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ABSTRACT

The variational bicomplex associates to any partial differential equation a set of cohomology
groups H™*® whose elements correspond to the classical (s = 0) and higher-degree or contact form
valued (s > 1) conservation laws of arbitrary differential order for the given equation. In this paper
we study the variational bicomplex for scalar, second order partial differential equations in the plane,
with an emphasis on the classification of higher degree conservation laws for hyperbolic equations.
This higher degree cohomology underlies such important geometric properties as Darboux integra-
bility (at arbitrary order), the existence of variational principles and the existence of intermediate
integrals.

In the spirit of E. Cartan’s method of equivalence we construct, using the classical method of
Laplace for solving linear hyperbolic equations, an adapted coframe (called the Laplace adapted
coframe) on the infinite prolongation of the equation whose structure functions give rise to two
sequences of relative invariants (called the generalized Laplace invariants) for the given partial
differential equation. The non-vanishing of these invariants obstruct the existence of contact forms
which are invariants for the characteristic vector fields for the equation.

We prove a structure theorem for the conservation laws in H'* which characterizes these con-
servation laws in terms of contact form valued solutions to the adjoint of the linearization of the
given equation. This enables us to prove that if neither of the two sequences of generalized Laplace
invariants terminates, then H* = 0 for all s > 3. When at least one of the sequences of Laplace
invariants terminates, the cohomology groups H!'+*, s > 3, are shown to be generated from contact
forms which are invariants for the characteristic vector fields.

As an application to the problem of geometric integrability, we prove that the two sequences
of generalized Laplace invariants must terminate for Darboux integrable equations and that the
cohomology groups H'* for such equations are infinite dimensional for all s > 0.



§1. Introduction. Over the past two decades, there has been a great resurgence in the differential
geometric investigation of partial differential equations, a subject pioneered and quite extensively
developed around the turn of the century by Lie, Darboux, Goursat, Janet, E. Cartan, Vessiot and
others. Topics of interest today include the systematic computation of (generalized) symmetries and
conservation laws, classical and non-classical methods of reduction, Hamiltonian and bi-Hamiltonian
structures, the inverse problem of the calculus of variations, Backlund transformations, Painlevé
properties, and equivalence problems. Much of this activity is directed towards the goal of achieving
a better understanding of the phenomena of complete integrability for partial differential equations.
The purpose of this paper is to carry out a systematic study of some of these issues for second order
hyperbolic scalar partial differential equations

F(xvyauvumuyvuxmuxyvuyy) = Oa (11)

in two independent variables x and y and one dependent variable u. We shall focus, in particular,
on the calculation of conservation laws.
A classical conservation law for the partial differential equation (1.1) is a one form

w=Mdx+ N dy,
where M and N are functions of z, y, u and the derivatives of u up to finite order, such that
Dw = (DyN — DyM)dx ANdy =0

by virtue of the equation (1.1) and its differential consequences. Here D, and D, denote the total
derivatives with respect to the independent variables x and y, and we have used the symbol D to
emphasize that the exterior derivative of the form w is computed in terms of these total derivatives.
For instance, the one form u dx+u, dy is a conservation law for the heat equation u, = s, the form

1 1 1
(§uix - gui) dx + iui cosudy is a conservation law for the sine-Gordon equation u,, = sinu, and

(U — —ui) dx is a conservation law for the Liouville equation u,, = e*. A classical conservation

law w = Mdx 4+ Ndy is said to be trivial if there exists a function f of the variables x, y, u and the
derivatives of u up to finite order, such that

Df = (Def)dz + (Dyf) dy = w,

again by virtue of the differential equation (1.1) and its derivatives. It is important to be able to
recognize trivial conservation laws for a given differential equation.

It is well-known that the classical conservation laws are fundamental tools for establishing the
existence and regularity of solutions for partial differential equations. In this paper, we shall also
be interested in higher degree or form wvalued conservation laws, perhaps the simplest examples of
which are given by the forms

duy Ndy, duy Aduyy Ady, duy A duyy A duyyy A dy,

which are all D closed for the wave equation uy, = 0. These higher degree conservation laws
reflect properties of partial differential equations that cannot be detected by classical conservation
laws alone. For example, it is well-known that the sine-Gordon and Liouville equations both admit
infinitely many classical conservation laws. However, the Liouville equation is integrable by the
method of Darboux while the sine-Gordon equation is not. This is reflected at the level of higher
degree conservation laws by the fact that the sine-Gordon equation has no conserved forms of degree
4 and higher whereas the Liouville equation has infinitely many conserved forms of arbitrary degree.

Higher degree conservation laws are also central to the theory of Hamiltonian systems. Indeed, the
n

symplectic two form Q = Z dp; Ndq' is D closed as a consequence of Hamilton’s equations ¢* =

3

Op;



OH ,
and p; = 50 where H = H(q",p;). These higher degree conservation laws are likely to prove
q
useful in studying the properties of families of solutions of partial differential equations in much the
same way as integral invariants like the Cartan two form are used to study the properties of families
of solutions to (Hamiltonian) ordinary differential equations. Finally, we note that higher degree
conservation laws play a pivotal role in the solution to the classical inverse problem of the calculus

of variations [7] and in recent generalizations of the inverse problem [3].

A natural geometric framework for the study of classical or higher degree conservation laws is
provided by the variational bicomplex associated to the given system of differential equations. The
variational bicomplex is a double complex of differential forms on the infinite jet bundle of the
space of independent and dependent variables. It was originally introduced by Tulczyjew [39] to
geometrically define the Euler-Lagrange operator and to solve the inverse problem of the calculus
of variations. The variational bicomplex has since found a broad range of applications [1], [27],
[36], [37], [42]. One particularly important application arises when the variational bicomplex is
constrained by pullback to the infinite prolongation manifold of a partial differential equation. In
this setting, the horizontal cocycles in the bottom row of the bicomplex correspond to the classical
conservation laws and the horizontal cocycles in the higher rows give rise to the higher degree
form valued conservation laws. Moreover, the horizontal cohomology of this constrained variational
bicomplex precisely characterizes all non-trivial conservation laws.

One of the first general results concerning the horizontal cohomology of the variational bicomplex
associated to a differential equation was obtained by Vinogradov [42]. As a corollary to his general
theorems, it follows that if a system of partial differential equations in n independent variables is of
Cauchy-Kovalevskaya type, then the horizontal cohomology of the associated bicomplex is trivial in
horizontal degrees < n — 2. Recently, Tsujishita [38], Zharinov [43], Bryant and Griffiths [13], and
Barnich, Brandt and Henneaux [11] have generalized Vinogradov’s result by obtaining a lower bound
on the horizontal degree of the non-trivial cohomology of the variational bicomplex for arbitrary
(in particular, overdetermined) systems of involutive differential equations. It is noteworthy that
Bryant and Griffiths obtain their result within the context of the characteristic cohomology for
exterior differential systems and that they compute this lower bound from the Cartan characters of
the differential system. These results are nicely illustrated in the case of the Frobenius integrability
conditions for a codimension one foliation — the Godbillon-Vey invariant appears in this context as
a conserved three form.

The literature on conservation laws for specific differential equations is, needless to say, vast indeed
and cannot be reviewed in detail here. For linear scalar differential equations in more than two
independent variables we do however cite the work of Shapovalov and Shirokov [34] who completed
the work initiated by Delong [17] to characterize all the higher order conservation laws for the higher
dimensional Laplace’s equation and wave equation. For completely integrable equations like the KdV
equation there are many schemes for generating infinite sequences of non-trivial conservation laws
and it is usually not too difficult to show that the infinite sequence so constructed, together with a
few exceptional conservation laws of low order, yield all possible classical conservation laws for the
given equation. The recent interesting work of Khorkova [26] shows that most of the well known
integrable evolution equations have few, if any, higher degree conserved forms and those which do
exist can be computed without difficulty. It seems fair to say then, that the horizontal cohomology
of the variational bicomplex of the standard integrable evolution equations is well understood even
though complete calculations do not explicitly appear in the literature. The general complexities
involved in computing conservation laws for higher order non-linear partial differential equations
not of evolutionary type are well illustrated by the work of Duzhin and Tsujishita [18] and Olver
[29] on the BBM equation, of Olver [30], [31] on the equations of elasticity, of Anderson and Torre
[8] on the vacuum Einstein equations and Barnich, Brandt and Henneaux [11] on the Yang-Mills
equations.

There is also considerable research on the problem of classifying partial differential equations
according to the number of conservation laws they admit. Bryant and Griffiths [14] have made a
detailed study of this problem for second order scalar parabolic equations in the plane. They prove, in
particular, that if (1.1) is a parabolic equation which admits four classical conservation laws, then it is



contact-equivalent to a linear equation and hence admits infinitely many classical conservation laws.
For general evolution equations, Mikhailov, Shabat and Sokolov [28] have developed an extensive
enumeration of the evolution equations which admit infinitely many conservation laws. In the more
complicated case of hyperbolic equations, Zhiber and Shabat [44] have proved that the only f-Gordon
equations

which possess infinitely many classical conservation laws are equivalent to (allowing for complex
changes of coordinates) one of the following equations

- —2
Upy =0, Ugy =€, uUgy=€"+e ", Uy =e€"+e " (1.3)

It is interesting to observe that their solution to this classification problem depends crucially on
Lie’s classification of Darboux integrable equations of the type (1.2). Recently, Bryant, Griffiths
and Hsu [15] have undertaken a general study of the classical conservation laws, or characteristic
cohomology, for general hyperbolic exterior differential systems. In particular, they have completed a
systematic study of the classical conservation laws for certain classes of hyperbolic exterior differential
systems corresponding to a quasi-linear hyperbolic pair of first-order partial differential equations,
with emphasis on the equations admitting a maximum number of first order classical conservation
laws. (We should warn the reader that in the terminology of Bryant, Griffiths and Hsu, a classical
conservation law, or a conservation law of level zero, is one which is of order less than or equal to
that of the equation. For us, a classical conservation law can have arbitrary order.) They have also
given a solution to the inverse problem of the calculus of variations for such equations and proved an
existence theorem for the initial value problem for Darboux integrable equations. E. Cartan’s method
of equivalence is an essential tool used throughout their work. Recently, Gardner and Kamran [21]
have extensively studied the characteristic systems of second order scalar hyperbolic equations (1.1),
with applications to the Cartan equivalence problem under classical contact transformations.

