is Dik=i=1 plus
terms that vanish by the induction hypothesis. Wheni = k — j — 1, the coefficient is

; ; —k—j—1,k—j—1 L . .
Dk—i-Lk=j=1 _p*/ 770 But DM is imaginary since @ is real. O

Lemma 6.5 The following identities hold:

1 V=1 _
p=—5JdA=—""—(04-04) mod n
Ay, = —~/—1(e_1BY + BM/7 j=2..k
Ay, = —/—1B*

Proof We express p in the standard coframe as
p=p"n0+p"'C+p7 T4+ D (00 + 0T

i=1

Taking po = 0, which we are free to do, we calculate



Higher-order conservation laws 811

_ V=1
O=ere=dd=p—p~'c—plnm—"—dA=e (AL = Ayn)

k k

+> e 1BYn;+> By mod no. (15)
j=2 j=2

This implies that

0 dA.

on_ vV-ls
2

The first statement follows from the identities p = p9 4+ o@D mod ngand p©O-D =
p19 The other two relations follow from the vanishing of the coefficients of ;, 741
in Eq. (15). O

Lemma 6.6 Equation (13) is true: we have A, = 0 and Au,»,:Tj =0foralli, j.

Proof The coefficient of nor¢ Any ind®d is @(—ele_lA +e_1e1A—A,). Together
with the commutator [e_1, ej]JA = —A,, this proves A, = 0. The coefficient of
NoANi AT 1S “/Tj(—ejeiA — eileA). Combined with the commutator [e;, e]*-] =0,
this proves the second claim. O

The vanishing A, = 0 allows us to express p exactly:
Corollary 6.7 Equation (11) is true: we have p = —%J dA.
Lemma 6.8 The B are given by Eq. (12):

k—j—i+1

i _ipifm+i—1
BY = /-1 % (=" ( L )(e_1>’"Au,,,+_,+[_1-
Therefore, if A is weighted-homogeneous (cf. Eq. 6), then B is weighted-homoge-
nous and wd(BY) = wd(A) —i — j.

Proof First of all note that for 1 < i < j < k, the nor¢n;an;y-coefficient in
nord® =0 is

BY 4 BNt o BT =0 (16)

In particular, B?* = 0 fori > 1, which is compatible with the formula to be proven.
We prove the lemma by induction on i. For i = 1, we have to show that for any
j=2...k

k—j
BY = /=1 (=1)"(e-1)" Ay, an

m=0
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which we prove by induction on j, going down from k to 2. For j = k, the right-hand
side is +/—1A,,, which equals B 1% by the third item of Lemma 6.5. Assume we have
shown Eq. (17) for some j, then by the second item of Lemma 6.5,

BY = =1A,,_, —e_BY
ki

= A/ _lAuj—l + A/ —1 Z(_l)’n+l(€—l)'n+lAum+_j
m=0

k—j+1
= \/—] Z (_l)m(e—l)mAuerjfl'

m=0

Assume now that i > 1 is such that the formula for B'~!-/ is true forall j = 1...k.
We will prove the formula for B/ by induction on j as in the case i = 1. Above, we
argued that it is correct for j = k, and assuming that j is such that the formula for
Bii*1 s correct we use Eq. (16) to prove the formula for B :

‘/—lBij — _ /_lBi—l,j—H _ /—16_1Bi’j+l
= (_l)iAMj+i—1
k—j—i+1 ) ‘
i fm+i-2 m+i—2
P |:( i—2 ) - ( i—1 )} (€)™ Aupijii
m=1
k—j—i+1

fm+i—1
= z (_1)m l( l —1 )(e_l)mAun1+j+i—l'
m=0

O

The following unassuming corollary has important consequences that will be
unraveled in Sect. 8.

Corollary 6.9 Ifk is odd, then B'* = A;,1 = 0.
Proof Fori 4 j =k + 1, Lemma 6.8 gives
B = (—1)*L/=14,,.

Writing k + 1 = 2n and choosing i = j = n, B»" = 0 implies that A,, = 0 and
consequently, taking i = 1 and j = k, that B'¥ = 0. O

Finally, we deduce Eq. (14). The coefficient of noaZ A in d® = 0 is
e_1e—fA+e—e_1A+2f,A=0.

Since we are working on M (%) we have [e—1, e=]A = 0, which allows us to rewrite
this as
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e—te_ 1A+ fuA=0.

This completes the proof of Proposition 6.3.

7 Homogeneity and a normal form for undifferentiated conservation laws

Exterior differentiation commutes with the decomposition

QP (M, C) = P >,
deZ

where the space Qg (M) of differential p-forms of homogeneous weighted degree
d was defined in Eq. (6). Let C; be the image of the projection m; from C C
QXM ), R) € Q2(M©™, C) to Q3(M ).

Lemma 7.1 The Cy are complex subspaces of Qé(M ©))y and C ® C = @D, Ca.
Furthermore, if ®4 € Cq, then ®4 + o, eC.