In this paper, we embark upon the task of computing and analyzing the structure of the horizontal
cohomology of the variational bicomplex for scalar second order partial differential equations in the
plane especially as it relates to the property of Darboux integrability. We will place no a priori
restrictions on the order or the degree of the conservation laws considered by working with the full
variational bicomplex on the infinite prolongation of (1.1). This will enable us to capture conservation
laws of arbitrary order and degree. Our entire approach hinges upon the introduction of moving
coframes for the variational bicomplex which are adapted to the geometry of the differential equation
(1.1). Thus we work very much in the spirit of E. Cartan’s method of equivalence. The moving
coframe we construct for any scalar second order hyperbolic equation in the plane is inspired by the
classical method of Laplace for the closed form integration of certain linear hyperbolic equations

Ugy + a(z, y)ug + bz, y)uy + c(z, y)u = 0.

This coframe is constructed by applying a generalization of the classical Laplace transformation to
the contact form valued linearization of (1.1). We call the coframe obtained by this procedure the
Laplace adapted coframe. Indeed, certain structure functions derived from the structure equations
for the Laplace adapted coframe define relative invariants for (1.1) which, in the case of linear
equations, coincide exactly with the well-known Laplace invariants

b
h:%—f—ab—c, k:g—y—l—ab—c

We call these new invariants the generalized Laplace invariants. It is straightforward to construct
higher degree conservation laws for second order hyperbolic equations if we are given contact forms
which are invariant (in the sense that they Lie differentiate to zero) with respect to one of the
characteristic vector fields for (1.1). It is therefore to be expected that these characteristic invariant
contact forms will play a pivotal role in the study of the variational bicomplex for second order
partial differential equations in the plane. With the Laplace adapted coframe at our disposal, it is



easy to see that the non-vanishing of the generalized Laplace invariants is the primary obstruction
to the existence of characteristic invariant contact forms. This, in turn, enables us to prove that
the non-vanishing of the generalized Laplace invariants also obstructs the existence of higher degree
conservation laws. This accounts, for example, for the difference between the sine-Gordon and
Liouville equations in this regard. We are also able to prove that all the non-trivial higher degree
conservation laws are generated precisely in this manner from the characteristic invariant contact
forms. Our proof is in two main steps. We first put the conservation law in “quasi-normal” form
by applying repeated integration by parts. In this quasi-normal form, it becomes apparent that
the non-trivial conservation laws are characterized by the solutions of the adjoint of the contact
form valued linearization of (1.1). We then solve explicitly the adjoint equation by means of the
generalized Laplace transform. The closed form solution we obtain is a contact form which is directly
expressed in terms of the invariant elements of the Laplace adapted coframe and the generalized
Laplace invariants.

Our Laplace adapted coframe is also well suited for the analysis of Darboux integrable equations.
By using Goursat’s results [23] we produce an algorithm for explicitly constructing infinitely many
characteristic invariant contact forms and non-trivial conservation laws for any Darboux integrable
equation. Consequently, it follows that for any Darbouz integrable equation, the generalized Laplace
imwvariants must eventually vanish. Altogether, these results underscore the importance of enhancing
the calculus of the variational bicomplex through the introduction of moving frames and the need to
work on infinite order jet spaces in order to fully apprehend the geometry of differential equations.

This research is supported by grants DMS-9100674 and OGP-0105490 from the National Science
Foundation and the Natural Science and Engineering Research Council of Canada.

§2. The variational bicomplex for scalar, second order partial differential equations in
the plane. In this section we briefly summarize the basic aspects of the differential calculus on
infinite jet bundles, we define the free variational bicomplex for such spaces and we construct the
constrainted variational bicomplex associated to the scalar, second order partial differential equation
in the plane

F(xvyauvumuyvummua’yvuyy) =0. (21)

To define the free variational bicomplex, let 7: £ — M be a fiber bundle over a connected base
manifold M and let 7%,: J¥(E) — M be the bundle of k-jets of local sections of E. For a point
p € M, the fiber (7%,)71(p) consists of equivalence classes, denoted by j*(s)(p), of local sections s
of E. If U and U’ are two neighborhoods of p in M and if s: U — E and s’': U’ — F are two local
sections of E, then s and s’ are equivalent local sections at p if their partial derivatives to order k
agree at p. If the dimension of M is n and that of E is m + n, then on F we shall use local adapted

coordinates 7: (2%, u®) — (2%), where i = 1, 2, ..., nand a = 1, 2, ..., m. The induced local
coordinates on J*(E) are (', u® uf ,uf, ... ud; ) where 1 < iy <ip < -+ < ij < n, and
where

0?5

_0s”

ug (5%(s)(p)) e (p) and  ui;, (5"(s)(p)) = 92 O

(),

and so on. For any k > [, there are natural projections 7" : J¥(E) — J!(E). The infinite jet bundle
73 J®(E) — M is similarly defined as equivalence classes, now denoted by j7°°(s)(p), of infinite
jets of local sections and, likewise, there are projections 7f°: J*°(E) — J!(E). Any local section
s: U — E of the bundle 7 lifts to a unique section j*(s): U — J*(E).

By definition, a smooth real-valued function f: J*°(E) — R is one which factors through some
finite-order jet bundle J*(E), that is, there is a function fo: J*(E) — R such that f = foom2°. The
minimum such % is called the order of f. In local coordinates we shall often write f = f(x,u®) to
indicate that f is a function of the k-jet coordinates a?, u®, ug, ., u

A vector field X on J*(E) is a derivation on the ring of smooth functions on J*°(E). In local
coordinates, we have that

P
11%2...0% "



) > d
X=Ao=+ > B, T (2.2)
11121k

k=
1<iy <-<ip<n

where the coefficients A’ and By, are locally defined functions on a coordinate neighborhood of
J*°(E). Since a smooth function f on J*°(F) is of finite order, X (f) will always reduce to a finite
sum. Denote by QP(J°°(E)) the smooth differential p forms on J*°(E). In local coordinates, a p

form is a finite linear combination of terms

a(z, u™)dzr A - Adatt A duly, .. NA du;’;b,,,k“,

where 7+ s = p. A differential form w on J*°(E) is called a contact form if, for every local section s
of E, [j*°(s)]*(w) = 0. The contact ideal C(J*°(E)) is generated, as an ideal in Q*(J*°(E)), by the
contact one forms

9?112 i duzlzz R U’zlzz 'ijdxj (23)
forall k =0,1,.... Let C°(J*°(E)) denote the s-th exterior product of the contact ideal C(J*(E)).

A vector field X on J*°(E) such that X = w = 0 for any contact one form w, is called a total

vector field. If the vector field (2.2) is a total vector field, then X = A7 D;, where
0 0 0 0
Dj:@—" JW""unJaa—"uZzzjaa o (24)

1112
The Lie bracket of two total vector fields X = A*D; and Y = B'D; is the total vector field
[X,Y] = (A7D;B" — B'D;A") D;. (2.5)

To define the variational bicomplex, we bi-grade the forms on J*°(E) as follows. A p form w on
J*®(E) is said to be of type (r,s), where r + s = p, if

w(Xl,Xg, cee ,Xp) = 07

whenever either (i) more that s of the vector fields Xy, Xo, ..., X, are w39 vertical, or (ii) more
that r of the vector fields X1, Xo, ..., X, are total vector fields. Denote the space of type (r,s)
forms on J*°(E) by Q™°(J*°(E)). In local coordinates, a type (r,s) form is a finite sum of terms

k j , .
a(z,u™)de™ A - A dat N g /\"'/\9131192---19 .-

We evidently have the direct sum decomposition QP (J>( @ Q"% (J*(FE)). We emphasize
r+s=p

that this decomposition is not possible on any of the finite dimensional jet bundles J*(E). For any

non-negative integers r and s such that r + s = p, let 77%: QP(J®(E)) — Q"%(J>®(E)) be the

projection map. The exterior derivative is a map

d: (T2 (B)) — QP (T(B)) & 0 (J(B)
and hence d splits into horizontal and vertical differentials
d=dy +dy,

where, for w € Q" (J>®(E)), dgy(w) = 7" 1*(dw) and dy, (w) = 7"*1(dw). Since d? = 0, we have
that d% = 0, dyd,, = —dy,dy, and d?, = 0. The free variational bicomplex for the fiber bundle
7w : E — M is the double complex (Q**(J*(E)),dy,d, ) of differential forms on the infinite jet
bundle J*(FE) of E.

If X is a total vector field on J*°(FE) and w € Q™*(J°(E)), then we define X (w) € Q"*(J>°(F))
to be the projected Lie derivative X (w) = 7#™*(Lxw). It is not difficult to prove that

X(w)=X-dy(w)+dy(X—w). (2.6)
In particular, we have that D;07, ., = 07, .., ;. Equation (2.6) also implies that for any total
vector field X,

We shall also need the following properties of the projected Lie derivative. See [1] for details.

6



Proposition 2.1. Let w € Q"°(J*(E)). If X and Y are total vector fields on J*°(E) and Z is any
w3y vertical vector field on J*®(E), then

XY (W) -Y(X(w) = [X,Y](w) (2.8)
and

7= X(w)=[Z,X]= w+ X(Z= w). (2.9)

We now define the (constrained) variational bicomplex for scalar, second order partial differential
equations in the plane. Our considerations are primarily of a local nature and so we take for E the
trivial bundle 7: U x I — U, where U is a open connected subset of the plane R? and I is an open
interval in R. Coordinates for E are 7: (x,y,u) — (z,y) and the coordinates on J*°(E) are now
denoted by

(xvyauvuxvuyauzz;uzyauyya sy Ugigiy - )

For the 2-jets of u we shall often use the classical Monge notation p = ug, ¢ = Uy, 7 = Ugz, S = Usyy,
and t=wuy,. A given second-order partial differential equation defines a locus

F(xﬂyvuapv%ra S,t) =0 (210)

in J2(E). We let R? denote a open, connected and contractible subset of this locus. We assume
that F is smooth in a neighborhood of R? and that

(F.,Fs, Fy) #£0 (2.11)

on R2. We shall also assume that the 7 dimensional manifold R? fibers over the domain U. By
performing a linear change of independent variables if necessary, we can assume that (2.10) can
always be solved for r = u,, so that our equation manifold R? is defined by as a subset of the locus
of the equation

r+ f(z,y,u,p,q,s,t) = 0. (2.12)

Additional restrictions on the set R? will be made in the next section. Let ¢: R? — J?(E) be the
inclusion map.
The successive prolongations of R? are defined by the total derivatives of (2.10), for example,

R? = {7°(s)(p) | 3% (s)(p) € R? and (Do F)(5%(s)(p)) = (DyF)(5°(s)(p)) = 0}.

Due to the condition (2.11), each prolongation ¢: R¥ < J¥(E) is a submanifold of dimension 2k + 3
which fibers over R*~1. Let 1: R®® — J°°(E) be the infinite prolongation of R? with projection
maps 5 R>® — R* and 75F: R — U. Let C(R*°) denote the pullback of the contact ideal on
J®(E) to R, C(R*®) = *[C(J*°(E))], and let R be the triple

R ={R*,7m5,C(R™) }.

Local solutions to (2.10) are in one-to-one correspondence with local solutions to R, that is, sections
o of mfP: R — U which satisfy 6*C(R>°) = 0. Accordingly we shall frequently identify the original
differential equation (2.10) with the triple R.

As before, a total vector field on R*> is a vector field X such that X = w = 0 for any one form
w € C(R*). The differential forms on R* can now be bi-graded by horizontal and vertical degree
just as in the free variational bicomplex on J*(E).

7



Definition 2.2. The variational bicomplex for R = { R, nf?,C(R>) } is the pull-back of the free
variational bicomplex (Q**(J*>°(E)),dy,d ) to R™:

ool ]
(

0 —— QOQ(ROO) _} OL:2 Roo) _) 022 ROO)

(
[ & Tdv
( ( (

0 QO 1 ROO) 1,1 Roo) 2,1 ROO)
dy, T(iv Tdv
0 — R —— QO O(Roo) Ql,O(Roo) _) QQ,O(ROO).

With the differential equation written in the form (2.12), the natural coordinates for R> are
(T, Y5 Uy Uy Uy Uy Uy - o vy Ugyhmty Uy o) (2.13)
and a basis for the contact ideal on R*> is
{0,00,0y,00y,0yy, ..., 05y c—1,0,5, ...}, (2.14)
where 0 = du — vy dx — uy dy, O v—1 = dugyr-1 + (D’y“*lf) dx — Uy dy, and Oyx = duyr — Ugyrde —
Ukt dy.

The primary object of our study is the space of type (1,s) conservation laws

{we QL (R®) |dyw =10}
{we QLs(R®)|w=dyn,ne€ Q0s(R®)}’

B} = HI(R®, dy) =

Let w = do A M + dy A N be a representative of a cohomology class in H"*(R>,dy) so that
dyw =0. When s =0, M and N are functions on R and w is called a classical conservation law
for R. Observe that if 0: U — R is a solution to R, then for any smooth closed curve v € U, the

line integral / 0" (w) is constant under smooth deformations of v. When s > 1, the coefficients M

.
and N are contact forms of type (0,s) and we call w a contact form-valued conservation law. The
space of type (1, s) consevation laws is preserved by the projected pull-backs of generalized contact
transformations [1].

§3. Characteristic vector fields, universal linearizations, and the first adaptation of the
coframe on R°°. The characteristic equation for the second order partial differential equation

F(x,y,u,p,q,r,81t)=0 (3.1)

is the quadratic equation
F\% — F A+ Fopu? = 0. (3.2)

Let o = j2(s)(z,y) be a point in J?(E) satisfying (3.1). We say that (3.1) is of hyperbolic, parabolic,
or elliptic type at the point o according to whether the discriminant of (3.2), namely D(o) =
F,F,—1F2, is negative, zero, or positive at o. It can be shown (see, for example, Gardner [20]) that
the type of the equation (3.1) at any fixed point ¢ is invariant under classical contact transformations.
We now assume that that every point of R? is of hyperbolic type.

Let R* be the infinite prolongation of R? and let (Q2**(R°°), dy;, d,,) be the variational bicomplex
associated to (3.1). In this section we introduce a basis for the distribution of total vector fields on
R>° which is adapted to the characteristics of the given hyperbolic differential equation. We then



use this basis for the total vector fields to construction our first adapted coframe for the differential
forms on R*°. To begin, we consider an arbitrary basis for the total vector fields on R>°, say

X =mzDy + myD, and Y =n,D, +nyD,, (3.3)
where m, my, n, and n, are smooth real-valued functions on R satisfying
0 = mgny — myng # 0 (3.4)
at each point of R*°. We shall write the Lie bracket of X and Y as
X, Y]=PX+QY. (3.5)

We introduce the type (1,0) forms o and 7 dual to X and Y, characterized by

Dual to (3.5) are the dj; structure equations
dgo=—Po A7 and dyr=—-QoAT. (3.6)

If w € Q™*(R>) is any type (r, s) form, then
dyw=0ANX(w)+7ANY(0) (3.7)

where the total vector fields X and Y act on w by projected Lie differentiation. In particular, if
w € QL$(R™) is given by
w=cANM+T1TAN,

where M and N are type (0, s) forms on R*, then
dyw=0ANTA[X(N)-Y(M)— PM —QN]. (3.8)

Because we assume the equation (3.1) to be hyperbolic, we may choose (i, A) = (mg,m,) and
(1, A) = (ng,my) to be two distinct (non-proportional), real roots of the characteristic equation
(3.2). Whence we have the factorization (mz\ — myp)(neA — nyu) = k(F.A2 — FsA\u + Fyp?), where
K is some non-vanishing function on R*>° and thus, at each point on the equation manifold R*, the
relations

MyNg = KF)., MyNg + Many = KFY, myny = kF} (3.9)

hold. We take for our basis for the space of total vector fields on R the characteristic total vector
fields
X =mgDy +myD, and Y =n,D, +nyD,. (3.10)

Of course, these characteristic vector fields are not uniquely specified as each may be independently
scaled. The next proposition, which is easily verified, shows that it is possible in many cases to
choose these scale factors so as to obtain vector fields X and Y that commute.

Proposition 3.1. Let R be a hyperbolic equation with characteristic vector fields X and Y. If I
and J are non-trivial X and Y invariant functions respectively, then the characteristic vector fields

1 ~ 1
X = mx and Y = WY cominute.

Restricted to the equation manifold R*°, the contact forms 8, 6., 6, 0., 05, and 0,, are not
independent but are related by the equation d, F' = 0, that is,

Frpe + FyOuy + Fy Oy + Fp 0, + Fy 0, + F, 0 = 0. (3.11)

We call this equation the universal linearization of the original partial differential equation (3.1).
This equation will play a central role in all that we do.
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Definition 3.2. The universal linearization operator associated to the scalar, second order hyper-
bolic equation R is the total differential operator

L QO,S(ROO) _ QO,s(r]zoo)7
defined for w € Q%*(R>), by
L(w) =XY(w)+ AX(w) + BY (w) + Cw, (3.12)

where X and Y are the characteristic vector fields associated to R and the coefficients A, B and C
are defined by

A:AO—Y(‘Q), B:BO_X(Q),
0
(3.13)
C=Cy— XY (o) _AOX(Q) _BOYEOQ) +2X(9;3”(9)7
where
1
Ao = 5[("5Fp = X(ng))ny — (Fy — X (ny))nal, (3.14a)
1
By = 5[—(/<;Fp — X(ng))my + (kFy — X (ny))mg), (3.14b)
Co = kF,. (3.14c)
With © = g0, the identity d, " = 0 on R*° becomes
L(O)=XY(©)+ AX(0)+ BY(©)+ CO = 0. (3.15)

Next we define contact forms & = X*(©) and 7, = Y*(©). A form w € QP(R>) is said to be
of adapted order k if it lies in the exterior algebra generated, over the smooth functions on R*°, by
the one forms {o,7,0,&,m,...,&, 7 } and k is minimal. Note that a form of adapted order k
may not factor through R**! that is, its adapted order may be different from its order as a form
on R*. The adapted order of a form is invariant under a classical contact transformation on R°.
A simple induction proves the following lemma.

Lemma 3.3. For k > 1, the contact forms Y (&) and X (ny), when restricted to R*, have adapted
order < k.

Theorem 3.4. Let R be a hyperbolic partial differential equation. A coframe on the equation
manifold R*° is given by the 1 forms

{o,7,0,&,m,8,m2, -+, &y My - -+ }- (3.16)

The d; structure equations for this coframe are
dyo=—Po AT, dgT=—-Qo AT, dg® =0 N&G+TAMm (3.17a)
Ay =0 Néy1 + T A pg, and dyne =0 AV + T ANk, (3.17b)

where i, and vy, are contact forms of adapted order < k.

We call (3.16) the characteristic coframe for the hyperbolic equation R.
As we have already noted, we are free to rescale the characteristic vector fields X and Y and the
zero-th order contact form ©. For a given, arbitrary rescaling

X' =mX, Y' =nY, and e =16, (3.18)
where m, n and [ are non-vanishing functions on R, let

XY'(©)+AX'(©)+BY'(©)+C'0 =0 (3.19)
be the universal linearization of R in terms of X', Y’ and ©'.
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Proposition 3.5. Under the rescaling (3.18) the coefficients of the universal linearizations (3.15)
and (3.19) are related by

A !
A:£+w7 B:£+M+X_(l)7 and (3.20a)
n l m n l
!
oL O XM YO g X)YQ) XY (3.20D)
mn nl ml nl l

§4. The generalized Laplace transform and the Laplace adapted coframe. The classical
Laplace transform provides a means for the exact integration of linear hyperbolic equations

In this section we extend the theory of the classical Laplace transform so as to apply to hyperbolic
total differential operators F: Q0% (R>®) — Q%%(R>°), where

Fw)=XY(w)+AX(w) +BY(w) + Cuw, (4.2)

defined on the equation manifold R of a second order hyperbolic equation with characteristics X
and Y.