Proof As mentioned above, any representative of a differentiated conservation law
in normal form can be decomposed into weighted-homogeneous pieces, so we have

C - @d Cd.
Let ®; € Cy4. By definition, ®; = nd(Cleor some representative ® € C. Since
@ is a real-valued form ari wd(V) = —wd (W) for all weighted-homogeneous forms

W, we have m_;(®P) = ®,. Since summands of different weighted degree cannot
cancel, it follows that ®; + @ is in normal form and hence an element of C. But then,
for any b € C, it follows that b®y + bdy € C, so bd, € Cy, and Cy is a complex
subspace.

In the last argument, taking b = +/—1 implies that /—1®y; — /—1®, € C, so
that ®; — ®; € C ® C. Therefore, &y = %(de + @) + %(de —dy) e C®Cand
@P,Cs c C®C.FromC C @, Cq. it follows that C ® C C €, C4 and so we can
conclude that C ® C = @, Ca. |

Given a conservation law ® € C in normal form
®=norp+ AV + BUni anj+ B i i

as in Proposition 6.3, and writing A = > dzO(Pd + Py) with wd(P;) = d then

®p, 1= 74(P) = no A p + Patr + BY(Py)ni anj + Bii (Py)iji niij € Ca

with p = —%Jde and B (P;) and B (P;) being given by Eq. (12) using Py,
resp. Py, in place of A in the formula. Using the weighted homogeneity of ®p 1> WE
will produce a canonical representative of a class in I-_Ié from the normal form of
a class in Cy. To simplify notation, we drop the subscript d on P but continue to
assume that wd(P) = d.
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Let F be the S!-action defined in Eq. () and v = ‘s—f ‘t:O where A = ¢’. One can
calculate directly that

v=i (qeo +Zezg —ze—1 + (6_1)j(q)ej + (ejl)j(q)ej) ,

where g = zug — zug. For wd(P) = d # 0, define

1
op =2 (W Pp). (18)

Lemma 7.2 Ifwd(P) =d # 0and d®p = 0, then ®p = dep.

Proof Suppose @, is closed and homogeneous. Then,

A(F*®p)
d-®p ==l = Lu®p = Ao Dp).
O
The formulas for ¢ p and v lead to
V-1
¢op = ~——J (Pdg —gdP) mod 109, (19)

2d

which we use in Lemma 8.15.

Remark 1t is simple to check that, given any function G on M satisfying Eq. (14)
(but not necessarily Eq. (13) ), then [/ (¢dG —Gdgq)] € H'.Itremains to show that it is
a nontrivial element. Furthermore, one still obtains a conservation law if one replaces
q with any solution to Eq. (14). This structure is closely related to the Poisson bracket
defined in Theorem 4 of [35] though we do not pursue this further here.

We can now define canonical representatives for elements of H'!. For d # 0, let
H (11 be the image of the linear map

Ca — QY C)
Dp > gp

and let H(l) = R - ¢g, where ¢ is defined in Eq. (7). Then, let H(IC =@, H}l and
H! = HEN QN (M©™) R).

Definition 7.3 The normal form for an undifferentiated conservation law in H' is
the representative ¢ € Q'(M ) R) lying in H'.

Remark It would be interesting to find a definition of 7! that is independent of C.
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Remark The elements of ! are not invariant under translations in a lattice in the
z-plane, even if u(z, z) is. One can prove that there are translation invariant repre-
sentatives that therefore induce cohomology classes on the torus domains of doubly
periodic solutions u(z, z). We will report on this and its implications in a forthcoming
article.

8 The space of conservation laws

So far we have seen that ug and ¢ = zug — zZug are solutions to Eqs. (13) and (14).
These equations preserve weighted homogeneity and so to understand their solutions,
it is enough to understand the weighted-homogeneous solutions.

Definition 8.1 Let V; be the space of solutions to £(P) = 0 (Eq. (14)) of weighted
degree d that also satisfy P, ;, = P, = 0.

iUj
Example 8.2 1t is easy to check that ug € Vi, ug € V_1,and g € Vj.
In this section, we prove

Theorem 8.3 Suppose that f does not satisfy a linear first-order ODE. Then,

1. Vp is spanned by q. If d is a nonzero even integer, then Vg = 0. If d is odd, then
dim¢ Vy < L.
2. For all d, we have isomorphisms

Vd—>H011—>Cd

P ¢p — Pp,

where @p is defined as in Sect. 7, and the second map is just the exterior derivative.

dimp (C2n+1)/Ci2ny) = 0.
4. dimp(Can+2)/Cian)) < 2 with equality if and only if dimc (Vap43) = 1.

W

We prove this theorem via the series of Lemmas 8.4-8.18. Let P € V; and write
P =U(z,z,uj)+ V(z,z,u;) + R(z, 2), such that neither U nor V have any terms
that do not involve at least one u ; or u ;. We calculate that

0
EW) :qu+Uzz+uj+1qu,z—Tla—m(Uz+u,~+1qu) (20)
_ — 0 _
g(V):fuv+sz+uj+1Vﬁj'Z_T3_121(V2+Mj+1Vﬁj) 20

Lemma84 U; =V, =R =0.

Proof The terms in £(P) = 0 that do not involve u imply that

Riz:+ Uz + ”j+1qu,Z + Vi + ﬁj"l‘lvﬁj,z =0.
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Let uy be the variable of highest weighted degree in P that appears multiplied with
a z and u,,, the variable of lowest weighted degree appearing in P with a z. Then,
uk+1Uy, 7z produces a monomial which, because of the maximality of uj, cannot be
canceled by any of the other terms. Then by induction Uy ;z = 0 for all uj. A similar
argument shows that Vi, = 0 and because U and V' do not have any terms without
some u ; or u j, we have that Uz = V, = 0. This then implies that R,z = 0.

Thus, the only remaining possibility for R, if it does not vanish, is that is consists
of exactly one monomial of the appropriate degree. In the case d > 0, it follows that
R = ¢z for some constant ¢. We have £(R) = c¢f,z¢, so the negative of this term has
to appear in £(U + V). But from Egs. (20) and (21), we see that the only possibilities

to get a summand in £(U + V) without any u; are the terms —TO%UZ =—fUzu
and — f'Vz ;,. Since f and f, are not linearly dependent, it follows R = 0. The same
argument works ford < Oand d = 0. O

We have P = U(z,u;) + V(z,u;), where U and V, expressed as power series in
z and Z, can be written as U = > U"z" with wd(U") =d +nand V = > V"Z"
with wd(V") = d — n. Each coefficient U" or V" is a polynomial in the u ; or the u;,
never constant. Now we can expand £(P) = 0 in terms of z and z:

EWU)=7" [qu” Y ((n +Humt + uj+1U;’,):| (22)
duy J

EV)y=7" [qu” _72 ((n+ 1yt +ﬁj+lv;’_)] (23)
auy J

The n = 0 coefficients only sum to be zero, but otherwise the coefficients of z* and z”
must vanish separately.

Lemma 8.5 If uy is the variable of highest weighted degree appearing in U, then
Uueu; = 0 for all uj. Similarly, if uy is the variable of lowest weighted degree
appearing in'V, then Vi, i, = 0 for all u .

Proof Let uy be the variable of highest weighted degree appearing in U. Suppose that
there is a summand in U" where uj appears to a power higher than 1 or multiplied
by some other u ;. Denote the monomial in U" of highest lexicographic ordering with
this property by ulj'1 ceees ul/'r, with k = j; > ... > j, and all exponents > 1. Our
assumption says that either» > 2 orr = 1 and i1 > 2.

Let us look at the case r > 2 first: By finding a nonvanishing summand in Eq. (22),
we will derive a contradiction. Exactly for j = jj(= k), there appear summands
involving ux 11 in Eq. (22): exactly those of the form —7"! 3371 (uk+1 U,fk) withl # k+1.
Our monomial above produces

P . . .
— l_ ) ll_l . 12 e e lr
mT o [”11+1“j1 uj, ”jr]'

For [ = j,, we obtain
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i1—1 in ir—1

i, T Uji1tt uj, uj
.. ii—1 i ir—1 .
—itiy fu Mj1+1u;'1 '”l/i ..... ”lfr Mjr—l] + lower lex. ord. j, > 0
I a0 i—1 -
iviy f Uji+1U ), uj, uj ] + lower lex. ord. jr=0

and because the original monomial was the one of highest lexicographic ordering
among those in U", this monomial cannot be canceled by any other that is produced
from U" in Eq. (22). But it also cannot cancel with a summand coming from U"+!
since that would contradict our assumption that uy is the variable of highest weighted
degree appearing in all of U. Thus, u cannot appear in a monomial with any other u ;.

Now suppose that ¥ = 1 and m = i; > 2 so that the highest monomial is u;.
Taking j = [ = k gives a summand of Eq. (22) of the form

= —m(m — DT upqu >

—mm =) f, [ukHu;"*?uk,l] + lower lex. ord. k > 0

C —mm—1)f [ukﬂu?*] flowerlex.ord. k=0

which again is the unique highest one. The same considerations as before lead to a
contradiction. Thus, u; must appear linearly. When it does, the terms only involving
U™ allow it to cancel.

An analogous argument gives the corresponding result for V. O

Corollary 8.6 If uy is the highest variable appearing in U, then it only appears in
UM~ sod < k+1. Ifii, is the lowest variable appearing in 'V, then it only appears
in V"t g0 that d > —(m + 1).

Proof This follows by considerations of weighted degree and Lemma 8.5. O

Corollary 8.7 If uy is the highest variable appearing in U, then U" = 0 for
n > k+4+1—d. If uy,, is the lowest variable appearing in V, then V' = 0 for
n>m+1+d.

Proof Let u; with [ < k be the highest variable appearing in those U" with n >
k + 1 — d. If we regard such an n, the same argument as given in the proof of
Lemma 8.5 implies that u; appears linearly and without any other u ;. This implies
that wd(U") = I + 1 < k + 1, but this contradicts wd(U") = n+d > k + 1.
A similar argument can be made for V. O

Corollary 8.8 Both U and V are polynomials. In fact,

k+1—d
U= z U"Z" with U174 = b(ug + -+ ) for some b € C
n=0
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and

m-+1+d
V= Z V7" with V1 = c(i,, + - - ) for some ¢ € C.
n=0

We will make use of the following lemma repeatedly.