The basic properties of the classical Laplace transformation, as given in Darboux [16] (Book
4, Chapter 2), Forsyth [19](Chapter 8, pp. 39-158), or Goursat [22](Chapter 5, pp. 1-39), readily
extend to (4.2) even though the characteristic vector fields X and Y do not commute. With the
commutator of X and Y given by (3.5), we note that F can also be expressed in the equivalent form

Fw)=YXw)+DX(w)+EY(w)+ Gu, (4.3)
where

D=A+P, E=B+0Q, and G=C. (4.4)

There are two transforms associated with the hyperbolic operator F, one for each characteristic
vector field X and Y. To define the ) transform, associated to the vector field Y, we first define
the first order total differential operator

y]__: QO,S(ROO) N QO,S(ROO)
by
Vr(w) =Y () + Aw. (4.5)
The form n = Yr(w) is called the Y Laplace transform of the contact form w associated to the
operator F. We shall simply write V(w) for Vz(w) when there is no ambiguity as to the choice of
operator F. Then, in terms of 7, the operator F(w) becomes
Flw)=X(n)+Bn—Huw, (4.6)
where
H=H(F)=X(A)+AB-C. (4.7
Notice that H(F) coincides formally with the classical Laplace invariant

da
h—%—i—ab—c

for (4.1). We call H(F) the generalized Laplace invariant for the total differential operator F.
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If H(F) # 0, then we may construct a new second order total differential operator, called the Y
Laplace transform of F and denoted by

V(F): Q% (R*) — Q**(R),
as follows. If w satisfies F(w) = 0, then
X(n)+Bn—Hw=0. (4.8)
Applying the total vector field Y to (4.8) and using the commutator formula (3.5), we obtain
XY(n) =P X(n)+(B-Q)Y(n) +(¥(B) - H)n+(AH - Y (H))w = 0. (4.9)

Since H # 0, we can solve for w in (4.8) and substitute the result into (4.9) to arrive at the equation
Y(F)(n) =0, where

Y(F)](n) = XY (n) + Y(A) X(n) + V(B) Y (n) + Y(C)n, (4.10a)
and where
y(A)_A—@—P, Y(B)=B-Q, and
H " (4.10b)
ey =c-x)- 81D vz

The operator Y (F) is called the ) Laplace transform of F. We emphasize that Vr is always defined
for any total differential operator F but that Y(F) is defined only for operators F with non-vanishing
generalized Laplace invariant H(F).

Similarly, the X transform of the operator F is given by

X]:: QO,S(ROO) N QO,s(zRoo)7
where

Xr(w) = X(w)+ Ew. (4.11)

When K(F)=Y(E)+ ED — G # 0, we define the X Laplace transform of F by

[X(F)](E) =Y X(§) + X(D) X(§) + X(E)Y(E) + X(G) (=0, (4.12a)
where
X(D)=D+P, X(E):E—@—FQ, and
(4.12b)
X(G)=G-Y(E) —D%—FX(D).

Our next proposition shows that if H(F) # 0, then the solutions to F(w) = 0 and [V(F)](n) =0
are in bijective correspondence.

Proposition 4.1. For any hyperbolic second order total differential operator F and for any forms
w,n € Q4 (R),

Ry 0 Vrl(w) = H(F)w+ Fw) (4.13)
and, provided H(F) # 0,

yﬂﬁxym () =1+ ﬁ[y(f)](n)- (4.14)
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If H(F) # 0 and n = Yr(w), then

F(w) =0 implies [Y(F)](n) =0

1
and if © = me(}-) (n) then

[V(F)](n) =0 implies F(@)=0.

Similar identities hold true for K(F) and X (F).

We remark that even when H(F) = 0, in which case the operator Y(F) is not defined the
coefficient of Y in Y(F), namely B — @Q, is defined and therefore the Xy (r) transformed contact
form Xy (r)(n) is defined. Equation (4.13) remains valid, that is,

[Xy(r) o VFl(w) = F(w) when H(F)=0 (4.15)

but the transform Yz, acting on solutions to the equation F(w) = 0, is no longer invertible.
We now counsider successive applications of the J and X Laplace transforms. Let Hy = H(F).
If Hy # 0, then we may define the transformed operator Y(F) and we let H; = H(Y(F)). Then,
provided
HO#Oa Hl#ov "'7Hi71:H(y1_1(‘7:))7é0a

we define the i-th ) generalized Laplace invariant of the operator F to be
H; = H(V'(F)).

The first integer p for which
H,=0

is called the ) Laplace indezx ind y(F) of the operator F. If H; # 0 for all ¢, then we say that
ind y(F) = co. Similarly, we write Ko = K(F), and K; = K(X7(F)) and we define ind x(F) to be
the first integer ¢ for which K, = 0.

The Laplace adapted coframe for R> is constructed as follows. Let £: Q%%(R>®) — Q%$(R>®)
be the second order total differential operator

L=XY+AX+BY +C

defining the universal linearization (3.12) of the hyperbolic equation R. Thus, if © is the contact
form @, then
L(©) =0. (4.16)

We now write ind () = ind y(£) and ind (X') = ind »(£) and call ind () and ind (X) the Laplace
indices of the second order hyperbolic equation R. For 0 < ¢ < ind (Y) and 0 < j < ind (&X), the
functions

H; = H(Y' L)) and K;=K(X/(L))

are called the generalized Laplace invariants of R. Recall that H, = 0 when ind () = p and that
K4 =0 when ind () = g¢.
If ind (¥) = p, then we define

m=Yc(0)=Y(0)+ A0, (4.17a)
ni = Vyi-1c))(mi-1) =Y (mi-1) + Aicaniz1, i=2,...,p+1 (4.17b)
Mp+i =Y (Mp4i—1) fori>2, (4.17¢)
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where A;_; is the coefficient of X in the operator Y*~1(L£). If ind (J) = oo, then the contact one
forms n; are defined by (4.17b) for all 4 > 2. It follows from (4.16) and (4.8) that n; satisfies the
identity

Furthermore, if Hy # 0, Proposition 4.1 implies that 7; also satisfies the total differential equation
V(LO)](m) = XY () + A1 X (m) + B1Y (m) + Cim = 0.

We deduce, by a simply induction argument, that for each i =2, 3, ..., p+1,
X(mi) + Bi—imi — Hi1mi-1 =0 (4.19)
and that for each i =1, 2, ..., p,
VL)) = XY () + As X (n:) + Bi Y (i) + Cy i = 0. (4.20)

The forms &; are similarly defined in terms of the X’ generalized Laplace transforms. If ind (X') = g,
we let

§1=AL(0)=X(0)+ EO, (4.21a)
§ = Xai-rey(§-ny = X(E-1) t Ej-1§-1, j=2,...,9+1 (4.21b)
Egtrj = X(Eg+j—1) forj>2, (4.21c)

where E;_1 is the Y coefficient of the operator X9~1(£). If ind (X') = oo, then the contact one forms
&; are defined by (4.21b) for all j > 2.

The d;; structure equations for the Laplace adapted coframe are readily determined from equa-
tions (3.7) and (4.17)—(4.20).

Proposition 4.2. Suppose that 0 < p =ind (YY) < 0o and 0 < ¢ = ind (X) < co. The dy; structure
equations for the Laplace adapted coframe for the hyperbolic equation R are given by

dyo=—Po AT, dyt=—-Qo AT, (4.22a)
dg(©) =0 A& —EO)+7A ()1 —AO), (4.22b)
and
dgm =oc AN (=Bn1 + Ho®O) +7 A (2 — Aim), (4.23a)
dgni =0 AN(=Bi—ami + Hi—amiz1) +7 A (g1 — Aini) 2<i<p, (4.23b)
dgnpy1 = 0 A (=Bplipt1) + 7 N jpya, (4.23¢)
AyMpti = 0 A Vpyi + T A Dptit1, i>2, (4.23d)

where v, is a contact one form such that

Vpti = [(6 = 1)Q — Bp| 1p+i mod { Np41s- -+, Npti—1}- (4.24)
Ifind ()) = oo, then the structure equations (4.23b) remain valid for all i > 2.
Similar structure equations hold for the forms &;, j > 1.

We now investigate the behaviour of the generalized Laplace invariants and the Laplace adapted
coframe under classical contact transformations. Let R’ be another scalar second order hyperbolic
equation and let ®: R — R’ be a classical contact transformation. Let X’ and Y’ be the character-
istic vector fields for R’ and let

XY'(©)+AX'(©)+BY'(©)+C'0 =0
be the universal linearization on R'*°. The characteristic vector fields X’ and Y’ and the coefficients
A’, B" and C" are related to X and Y and the coefficients A, B and C by (3.18) and (3.20). Let H{,
H{, H, ... and K{j, K{, K}, ... be the generalized Laplace invariants of the hyperbolic equation R/,
let p’ = ind ()’) and ¢’ = ind (X”) be the Laplace indices of R and let { o/, 7/, 0", &1, n}, &5, nh, ... }
be the Laplace adapted coframe associated to the hyperbolic equation R'.
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Theorem 4.3. Let ®: R® — R/ be a classical contact transformation with
X' =mX, Y' =nY, and e =10, (4.25)

and suppose that p = ind () < oo and g = ind (X)) < co. Then the Laplace indices of R and R’
coincide, that is, p’ = p and q' = q; the generalized Laplace invariants are related by

H!=mnH, and Kj' =mn Kj; (4.26)

and the Laplace adapted coframes are related by

1 1
o=—o and T =-T, (4.27)

and m "
n; :nilm for1<i<p+1, (4.28a)
77;)+i = nPti] Np+i mod { 7p41,-- -, Mp+i=1 } for 2 <i< o0 (4.28b)

and also

g =mllg; for1 <j<gq+1, (4.292)
Sy =m g, mod {&gq1,. . &uj1 ) for2<j < oo (4.29b)

When p = oo or g = oo, equations (4.28a) or (4.29a) are valid for all i > 1 or all j > 1.