Lemma 8.9 The operator e_1, acting on polynomials in u;, has only the constants as
kernel.

Proof 1t suffices to prove that for a weighted-homogeneous polynomial & of degree
at least one, e_1h = 0 implies & = 0. Write

h = Z hu',

[1]|=k+1
where the sum runs over all multi—indices 1 = @i, ..., i) of weighted degree
> ;(ij + 1) equal to k + 1, and ul =ug - ul, and assume
£ 9
0=—e_1(h) = hi T/ —ul. 24
m()ZZ/auju (24)
Jj=0 |1|=k+1

Let Ip = (ip, ..., ix) # 0 be the highest index such that &, # 0. Let furthermore /
be the smallest number such that i; # 0 and assume first that / > 0. In other words,

ul = uj’ u;li HEREES uf{" .In Eq. (24), we find A ,, for example, in the summand

l. ip—=1_i41 ik
hpT iy - u; Uplp oo uy .

(This is the summand for / = Ip and j = [.) Since T! reads T! = uj—1 fu +
terms with lower «’s, we have found a summand

. i—1 i i
Rrolt fu - wi—1u; Uppoee Uy

Let us try to spot the full coefficient of this monomial u;_u; -1 u;’:; ceeeulin

Eq. (24). For which I and j can the summand /; T/ %u’ contribute? If j > 0, some
J

of the u’s in the monomial have to appear in 7/. But then, necessarily I > Iy, since
u! is differentiated with respect to u j» and u; is higher than all the u’s appearing
in T/. For I = Iy, we already have found the one contribution, so since we assumed
that Iy is the highest multi-index such that 4, # 0, the only further summands
that can contribute are those with j = 0. Here, we only have a new contribution if
ul = uoul,lu?*lu;lﬁ -+ - u. Denoting the corresponding multi-index by /;, we
have shown

0=hyijfu+hncf,
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where ¢ = 1 or ¢ = 2, depending on whether / > 1 or/ = 1. Since f and f, are
linearly independent, /1, = 0 (and also h;, = 0), a contradiction.

In the case / = 0, the monomial in question is u;’ -1 uﬁ ]1 ~~~~~ ui" , and there is only
the summand for j = 0 and / = Iy contributing to this monomial; we also conclude
h Iy = 0. O

Lemma 8.10 wd(U) > 0 and wd(V) < 0.

Proof Suppose that wd(U) = d < 0. We know that U = Zﬁi(l)_d U"Z". Since
wd(U") > 0, we have U% = 0;let m > 0be such that UY = ... = U™ = 0 and
U™ £ 0.Ifm = 0,ie U' # 0, it would follow that d = —1 and that U! is
constant, which was ruled out in Lemma 8.4.

So we are in the case m > 0. From £(U + V) = 0 and Eq. (22), we find that

0
Z ol ((m + 1)U’"+1) =0 (no sum on m)
; ouy

when m > 0. By Lemma 8.9, this implies that U™+ = 0 and so by induction U = 0.
A similar argument gives the result for V. O

Corollary 8.11 [fwd(P) > 0, then V = 0. If wd(P) < 0, then U = 0.
Lemma 8.12 [fwd(P) =0, then P = b - (zug — zutg) for some constant b € C.

Proof We have

k+1 m+1
U:bzu0+ZU” " V:cZﬁo+ZV”Z"
n>2 n>2

for some constants b, c. Then, the first terms in Egs. (22) and (23) lead to
0
EU+V) =2 (=1, = 1VA) +72' [ﬁ,U1 -T'— (w10, + 2U2)}
l

-1 |0 1 2
+z qu —Ta—L_t[(Mj+]Vﬁj+2V) +---

The z%-term implies that ¢ = —b. The terms from U in the z'-term cancel so that by
Lemma 8.9 we have U? = 0. Similarly, the z!-term implies that V> = 0. Then, using
induction, Egs. (22) and (23) imply that U" = V" =0 forn > 1. O

Lemma 8.13 If wd(P) = d > O, then P, = 0, i.e. P is a polynomial in the u; of
the form P = bug_1 + ... withb # 0. If wd(P) =d < 0O, then P; =0, i.e. P is
a polynomial in the uj of the form P = cu_q1 + ... withc # 0.

Proof Suppose d > 0 so that P = Zﬁ;r(l)_d U"z". Assuming thatk + 1 —d > 0 will
lead to a contradiction. We have
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UM = buy + b'ug_qjug + - - -
with b # 0, and
U = w4 -+
The z¥~?-coefficient in Eq. (22) reads

0
Ukt L

T (k—d+ DU 1 uj Ut )

uj
neglecting summands without u;_; and finding that the b” terms cancel, we obtain
0=—k—d+ DT uj_1 + T"b) = —(k — d + Dug_1(fb' + fub) + -~

Since f and f, are linearly independent, (k —d + 1) > 0 and b # 0, we have arrived
at a contradiction. A similar argument works for V. O

Corollary 8.14 For all d, we have dimc (Vy) < 1.