Proof. A straight-forward but lengthy induction argument, beginning with the transformation laws
(3.20) and using the defining recursion relations (4.10) determines the transformation laws for the
coefficients of the operators YV¢(£) and X*(L£). With these in hand (4.26) follows immediately. We
also prove (4.28a) by induction. ]

Finally, we need to express the d structure equations in terms of the Lie brackets of the charac-
teristic vector fields X, Y and the vertical vector fields U, V', W', V2, W2, ... dual to the contact
forms in our Laplace adapted coframe:

G(U) =1, m(U) =Y Ej(U) =0,
ovhy =0,  m(V") =¢" &V =0 (4.30)
ew*) =0, mW*) =0, W) =4}
Proposition 4.4. Let R be a second order hyperbolic equation and suppose that 0 < p = ind ()) <

oo and 0 < ¢ = ind (X) < oco. Then the following congruences hold for the Lie brackets of the
characteristic vector X with the vertical vector fields U, V', W7

[X,U] = EU — HoV* mod { X,Y }, (4.32a)

(X, V'] =BV - H,V? mod { X,Y }, (4.32b)
X,V =B Vi - H;V*! mod { X,Y }, 2<i<p, (4.32¢)
[X,VPT =B, — (i — D)Q]VPT"  mod { X,Y,VPTitl (4.32d)

1<i<oo,

(X, W' =-U+EW! mod { X,Y }, (4.32e)
(X, Wi = -Wi=! 4 ;WY mod { X, Y}, 2<j<q, (4.32f)
(X, Wit = —wati—t mod { X,Y }, 1<j<oo0. (4.32g)
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The congruences for the Lie brackets of the characteristic vector field Y and the vertical vector fields
U, V', WJ are similar.

Proof. If Z is any total vector field, V' any 77 vertical vector field on R* and w any contact one
form, then w(Z) =0, (dyw)(Z,V) =0 and

(dyw)(Z,V) = (dw)(Z,V) = Z(w(V)) = V(w(Z)) = w([Z,V]) = Z(w(V)) = (2, V]).

In particular, if w(V') is a constant, then (dyw)(Z, V) = —w([Z, V]). We use this formula repeatedly,
together with the dj; structure equations obtained in Proposition 4.2 to derive (4.32). ]

We now examine the existence of characteristic invariant forms. If Z is a total vector field on the
equation manifold R*°, then a function f on R is said to be Z invariant if Z(f) = 0. Likewise,
a type (0, s) contact form w is called a Z invariant contact form if Z(w) = Z = dyw = 0. More
generally, w is a relative Z invariant contact form if there is a function A on R such that

Z(w) = Aw.

We give a partial characterization of the X and Y relative invariant contact forms, where X and Y
are the characteristic vector fields for a hyperbolic differential equation R. In particular, we prove
that there are no X relative invariant contact forms unless ind () is finite and there are no Y
invariant contact forms unless ind (X) is finite.

Given a subring M of C*°(R*°) and a collection of one forms {wy,ws,...,w;,...} on R, let

Qi (wr,wa, .. wiy . .0)

be the M module of s forms generated by w;; A wiy, A+ Aw;,. When M = C*(R>°), we simply
denote this module of forms by
Qs(u}l,uJQ, ey Wiy . )

Theorem 4.5. Let R be a hyperbolic equation with characteristic vector fields X and Y, Laplace
indices ind (¥) = p and ind (X) = q and Laplace adapted coframe {o,7,0,&1,m,&2,1n2,...}. Let
s> 1.

(i) If w € Q%%(R°) is a relative X invariant form, then

w € L (Mpt1,Mpt2, - -+ ). (4.33)

If ind ()) = oo, then there are no non-zero relative X invariant type (0, s) forms.

(i) If w € Q%*(R>°) is a relative Y invariant form, then

w e N° (£q+1, £q+2, PN ) (434)

Ifind (X) = oo, then there are no non-zero relative Y invariant type (0, s) forms.

Proof. Suppose that w is a relative X invariant type (0, s) form of adapted order k, that is, w €

2°(0,&,m, ..., &, nK) and

We first prove that
weﬂs(nlvn%"'vnk)' (436)

Let U, Vi, W7 be the vertical vector fields (4.30) dual to our Laplace adapted basis. By assump-
tion, we have that Wk — o = 0. We interior evaluate equation (4.35) with the vector field W*+1.
Since, by (2.9),

W o (X (w)) = X(WFH = ) — [X, WhH] 2w

we deduce that
(X, W1~ w=0. (4.37)
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In view of the structure equations (4.32), we have that

[X,W'l=-U mod {X,Y,W'}
and
X, W=-W""1 mod {X,V,W'} [1>2

and consequently (4.37) reduces to W* — w = 0. Next we hook (4.35) with W* to deduce that
Wk=1 = = 0. This process continues until we interior evaluate with W' to find that U — w = 0.
This proves that if w is a relative X invariant contact form of adapted order k, then

U-w=W'—ww=W?-w=- =Wraw=0
and this implies (4.36).

To complete the proof of (i), we successively hook (4.35) with U, V1 ... VP~! and make use of
the structure equations

[X,U] = EU — H)V'!  mod {X,Y},
(X, V=BV - H,V? mod {X,Y}, and
(X, V=B, V- HV™  mod {X,Y} 2<i<p-1.

Since U — w = 0, the interior product of (4.35) with U yields HoV'! — w = 0 and therefore, because
Hy #0, V= w = 0. Next we interior evaluate with V! to conclude that V2~ w = 0 and so on until
we find that

Viehw=Visw=-.=VPow=0. (4.38)

The interior product of (4.35) with V}, gives no condition on w since H, = 0. Equations (4.36) and
(4.38) prove (4.33). If ind () = oo, then this argument shows that w = 0. The proof of (ii) is
similar. |

§5. Structure theorem for type (1,s) conservation laws, s > 1. In this section we shall
use some basic properties of the free variational bicomplex on E and the Laplace adapted coframe
to prove some general structure theorems for the form-valued conservation laws of a second order
hyperbolic equation R. Recall that the universal linearization of R is the total differential operator

L=XY+AX +BY +C, (5.1)
defined by (3.12). The adjoint of L is, by definition, the unique total differential operator
L Q% (R®) — Q0 (R™)
such that, for every for every p € Q%(R>) and every w € Q%' (R>),
[pAL(w) =L (p) ANw] Ao AT =dyg7, (5.2)
for some v € QLsts’ (R>°). Since the adjoints of the first order total differential operators X and Y’
are X*=—-X+4+Q and Y* = —Y — P, it is easy to see that
L (p) = XY (p) + A"X(p) + B"Y (p) + C"p, (5.3a)

h
where A*=—A,  B*=-B-2Q, and

(5.3b)
C* = —X(A) - Y(B+Q)+C—AB+ (A— P)(B+Q).

Let {o,7,0,n1,&1,1m2,&,...} be the Laplace adapted coframe introduced in section 4. With
respect to this coframe define, for each s > 1, a map
e QO,sfl(Roo) N Ql,s(Roo)
by 1 1
‘I’(P):50/\[9/\1/)1—51/\/’]4'57/\[@/\1/)24—771/\/’]7 (5.4a)

where
Y1 =X(p) - (B+Q)p and v2=-Y(p)+ Ap. (5.4b)
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Theorem 5.1. Let s > 1 and let w € QY*(R>) be a dy; closed form. Then there exists contact
forms
pE QO’S_l(ROO) and v € QO’S(R‘X’)

such that w is given by
w=W(p) +dy, (5.5)

and where p satisfies the adjoint equation
XY(p) + A*X(p) + B*Y (p) +C*p = 0. (5.6)

When s = 1, the function p and the type (0,1) form ~ are unique.

We call the type (1,s — 1) form p a generating form for the conservation law w with respect to
the given Laplace adapted coframe. When s = 1, the function p coincides with Olver’s [32] notion
of a characteristic function for a conservation law. Theorem 5.1 implies that

HY (R®) 2 { p e C¥(R™)| L*(p) = 0}.

This result is well-known [36], [42].
Before turning to the proof of this theorem, a number of remarks are in order. First, we note
that

1 1 1
dy(53ONp) =50 NG AP+OND]+ 5T A Ap—0 N
and therefore we can re-express (5.5) in either of the asymmetric forms
W=0AOAYI+TAN Ap+dyy (5.7)
or

w=—0NaQAp+TAO ANy +dyy", (5.8)

1 1
where v/ = v — 5@ Apand v =+ 5@ A p. These equivalent forms of (5.5) are often easier to

compute with.
Second, by using (3.8), the dj; structure equations given by Proposition 4.2, and (5.3), we compute
the horizontal exterior derivative of (5.5), or equivalently (5.8), to be

dgw =0 ATAN [ XOANP)+Y(EANp) +PENAPp—QONY ] =—a ATAO AL (p).

Consequently, the form w is dj; closed by virtue of the fact that p satisfies the adjoint equation
L*(p) = 0. However, the converse is generally not true, that is, if w is of the form (5.5) and is
dy closed, then p need not satisfy the adjoint equation if s > 1. Consider, for example, Liouville’s
equation u,, = e". If o is any D, invariant form, then it is easy to see that

p=Dya+uza (5.9)
is a solution to the adjoint equation D,,p = €*p and thus
1 1
w=Y(p) = de/\ [0 ADyp—0;Apl+ §dy/\[—9/\Dyp+9y/\p]
is dy; closed. The form
W' = de = \I/(p,),

where p' = dy,p, is evidently also dj closed, w’ is of the form (5.8) but, as one can easily check,
the form p’ does not satisfy the adjoint equation. Nevertheless, Theorem 5.1 asserts that for every
cohomology class [w] € H*(R>°), there is a solution p to the adjoint equation £*(p) = 0 such that



and hence the map ¥ is surjective in cohomology. We can therefore modify p’, say to p”, where now
p" satisfies the adjoint equation and the form W(p”) is cohomologous to w’. In fact, with o/ = dy, «
and p’" = D,o + uya’ we can write p’ = p”’ + 6, A o’ and therefore

1
w':\Il(p”)+5[dx/\@/\Dx(f)z/\04')+dy/\9y/\t9m/\a']
/! 1 /
=U(p )+dH(§t9/\t9m/\a).

In particular, we can conclude from Theorem 5.1 that if there are no non-zero type (1,s—1) solutions
p to the adjoint equation L*(p) =0, then HY*(R>) = 0.