Proof We know that any nonzero element in Vj; is of the form buy_1 +- - - withb # 0
ford > 0,or ciug—1 + --- withc # 0 ford < 0 and a - (zug — zig) with a # 0 for
d = 0. The bound on dimension then follows because £(P) = 0 is a linear equation.
O

Lemma 8.15 For all d the linear map

Vi — f_](é

P [pp]
is injective.

Proof Assume that d > 0. The d < 0 case follows by complex conjugation. Let
P € V; be nonzero and normalized, i.e. P is a polynomial of the form

P =Ug—1 + e,
The 1-form ¢ p was defined in Eq. (18), and a more explicit form was given in Eq. (19).
It will be convenient to modify ¢p by an exact form as follows: If we define £ =
ge_1(P), E" = e—y(q) P and

gp=E't +E"L,
then

gp=d-gp+dgP) mod 19,
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First, we have to show that ¢ p defines a cohomology class in I-_I(é. The only obstacle that

could arise is that d¢p could have a ¢ A term. However, the corresponding coefficient
is

—e—E' +e_1E" = —e—(q)e_1 P — ge—je_1 P + e—e_1(q) P + e—1(q)e_ P
=qfuP — fugP =0
because P € Vy and g € V.

Thus, it remains to show that [pp] = d - [¢p] is a nontrivial class. The one-form
¢p represents 0 € H(Il: if and only if

dop = da (25)
for some o € IV, Assuming that o = le:()(a-"nj + b/ n;) (with bY = 0) satisfies
Eq. (25) will lead to a contradiction.

For j > 1, the ¢ anj-coefficient of Eq. (25) implies

- . -
—qeje_| P = —E;FI =e_1a’ +a’,

from which we can determine the a’/ recursively: We have e_1P = uy + - - -, so a’
vanishes for j > d. The first two nonvanishing coefficients are

a’ = —qeqrie_ 1P = —q
and
d—1 _ d _ _ .
a = —e_qa qgeqe— 1P =e_1q —qege_1 P. (26)

We obtain

d+1 ) '

a' =D (=1 (e_1)) P(geje_1 P)
j=2
= (=1 [ (@) — (- (geqe1 P) £+ (~1) " geze_ P

27)

The condition on the njAng—1-coefficients of Eq. (25) is

d—1 __ 1
Auy = Auy_y>

which will provide a contradiction. One finds that

(e_l)jq = juj_1+zu;j +zT/71
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Using Eq. (26), we compute

d—1
a,, = 1 —zeqe_1P —qgejeqge—_1 P,

which has a constant term 1. On the other hand, the only way to obtain a constant

term from differentiating Equation (27) with respect to uy—_» is via the summand
(=D -1 (g):

atli_l = (—l)dd + non-constant terms.

But (—1)?d # 1 foralld > 0. o
Lemma 8.16 If P € V,; then dpp = ®p.

Proof The d = 0 case was done explicitly in Sect. 4, so assume d # 0. If P € V; is
nonzero, then [¢p] is a nontrivial class and so [dpp] = [P p/] for some other solution
P’ to Egs. (13) and (14). Weighted degree is preserved by exterior differentiation,
so wd(P’) = wd(P) and hence P’ € V4, which implies that P’ = ¢ - P for some
constant ¢, by Corollary 8.14. Since @ p: is closed, this implies that ® p is closed. Then
by Lemma 7.2, we reach the desired conclusion. O

Corollary 8.17 If P € Viy1, then ®p is closed and ®p + ®@p is a real element of

Lemma 8.18 For even degree d # 0, V; = 0.

Proof For d # 0, complex conjugation gives an isomorphism V; — V_g;. Thus, it
suffices to prove the lemma for positive d.

Suppose that d = 2n > O and P = ug—1 + --- € Vy is a normalized solution.
Then, by Lemmas 8.15 and 8.16, the two-form

©p =nonpp+ PY+ D BY(Pyanj € QGMTY)
iJ

defines a weighted-homogeneous differentiated conservation law. By Corollary 6.9,
we can conclude that B14=1(P) = 0, which contradicts the third item of Lemma 6.5
due to the fact that, if such a P exists, then P = ug_1 + - - -. O

Proof of Thm 8.3 The statements about V; are exactly Lemma 8.12, Corollary 8.14,
and Lemma 8.18. By Corollary 8.17, the map P — ®p is an isomorphism from V
to Cy4. By definition, the map Cy — H,}l is an isomorphism and Lemma 8.16 implies
that its inverse is given by exterior differentiation. The last two items are immediate
consequences of the second item of the theorem. O
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9 Potentials satisfying linear second-order ODEs

So far, the only assumption on f was that it does not satisfy a linear first-order ODE,
i.e. that f and f, are linearly independent.> The following theorem shows that f has
to satisfy a linear second-order ODE for higher-order conservation laws to exist.

Theorem 9.1 Assume that f does not satisfy any linear second-order ODE, i.e. that
f, fu and fuy are linearly independent over R. Then, V; = 0 for |d| > 2, i.e. no
higher-order conservation laws occur.

Proof 1t suffices to prove V; = 0 for d > 2. Assume that V; # 0 for some d > 2,
and let P € V; be a nonzero element. By Lemma 8.13, P is a polynomial in the
variables u ; and can be normalized such that

P=ug_1+cuqg_oupg+---

The polynomial P satisfies Eq. (14)

d d-1 9
> T o (i1 Pu;) = fuP. (28)

j=0i=0

Recall from Lemma 2.1 that T/ = (e_;)/ f. It follows that 70 = f, T = ug f,
T? = uy fu + u} fuu and for j > 3,

T/ = wj—1fu+ juj_ouofuy, + terms without u; 1 and u;_5.

Therefore, the summands on the left-hand side of Eq. (28) that involve u,_, are

j=0, i=d-3,ifd>3 fug—2Pui, ;u
=1, i=d-3,if d>4 foug_ouoPu, 5u,
=1, i=0 Jucug—ouq
j=d—1, i=d—-2,if d >3 f,cug_oug
j=d, i=d—1 Suudug—2uo.

It follows that the vanishing of the uy_pug-coefficient of Eq. (28) contradicts the
assumption that f,, is linearly independent from f and f,. Therefore, V; = 0. The
statement about conservation laws follows from Proposition 6.3. O

On the other hand, in certain cases, the upper bound for the dimensions of the spaces
of higher-order conservation laws given in Theorem 8.3 is sharp.

Lemma 9.2 Suppose that f,, = Bf with B # 0 and that f does not satisfy any
first-order ODE. Then, dimc (Va,41) = 1 foralln € Z.

2qf Ju = Bf for some constant B, then Eq. (1) is the Liouville equation. It is not hard to check that it
has infinitely many classical conservation laws. It is well known that the Liouville equation is linearizable.
With respect to its role as the Gauss equation for constant mean curvature surfaces with € + 8% =0 (see
Eq. (2)), the linearizability is equivalent to the existence of the Weierstrass representation.
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Proof By the results of Sect. 8, we only need to demonstrate the existence of a non-
zero element in each V5,41 for n > 0. Let PO = ug € Vi. We will define the
other solutions recursively. Suppose that for any solution P" € V5,41, we can find a
weighted-homogeneous polynomial Q" only involving the u; that satisfies

e_10" =2upe_1 P"
ele” = -2fP". 29)

Given such a Q", define
Pl — e _je_ P — gqu”. (30)

Using Eq. (29) and the fact that P" € Vy,1, one can check that
e—e_ 1 P"t = —f, pnTL (31)

Given that Q" is a polynomial only involving the u;, Eqs. (30) and (31) imply
thatP"+! e Van43. We now prove the existence of such a Q".

For any solution P"* € V3,11, definea” =2ugP" ;-2 f P”E. Itis readily checked
thatdo” =0 mod I, Thus, [«"] € H!. However, wd(a") = 2n + 2 and by the
results of Sect. 8, this implies that [¢"] = 0 € H!. Thus, there exists a function or
on M@ and " e I® such that

do" =o'+ p". (32)
The ¢ and ¢ terms of Eq. (32) imply Eq. (29) and the other terms lead to
B" = Quno+ @y, nj + Qi 0

We are finished once we show that Q" is independent of u, z, z and the i ;. First,
we show that Q7 = Q%’ = 0. Differentiating Eq. (32) with respect to z results in

d 80" e 1
0z
Qn

%’2’ = 33"3’ = 0. But there are no exact forms in the ideal and so X3 is constant.
Together with a similar argument involving z, this implies that Q" is at most linear
in z or Z so we can write Q" = Q” + az + bz where Q" is independent of z and z.
However, because the right-hand side of Eq. (32) does not contain any terms of the
form adz or bdz, we must have a = b = 0. Thus, Q" is independent of z and Z.
Now write Q" = >"°° Q" %ug, where Q" is independent of i,,. The second of

the two equations in Eq. (29) can be written as

o0
Z (Q" “auzn o1 + 022 u2n) = -2fP".
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The highest variable appearing in Q" is uy,, and it does not appear in P". By induc-
tion, we find that Q" is independent of #,. Then using induction again, we find that
Q" is independent of it ; for all j > 0. Once this is done, expanding the same equation
in a power series in u implies that Q" is independent of u. The appearance of f(u)
on the right-hand side does not spoil the argument because it is the image of the ﬁog—u
term in e—y that leads to the vanishing. Thus, Q" is a function only of the u ;. This
completes the proof. O

The process used to prove Lemma 9.2, and in particular the definition of the one-
form «”, is derived from the recursive equations satisfied by the coefficients of a formal
Killing field associated with the system for harmonic maps into SU(2) /SO(2). A more
complicated recursion involving a formal Killing field for the system of primitive maps
into SU(3)/SO(2) should result in an existence theorem for a basis of V5,41 for the
Tzitzeica equation.’ In fact, many of the results in this article will hold for any Toda
field equation. We expect such results to be analogous to the approach of Terng and
Uhlenbeck in [38]. We will report on this in a future article.