Third, for s > 1, there are non-zero solutions p to the adjoint equation for which the form ¥(p) is
exact. In other words, for s > 1, ¥ is not injective as a map from the space of solutions of the adjoint
equation into H'*(R°°). Again this is illustrated by Liouville’s equation. For any D, invariant,
type s — 1 form (3, put o = D, (&3 A B), where o = 0, — u,0, and &3 = D&, and define p by (5.9).
Then « is D, invariant and p satisfies the adjoint equation for Liouville’s equation. But with

=0 Na+E& ANEAB,

we find that D,y = —0, A p and Dyy = —9 A Dy(p). Hence dyy = ¥(p) + 5 dpy (9 A p) and therefore
U(p) is exact on R>°.
We begin the proof of Theorem 5.1 in general by characterizing those forms on J*°(E) which lie
in the kernel of the inclusion map
L: R — J¥(E).

Recall that R*° is the infinitely prolonged equation manifold defined by the second order equation
F(J?, Y, Uy Ugy Uy, Ugg, Uy, uyy) =0.
Let F = (D,)(Dy)’F. Standard arguments from elementary manifold theory prove the following

lemma. See [5] for details.

Lemma 5.2. Ifw € QP(J*(FE)) satisfies t*w = 0, then

k k
w = Z aijFij + Z ﬂij/\dV(Fij), (5.10)
i,j=0 i,j=0
where a;; € QP(J*(E)) and B;; € QP~1(J>®(E)).
For the proof of Theorem 5.1, we shall also need the transformation properties of the form ¥(p).

Lemma 5.3. Under the change of frame X’ = mX,Y’ = nY and ©' = [0, the form ¥ (p) transforms
by

1
U (p") =V(p), where p' = 7P (5.11)

Proof. This is a simple calculation based upon the transformation formulas (3.20), (4.27), (4.28)
and (4.29). |

Proof of Theorem 5.1. Let w € Q1*(R>°) be a dy closed form on R>°. We first prove that there are
forms

O e IX(E), (€™ (JX(E) and je Q¥ I(J®(E))

such that

@) =w (5.12a)
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and

dy@=dz Ndy AN[FC+ (dyF)Ap). (5.12b)

Indeed, since we can extend the natural coordinates (2.13) and the natural coframe (2.14) on R to
the natural coordinate system and the natural coframe on J*°(FE), we can always chose a type (1, s)
form @y on J*°(E) such that t*@&g = w. Since dy commutes with ¢*, .*(d;&¢) = 0 and therefore, by
Lemma 5.2,

k K
dyGo =dx Ady Ay (DLD)F) iy + Y dy(DLD)F) A Byl,
inj=0 inj=0

where a;; € QU%(J>®(E)) and 3;; € Q*71(J>®(E)). By repeated “integration by parts”, beginning
with the highest derivative terms D’;D’;F and dVD];D’;F we can re-write this equation as (5.12b),
where @ differs from @y by terms depending linearly on F, d,, F' and their total derivatives. These
terms all vanish on R* and so ¢*(®) = t*(wp) = w. This proves (5.12).

1
Let p. = —¢*(p). We now prove that p. satisfies the adjoint equation in the coordinate frame on
s

R, namely,
oF oF OF

>kc:_c_-Di_c Di'—c:; 1
Lelpe) = 5-p (5, Pe)+ g(auijp) 0 (5.13)
and that w can be expressed as
W = \I/c(pc) +dg7, (5.14&)
. 0
where, with v; = a7 (dz A dy),
oF OF OF
U.lpe) =v; NON[— pc — Dij(=—— pe iNO; N[ pel. 5.14b
(pe) =vj [aujp (auijp )+ v [(fmijp] (5.14b)

To establish (5.14), we recall [1] that the interior Euler-Lagrange operator
T2 Q2 (J2(E)) — QN TH(I*(E))

is defined by
. o 0 . 0

It is not difficult to prove that for any type (1,s) form 3 on J*(E), J(dHB) = 0. We apply J to
(5.12b). Since

0 5 _ 0 - OF _ 0 .
5 [FC'F(dVF)/\P]*F@—uI C+8—WP—(dvF)/\a—uI
we arrive at the identity
OF _ OF _ OF _ oo
%P—Di(auiP)+Dzj(37ijﬂ)+{*}*0 on J*(E),

where { * } denotes terms depending linearly on F', dy, F' and their total derivatives. Restricted to
R°°, this equation reduces to the adjoint equation (5.13).

To prove (5.14), we use the horizontal homotopy operators h;": Q%(J>(E)) — Q" 1(J>®(E)).
In particular, if © = dz Ady A M is a type (2, s) form, then

2,8~ —1 . 8_4 — . 8 — 1 . . 8
W' (@) = Svs A9 A== M) = Dil M|+ v n O (G

D, — M)+ {=}, (5.15)
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0
where { * } depends on the interior products e — M for |I| > 3.
I
The homotopy operators h'’ satisfy the identity (see [1])
@ = h% (dy®) + dghy’ (@) (5.16)
for every type (1,s) form @ on J*°(E). With dy& given by (5.12b) we compute, using (5.15),

vers 1 OF _ _ OF 1 OF
Wy (de)—sz/\e/\[auiP—Dy(aTijp)]"';Vz/\‘gy/\aTijP‘f'{*},

where {*} again denotes terms depending linearly on F, d,F and their total derivatives. The
pull-back of (5.16) to the equation manifold therefore becomes (5.14).

It remains to re-write (5.13) and (5.14) in the Laplace adapted coframe. We do this in two
steps. Let Ly be the universal linearization defined by (3.12) with ¢ = 1. Since £y = KL, it is a

simple matter to see that Li(po) = d L:(p.) where pg = —p.. Since L:(p.) = 0, this implies that
K
LE(po) = 0. Next we prove that

Po(po) = ¥elpe), (5.17)
where Wy (pp) is the form
L 0 1 0
Wolpo) = 5 o NI AYDL =& Apol + 57 ALO Aha + 11 A pol, (5.18a)
Y1 = X(po) = (Bo+Q)po and s =—Y(po)+ Ao po, (5.18b)

and where Ay and By are given by (3.14.)
Lemma 5.3 states that Ug(po) is independent of the scaling of the characteristic vector fields X
and Y so that to prove (5.17) we may let, for simplicity,

X =D, +mD, and Y =D, +nD,.

An lengthy but nevertheless elementary calculation then establishes (5.17).
1 1
To complete the proof of the theorem, we let p = 3 po. Since L* = X L] - iR it follows that

L*(p) = 0. We use Lemma 5.3 to conclude that ¥o(pg) = ¥(p). The combination of this equation,
(5.14) and (5.17) proves (5.5). |

Theorem 5.4. Let R be a second order hyperbolic equation and suppose ind(Y) = oo and

ind (X) = oo, that is, H; # 0 and K; # 0 for all i > 0 and j > 0. Then, for all s > 3, all
type (1, s) conservation laws are trivial,

HY(R>) =0.
Proof. According to Theorem 5.1, it suffices to prove that there are no non-zero type (0,s — 1)
solutions p to the adjoint equation

XY(p)+ A*X(p)+ B*Y(p) + C*p=0. (5.19)

It will be convenient to re-write this second order total differential equation as the first order system

X(p) = (Q+ B) p+ 1, (5.20a)

Y (41) = Hop + (A — P)ir. (5.20D)

Suppose, in order to obtain a contradiction, that p is a non-zero solution to (5.20) of adapted
order k. Since p is a contact form of degree > 2, the order of p is necessarily £ > 1. Then either
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VE—p£0or Wk—= p+£0, where V¥ and W* are the 755 vertical vector fields (4.30) dual to the
Laplace adapted coframe. Assume that V¥ — p # 0. Since V1= p =0 and V¥*2— p = 0, we find,
using (2.9) and (4.32), that

Vhtl X(p) = X(Vk+1 —p)—[X, Vk+1]4 p=—|X, Vk+1]4 0
= —Bp(V¥' = p) + Hy (V2= p) = 0,

and hence the interior product of (5.20a) with V**! leads to V*+! — ¢y = 0. Similarly, the interior
product of (5.20b) with VT yields V¥ — 41 = 0. Finally, we hook (5.20a) with V* to deduce that

X(VE= p) + By — (Q+ B)(VE= p) = 0. (5.21)
This implies that V¥ — p is a non-zero relative X invariant contact form. But ind (J)) = oo and this
contradicts Theorem 4.5. [ |

EXAMPLE 5.5. If ff” — (f')? # 0, then the f-Gordon equation u;, = f(u) has no non-trivial type
(1,s) conservation laws for s > 3. |

EXAMPLE 5.6. Consider the Klein-Gordon equation vz, = u. It is easily checked that for all i > 0,
H; = K; = 1 and therefore H*(R>®) = 0 for all s > 3. We show that H'2?(R>) is infinite
dimensional. With X = D, and Y = D,, the universal linearization is the self-adjoint operator
L = XY — 1. For any k > 0, the one form pr = —0_+ satisfies L*(px) = 0. From Theorem 5.1 and
equation (5.8) we know that the type (1, s) forms defined by

wk:—U/\fl/\pk-I-T/\@/\wg:dx/\ﬂm/\ka+dy/\f9/\9xk_1

are conservation laws for the Klein-Gordon equation. These forms are d;; exact when k is odd and
define non-trivial elements of H'?(R>) when k is even. For example, when k = 7, we find that

dH(gz /\ gxﬁ - 9:82 /\ 9;85 + 9;83 /\ 9:84) = W’?.

With k& = 2m, it is easy to prove that wa,, is not exact by contradiction.

This example again illustrates the fact there are non-trivial solutions to the adjoint equation which
yield trivial conservation laws, a problem that contributes to the general difficulty of completely
determining the spaces H2(R>). |

Next we consider hyperbolic equations R for which at least one of the Laplace indices, say ind ()),
is finite, that is
Hy#0, H{#0, ... H, 1#0, H,=0.