Proposition 3.1 of [33] provides an independent proof of the existence of the Q" by
writing down a highly nonlinear but explicit recursive formula. It is unknown whether
that amazing formula will generalize to other systems of PDE.

In [42], they determine the equations of the form u,; = f(«) that admit a nontrivial
Lie-Bécklund transformation group. This is essentially the same classification that we
have found because Noether’s theorem relates conservation laws and symmetries (see
Sect. 10). Our work is much closer to the approach in [16] where they look for the
existence of polynomial conserved quantities, though we do not rely on either [16]
or [42].

The recursion used in the proof of Lemma 9.2 fits into the general theory of recur-
sion operators introduced by Guthrie [23]. However, it appears that Theorem 1 of [23]
does not actually guarantee existence. In the example above, Guthrie’s theorem does
not seem to guarantee the existence of the Q" because his integrability condition is
only that da” = 0 mod 10, not that [¢"] = 0 € H'. Though it may be that we
do not fully understand his results.

Example 9.3 Suppose that f,,,, = Bf with 8 # 0 and that f does not satisfy a first-
order ODE. Then, dim V; = 1 for all odd integers d. If the generators P" of V41
are normalized so that P" = us, + - - - then the first four of them are

PO = uo
Pl =u — 1,8143
2 0

~
[\
Il

5 2 S0 325
u4—§,3u2u0—§,3u1u0+§,3 uy

3 In [16], Dodd and Bullough claim that there are only finitely many polynomial conserved quantities for
the Tzitzeica equation. This would be strange since both families of potentials discussed in this section are
obtained from primitive maps into k-symmetric spaces and thus should have similar theories.
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7 21 35 35
P3 = ug — 5,314414(2) — 14Buszuiug — 7,&!%“0 - 7&1%14% + gﬁzuzug

35 2.2.3 5 3.7
+Z'B Uiy — B,B*uo.

Example 9.4 In the case that f,, = af, + 2a®f with @ # 0, a coordinate change
transforms Eq. (1) into the Tzitzeica equation uz = e —e 2. For f(u) = e —e 2%,
the first four spaces V541 are as follows:

dimV; =1, ugeV

dimV3 =0

dimVs =1, w4+ Suou; — 5u2u(2) — SM%MQ + ug evVs

dim V7 =1, ug—+ Tuqu; — 7u4u% + 14uzuy — 28usuiug — 21u%u0 — 28u2u%

28 4
—1dupuiud + 14usug — ?ufuo + 28utuy — 5”8 € V.

Remark We believe that f must satisfy either f,, = Bf or fuu = af, + 222 f if
higher-order conservation laws exist at any level, but we do not have a proof of this.
It is not hard to show that for there to exist new conservation laws in normal form at
the second prolongation, then f must satisfy f,, = Bf, and for there to exist new
conservation laws in normal form at the fourth prolongation, then f must satisfy either

fuu = Bf or fuu = afy + 20> f.

10 Generalized symmetries

Noether’s theorem can be formulated as an isomorphism between the space of proper
conservation laws (viewed as elements of the characteristic cohomology) and the space
of proper generalized symmetries [6]. See, for example, [32,35] for related formula-
tions of Noether’s theorem. In order to discuss this for the system at hand, we begin
by introducing the appropriate class of generalized symmetries. In Lemma 10.3, we
prove a weaker version of Noether’s theorem that has appeared previously using other
machinery—for example, see [36]. We end by discussing how generalized symmetries
relate to the Jacobi fields of Pinkall and Sterling [33].
It is most convenient to study symmetries on M (®). There we have the following

Definition 10.1 A real vector field v on M () is a generalized symmetry of order r
for (M, 7)) if £,(Z®) c TU+) forall [ > 0. A trivial generalized symmetry
for (M(©®), 7(°®)) is a generalized symmetry v that satisfies v 21 = 0.

A natural candidate for a trivial generalized symmetry is Re(e_1) or Im(e_1) since
e_1 21 = 0. We calculate that

Lo M = Ni+1

Lo m=—171,
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showing that e_ is an order 1 generalized symmetry of (M), 7(°)). By the obser-
vation above it is trivial. In fact, the same is true for Re(Qe_1) for any complex valued
function Q on M9,

Definition 10.2 A proper generalized symmetry is a generalized symmetry v also
satisfying v - ¢ = 0.

In [6] the proper generalized symmetries are realized as a quotient of the space of
all generalized symmetries. Using our specified coframe allows us to recognize them
as a subspace rather than a quotient. The following lemma has been proven previously
in many other contexts.

Lemma 10.3 Let v be a (real) vector field on M such that {(v) = 0 and let
g = no(v). Then, v is a generalized symmetry of order one of (M 7)) if and
only if ni (v) = (e—1)"(g) and g is a solution to Eq. (14).

Proof The ¢-coefficient of £,(19) is v! — e_1(g). Thus, the condition that £, (179) €
I® implies that v! = e_;(g). In general, we find that the ¢-coefficient of £, (1) is
v+ — M1 (g). This implies that ; (v) = (e—1)'(g) for all i > 0.