We begin with the simple observation that with H, =0,
X(p+1) = =Bpiip+1 = (=B + pQ) np+1
and consequently, if a € Q0571 (R>) is a relative X invariant form satisfying
X(a)=[B—(p—-1)Qa,

then the type (1, s) form
w1 =T ANpr1 Ao (5.22)

is dy closed,
dpgwi = o AT [X(p1) A+ 1pp1 A X (@) = Qp1 A
=0 AT A1 A[X (@) = (B = (p—1)Q))a] = 0.
Likewise, if ind (X) = ¢ and if 3 satisfies Y(8) = [A + ¢P] 8 then the form
we=0N1 AP (5.23)

is dy; closed. Our next result states that for, s > 3, every dy; closed form is cohomologous to forms
of these two types, that is, every conservation law of type (1,s), s > 3, is essentially constructed
from contact forms which are relative invariants for the characteristics of the hyperbolic equation.
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Theorem 5.7. Let R be a second order hyperbolic equation. Suppose ind (¥) = p and ind (X) = q.
Then, for s > 3, every dy; closed form w € QV%(R>°) may be written as

W=0NEp1 NB+T A1 Aa+dgy, (5.24)

where v € Q¥%(R*>°) and « and 3 satisfy
X(@)+[-B+(p-1)Qla=0, o€ (i1, mpr2,...), (5.25)
Y(B) = [-A+qP]B=0, B ({y1,8512,---)- (5.26)

If ind (X) = oo, then (5.24) remains valid with 3 = 0.

We break the proof of Theorem 5.7 into two steps. The first step is to re-write the dj closed
forms wy and we in the normal form (5.5). The second step is to find the general solution to the
equation £*(p) = 0 by successive applications of the X Laplace transforms. We defer the details of
this proof until section 7.

86. The adapted coframe for Darboux integrable equations. A much studied class of second
order hyperbolic equations in the plane are those equations integrable by the method of Darboux.
In this section, we briefly recount a few salient aspects of this geometric integration method, we
explicitly construct invariant contact forms for Darboux integrable equations and we use these
invariant forms to obtain one final adaptation of the coframe on the prolonged equation manifold.
All the necessary conditions for the existence of invariant contact forms described in Theorem 4.5
must therefore be satisfied by all Darboux integrable equations. In this manner we thus obtain new,
closed form necessary conditions for a given hyperbolic equation to be Darboux integrable.
To describe the Darboux method of integration, let R be the second order hyperbolic differential
equation determined by
F(x,y,u,p,q,7,5,t) =0 (6.1)

and let X and Y be distinct characteristic total vector fields for R.

Definition 6.1. A second order scalar hyperbolic equation R is Darboux integrable if there exists
two functionally independent real-valued X invariant functions I and I on R*° and two functionally
independent real-valued Y invariant functions J and J on R, that is,

XI)=X(I) =0 and Y(J)=Y(J)=0

and d1 A df;é 0 and dJ A dj;é 0. The equation R is semi-Darboux integrable if there exists two
functionally independent invariants for either of the characteristic total vector fields.

The essence of the method of Darboux lies in the fact that the three equations (6.1),

T=¢(I) and J=1u(J), (6.2)

where ¢ and v are arbitrary functions, determine a completely integrable Pfaffian system whose
integral manifolds describe the general solution to (6.1). This completely integrable system is ob-
tained by pulling back the contact system on R' to the submanifolds defined by (6.2), where [ is
the maximum of the orders of I, f, J and J. The method of Darboux is the culmination of a series
of classical geometric integration methods, starting with the methods of Laplace and Ampere. Al-
though generically, a second order scalar hyperbolic equation will not be integrable by the method
of Darboux, the general problem of classifying Darboux integrable equations seems practically in-
tractable. One of the most interesting partial classifications of Darboux integrable equations is given
by Vessiot [40],[41] where equations of the type

s = f(x,y,u,p,q)
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which are Darboux integrable at order 2 are explicitly determined.

Goursat’s analysis of the method of Darboux begins with a detailed study of the partial differential
equations for X and Y invariant functions on R*°. Quite remarkably, he is able to completely
characterize the possible number of functionally independent invariants at any given order. In order
to summarize the results of Goursat’s analysis we define the characteristic Pfaffian systems of order
k by

Ck(X) = 91(7—79751;77175%7’27'"7£k777k)

and

Ck(Y) = 91(0767§15nla€25n25 v 7§k777k)a

where the contact one forms ©, &1, 11, &2, 72,..., denote the elements of the Laplace adapted
coframe on R*> (although for the purposes of the present discussion the characteristic coframe can
equally well be used). The characteristic systems of infinite order are similarly defined by

C(X) = Ql(Ta®a€17n15527n2a---)

and

C(Y) = Ql(aa@aglvnhf%n%"')'

From the identity
dI=X{I)o+Y(I)T+dyI

we deduce that [ is an X invariant function on R*® of order k if and only if

dI € Cy(X).

Now recall [12] that to any Pfaffian system Z on a manifold M one can associate a flag of Pfaffian
subsystems called the derived flag

CI(Z)CCI(Q)CI(I)CI

The i-th derived Pfaffian system Z(9) is defined inductively by the short exact sequence

0;

0 —— g+ I, 70 dI® mod T) — 0,

where j denotes the inclusion map and §; is the composition of the exterior derivative d with the
canonical projection onto the quotient modulo the ideal generated by Z(*. The derived flag always
stabilizes at the maximal completely integrable subsystem of Z, denoted by Z(>). The dimensions
of C,goo)(X ) and C,goo)(Y) coincide with the number of functionally independent X and Y invariant
functions of order < k and we can therefore describe Goursat’s results in terms of the dimensions of
these Pfaffian systems.

Lemma 6.2. Let R be a second order hyperbolic equation with characteristic vector fields X and
Y and let

{O—a’ra@aglanlag%n%"'}
(c0)

be either the characteristic or Laplace adapted coframe on R*°. Then for any k > 1, C},”’(X) and
C(OO)(Y) satisf;
k vy

CIEOO)(X) C Ql(TaGaflvnlan%---vnk)

and

CIEOO)(Y) - Ql(aa C—)a nla€17§27 R 7§k)'
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Proof. Since
dy& =0 N mod {7,0,&,m,...,&,n; }
it follows that
dfjiéo mod{T,@,fl,m,...,fj,nj} (63)
and therefore, in particular, & ¢ C’,il)(X) . Equation (6.3), with j = k — 1, now implies that
Er1 ¢ C’IEQ)(X ) and so on. This argument does not allow one to eliminate &; since dr may contain
o A& |

As a corollary to this lemma we note that if I, and Jx are X and Y invariant functions of order
k, then

dy I, = apni mod {©,&1,m1, ... Mk—1 } (6.4a)

dyJy =bp& mod {O©,m1,&1,...,§k—1} (6.4b)

and

where ay, # 0 and by # 0.
Given a Darboux integrable equation, we know that for some £ > 1 the dimension of C,(COO)(X )
will be at least two. Let m be the minimum integer for which

dim C{>) (X) # 0.
According to Goursat, for minimum m, dim C,(noo)(X ) must be either 1,2 or 3.
Case I. In this first case,
dim C(>)(X) =1
and therefore the second X invariant function whose existence is insured by the definition of Darboux

integrability must have order strictly larger that m. Thus there is a integer n > m such that

dmC(X) =1, dmCS(X)=1, ... dimC®)(X)=1,
and
dim () (X) > 2.

It is proved in Goursat that in fact

dmC(X) =2, dmCT(X)=3, ... dmC) =2+4,....

In other words there is a sequence of functionally independent X invariant functions
Ly, Lo, Int1, Inyo,-.. (6.5)
of order m, n, n 4+ 1,... such any X invariant function may be expressed in terms of these.
Case II. In this second case,
dim C(>)(X) = 2.

It is shown that this can happen only if m = 1 or m = 2. We refer to these two possibilities as Case
ITa and Case IIb respectively. In Case Ila it is shown that

dm O (X) =3, dmC(X) =4, ... dimCS) =244,....
Thus there is a sequence of functional independent invariants
I{a Il; 127 I37 ) (66)

where I and I are of order one and I; is of order j. Any X invariant function may be expressed
in terms of these. In Case IIb there are no invariants of order one, two functionally independent
invariants of order 2 and moreover, it is proved that

dm G (X) =3, dmC(X) =4, ... dmCyY) =2+4,....

In this case any X invariant function is obtained from a sequence of functionally independent in-
variants

I, L, I, I..., (6.7)

where I} and I are of order 2 and I is of order j.
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Case III. In this final case we have
dim O =3

and it proved by Goursat that this can happen only if m = 2 in which case

dm O (X) =4, dmC(X) =5, ... dimCE) =3+4,....

There are no X invariant functions of order less than two and there is a complete sequence of
functionally independent invariants

I 15, 0, I3, Iay I (6.8)

where I3, I and I, are of order 2 and I; is of order j.
We define the Darbouz index Darb (X)) to be the smallest integer k such that

dim C{*)(X) > 2. (6.9)

In Case I, we have that Darb (X) = n, in Case ITa we have Darb (X) = 1 and in Cases IIb and III
we have Darb (X) = 2.

Likewise, for a Darboux integrable equation, we have four possible configurations for C’,goo) (Y)
and we define Darb (Y') to be the smallest integer k such that

dim € (V) > 2. (6.10)

The infinite sequences of functionally independent invariants obtained in each of the cases I, I1a,
IIb and III may be generated by successive differentiations. Indeed, on account of Proposition 3.1,
with I and J of minimal possible order, we may choose the characteristic total vector fields X and
Y to commute. If I is an X invariant function then Y'(I) is also an X invariant function. It is
proved in Goursat that the sequence of invariants (6.5), (6.6), (6.7) and (6.8) may be generated in
this fashion. In particular, in Case III, the invariants I}, I} and I> may be chosen so that

I =Y(I}). (6.11)

Our goal now is to construct what we shall call the Darboux adapted coframe for hyperbolic
equations integrable by the method of Darboux. We begin with the following general construction
of invariant (0, 1) forms.

Proposition 6.3. Let R be a hyperbolic equation for which there exist commuting characteristics
X andY. If I, J and K are X invariant functions such that

K=Y(J) and Y()=1,
then the (0, 1) form
is X invariant.
Proof. Using the fact that I, J and K are X invariant we compute
dyw = —dydyJ —dgK Ndy I+ Kdy,dyl

=—dy(K7)-Y(EK)TANdyI+Kdy,T

=7 A [dy K — Y (K)dy (I)].
Since X (w) = X = dp(w), this implies that X (w) = 0. |

In particular, as a corollary to Theorem 4.5 we obtain the following necessary conditions for a
hyperbolic equation to be Darboux integrable.
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Corollary 6.4. Let R be a second order hyperbolic equation. If R is Darboux integrable, then the
Laplace indices ind (X) and ind () are finite.