Using this, the ¢-coefficient of £, (1o) is e—re_1g + f,g. In general, the {-coeffi-
cient of £, (n;) is

i-1 .
. —1 c e
e_lvl+z(lj )Tul 1 ]v]_
j=0

Using v/ = eil(g) and T = (e_1)'(f), this becomes (e_1)' "' (e—ge_1g + fug). O

To state Noether’s theorem in this context, we need to recall a standard definition
and introduce a refinement of the space of generalized symmetries.

Definition 10.4 If v is a generalized symmetry, then 19 (v) is its generating function.

Definition 10.5 LetS C Sbethe subspace of proper generalized symmetries v whose
generating functions satisfy Eq. (13).

Proposition 10.6 (Noether’s Theorem) There is an isomorphism between Sand C
given by sending the generating function of a generalized symmetry to the generating
function of a conservation law.

Proof This follows immediately from the definitions, Lemma 10.3, and Theorem 8.3.
[m}

The central equation to solve in order to produce either generalized symmetries
or conservation laws is Eq. (14). This equation restricts to any integral manifold of
(M, 7) defined by a solution u(z, z) of Eq. (1) to be the linearization of Eq. (1):

Az = —fuA. (33)
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The Jacobi fields studied in [33] are defined to be solutions to Eq. (33) and thus are
generating functions for both proper generalized symmetries of (M, 7(°) and
conservation laws. This explains the appearance of the canonical Jacobi fields of [33]
as generating functions for conservation laws in Lemma 9.2. The generating func-
tions for conservation laws/generalized symmetries are produced by Olver [31] using
recursion operators. However, his treatment is not complete because, in the case of
the sin-Gordon equation, he does not prove that the recursion operator can be applied
indefinitely to generate the full infinite sequence. More rigorous treatments have since
been given by Guthrie [23], Dorfman [17], and Sanders and Wang [34]. The methods
in [17] and [34] are specifically for evolution equations of the form #; = K (u), where
K depends on u and its derivatives with respect to the other independent variables.
The treatment in [23] is more general. One can also obtain the conservation laws for
the hyperbolic case with f(u) = —JT sin(#) using the minus one flow in the work of
Terng and Uhlenbeck [38]. Presumably, the conservation laws studied in the present
article are equivalent to those derived by Ward [26], but this is not clear to us.

11 Concluding remarks

We end this article with a number of observations. We begin with some issues internal
to the theory of characteristic cohomology.

The spectral sequence machinery used in Sect. 5 to get a first approximation to
the space of conservation laws is extremely useful. Without it, one has a bewilder-
ing freedom in the choice of a representative, which will not be easy to deal with.
However, as we found in what is probably the simplest nontrivial class of elliptic
equations, the machinery of Sect. 5 and the calculations of Sect. 6 still leave one with
some very difficult equations to verify, even once the generating functions are found.
This suggests that the use of the gauge symmetry (Sect. 7 and in particular Eq. (19))
in order to produce a direct relationship between solutions to the linearized equation
and undifferentiated conservation laws may prove extremely useful, if not essential,
in proving the existence of conservation laws for more complicated EDS.

We have begun exploring this for more complicated systems such as special
Lagrangian 3-folds in C3, special Legendrian 3-folds in S’, and the EDS for con-
stant mean curvature surfaces in three-dimensional space forms. In each of these
cases, a gauge symmetry allows one to find a direct relationship between solutions
of the linearized system and undifferentiated conservation laws. However, one is still
left with the formidable challenge of finding solutions to the linearized equation. For
surface geometries, recursion relations for Killing fields prove useful, but for higher-
dimensional submanifold geometries, there is no theory of formal/polynomial Killing
fields. It is unclear how to produce canonical solutions to the linearized equation for
these higher dimensional systems. Adapting the theory of recursion operators [17,23]
or Killing fields [12] to this context seems essential to developing a complete theory
of exterior differential systems with infinitely many higher-order conservation laws.

A characteristic property of integrable equations is that they belong to a hierarchy
of higher commuting flows [38,41]. These higher commuting flows can be understood
as a canonical sequence of solutions to the linearization of the original equation. As
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described by Mukai-Hidano and Ohnita [30], the Killing fields of harmonic (or prim-
itive) map systems are solutions to the linearization of the harmonic map equation.
The framework of characteristic cohomology and the work in [33] suggest that these
Killing fields are canonically defined objects on an appropriate jet space that one may
restrict to any solution. It would be particularly interesting to develop an approach that
could work for integral manifolds with any topology. Integrable system approaches
to harmonic maps with higher genus domains have begun to appear [21,30]. Though
at present the only approach to higher genus surface geometries (that do not have a
Weierstrass representation) that has beared fruit has been through gluing constructions
using geometric analysis [24,28].

Pinkall and Sterling [33] use the canonical Jacobi fields to define a notion of finite
type solution. In the context of harmonic or primitive maps into homogeneous spaces,
this has been generalized using the notion of formal and polynomial Killing fields [12].
One can use conservation laws to define a notion of finite type solutions which, in the
case at hand, recovers the notion defined by Pinkall and Sterling. We will expand upon
this and the relationship between formal/polynomial Killing fields and conservation
laws in a forthcoming article.
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