The construction of the Darboux adapted coframe proceeds according to whether the characteris-
tic systems C'(X) and C(Y') belong to Case I, Case Ila, Case IIb or Case III. We focus our attention
on C(X) — the constructions for C(Y") are similar.

Case 1. Here we assume that Darb (X) = n and the a generating set for the X invariant functions
on R is given by
Iy, I, ILnt1=Y(,), Lito=Y(nt1),...

where m < n and Y (I,,,) = 1. By Proposition 6.3 the contact one forms
Qy = dVIn — In+1 dVIT)’H Apt1 = dVIn—i-l — In+2 dVIm; c. (613)

are X invariant. Their exterior derivatives are easily computed.

Proposition 6.5. For all i > 0, the invariant contact one forms o, 4; satisfy

dan+i = dIm AN Opyti41- (614)

Casella. In this case Darb (X) = 1 and a generating set for the X invariant functions is given by

I, L, L=Y(h), L=Y(),...,
where Y'(I7) = 1. We apply Proposition 6.3 to obtain the X invariant contact one forms

ar =dylh — Ldyl], ax=dyly—1I3d,I],...

For ¢ > 2 it follows from (6.4) that

a; = aqn; mod {©,n1,m2,...,Mmi—1 },
where a; is non-zero. We also have that

a1 = a1 mod { O},
where ay is non-zero. Indeed, if a; = 0 then because
dg® =0 A& +T7AMm mod { O}

we would have that
dyar =0 mod { ©,n,& }.

But in view of the structure equation
dgar =7 ANag =ast Az mod {©,m1,& }
this contradicts the fact the as has adapted order 2. We have necessarily
ind(Y)=0

so that the initial generalized Laplace invariant Hy must vanish. The part of the Darboux adapted
coframe associated to C'(X) is given by

{a1,a0,a3,...}
and, as before, the d structure equations are

dOéi = dI{ A Q41 (615)
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CaselIb. In this case Darb (X) = 2 and the X invariant functions are generated by
I, L, IL1=Y(lL), L=Y(I),...
where Y (I}) = 1. Again we apply Proposition 6.3 to obtain X invariant forms
ag=dyly— I3dyly, a3 =dyls—IidyI,...

which satisfy, for i > 3,
o = agm; mod {©,ny,...,m1},

where a; is non-zero. A similar argument as presented in Case ITa shows that
g = asno mod {0, },
where ao is non-zero. By Theorem 4.5, we have that
ind (Y) <1,
and the part of the Darboux adapted coframe which arises from C(X) is

{m,as,as,...}.

When ind (¥) = 1, n; is the (0,1) form Y(©) defined by (4.17) and when ind (¥) =0, n; is an X
invariant multiple of Y(©). For i > 2, the structure equations (6.15) hold.

Case III. We have that Darb (X) = 2 and the X invariant functions are generated by

I, I, L I1=Y(L), I,=Y(l3),....
We apply Proposition 6.3 to obtain the X invariant forms

ay =dyly—LdyIi, as=dyly—I3dyly, az=d,I3—Iid,Iy,....
For ¢ > 3, equations (4.33) and (6.4) show that
o = an; mod {O,n1,...m-1 },
where a; is non-zero. The argument used in Cases Ila and IIb may be applied to show that
Qo = asno mod { O, },

with a2 # 0. Finally, even though I, I, and I> are of order two, the structure equations

dyor =T N ag = asT A1 mod {©,n }
imply that oy must be of order one, that is,

a1 = aim mod { O},
where a; is non-zero. By Theorem 4.5, this implies that the
ind(Y)=0

and the initial generalized Laplace invariant Hy vanishes. The Darboux adapted coframe associated
to C(X) is
{a1,a2,a3,...}
and the structure equations are as before.
It is a simple matter to explicitly construct infinitely many conservation laws for Darboux inte-
grable equations.
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Theorem 6.6. If R is a Darboux integrable equation, then there are infinitely conservation laws
of type (1, s) for all s > 0.

Proof. Recall that when X and Y commute, the dual horizontal forms o and 7 are dj; closed. Thus,
if I is any X invariant function and J is any Y invariant function then the type (1,0) forms
a=I7 and f=Jo

are evidently d closed. They define non-trivial conservation laws provided I # Y (I’) and J # X (J')
for invariants I’ and J'. To construct type (1, s) conservation laws, we first observe that if & is any d
closed s + 1 form on R>° with vanishing type (2, s — 1) component then its type (1, s) component is
dy closed. In particular, if Iy, I, ..., Is41 and Ji, Ja, ..., Jo41 are X and Y invariant functions,
then the forms

o= Wl’s(dfl ANdIg N« A d[g_l,—l)
and

8= Wl’s(djl ANdJa N--- A dJs+1)
are dy closed forms of type (1,s) on R>°. For appropriate choices of the invariants I; and J;, these
conservation laws will be non-trivial. In fact, we can use a construction due to Olver [33] to make
this more precise. Fix k > p 4+ s. We show that for any non-zero form

n e (api1, 0pr2, ., ak1),

where Z is the ring of X invariant functions, the type (1, s) form

wWw=TANag1 Nag An
is dy closed but not dy exact. The form w is dy closed because 7 is dj closed and because
ap+1 A ai Anis X invariant. To show that w is not dj; exact, we proceed by contradiction and
suppose that there is a (0, s) form v such that d;;y = w. Since

dgy =0 ANX(7) +7AY(7),

we immediately deduce that v is X invariant and that

Y(v) = agy1 Aok An. (6.16)
This implies that v € Q5(ap+1, @pt2, ... ) Moreover since the adapted order of w is k + 1, it is easy
to argue that the adapted order of v must be k. We can therefore express v in the form

v =arg NS+,

where both 8 and ¢ are X invariant forms of adapted order < k — 1. But if we substitute this
expression for v into equation (6.16) we deduce that 8 = ay A n which implies that § is of order k.
This contradiction proves that w is not exact. |

We conclude this section with some specific examples taken from Goursat [23]. For the equation
s = pu, the characteristic vector fields are X = D, and Y = D,, the Laplace invariants are Hy = 0,
Ko = K; = p and Ky = 0, the X invariants are I = y and I’ = ¢ — u?/2 and the Y invariants are

3r2 — 2u
J=zand J = o~ ezl For the equation rs = p we find that the characteristic vector fields

2p2
are X = D, +p/s*Dy and Y = D,, Hy =0,
2 2
p p p

K is a rather complicated fifth order function, and Ky = 0. The invariants are [ = s — 2, I’ = s%/p
and [” =y —p/s and J =y, J' = uyyy + $°Uyzyy/p. Finally, for the equation 3rt> + 1 = 0, the
characteristics are Xy = D, + 1/t2D,;, the Laplace invariants are

Uzyyy
F2 FER

2
_ o Yayylyyy Uyyy Uyyyy
Hyp = £2-"0000 4 613t — 280
Hy1 = 0, and the invariants are I+ = s+ 1/t and I’y = zIy —¢q. In [4], the derived flags for
the characteristic Pfaffian systems for the equation rs = p are determined in terms of the Laplace
adapted coframe from which the invariants are readily computed.
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§7. Proof of Theorem 5.7. Let F: Q0% (R>) — QU3 (R>),
Flw)=XY(w)+ AX(w)+ BY (w)+Cw (7.1)

be a hyperbolic total differential operator defined on the equation manifold R*° of a second order
hyperbolic equation with characteristics X and Y. Let F* be the adjoint of F, as defined by (5.3).
We begin by reviewing some relations between the Laplace transforms of F and F*.

With the commutator of X and Y given by (3.5), we note that F and F* can also be expressed
in the equivalent form

Fw)=YX(w)+ DX(w)+FEY W)+ Gu, (7.2)
and
F*(p) = YX(p) + D*X(p) + E*Y () + G, (73)
where
D*—P—-A=2P-D, E'=-B-Q=-E and
G"=C"=-X(D—-P)-Y(E)+G—DE+ (D - P)(E+Q). 74

The next four propositions summarize the basic relations between the Laplace invariants of F
and the invariants of F*. All are proved by simple computation. See [5] for details. Similar results
are obtained in [19].

Proposition 7.1. The Laplace invariants of F and F* are related by

H(F*)=K(F) and K(F*)=H(F). (7.5)

If H(F) # 0, then
KY(F)=H(F) and  HY(F))=K(X(F)). (7.6)

If K(F) # 0, then
HX(F)=K(F) and K(X(F)) = HY(F)). (7.7)

H(X(F)) = K(F7)) (7.8)

and if H(F) # 0, then
H(X(F7)) = K(V(F))- (7.9)

Now let [ be a non-zero real valued function on R*. We define the conjugate of the operator F
by [ to be

~ 1
Fi=7-F-l.

The following result shows that the generalized Laplace invariants are absolute invariants under
conjugation and that the generalized Laplace transforms commute with conjugation.

Proposition 7.3. The Laplace transforms of F and .7?1 are related by
H(F)=H(F) and K(F)=K(F) (7.10)

and moreover, provided H(F) # 0 and K (F) # 0 respectively,

VFE) = VF L ad X(F) =

~| —

CX(F) L (7.11)
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Proposition 7.4. If H(F) # 0, then K(F*) # 0 and

V(F)) = ﬁ X(F) - H(F) (7.12)
and, if K(F) # 0, then H(F*) # 0 and
[X(F)]" = % S V(F) - K(F). (7.13)

Proposition 7.5. Ifind y(F) = p, then for all i <p

H(Y'(F)) = K(X'(F")) (7.14)
and hence
ind yF = ind x (F*). (7.15)
Similarly, if ind x (F) = ¢, then for all j < ¢
H(X(F)) = KV (F")) (7.16)
and therefore
indx(f) Zindy(f*). (7.17)

We shall need with some formulas for the coefficients of the iterates of the Laplace transforms.
Suppose that ind ) = p and ind X = ¢q. Write

VI(F)=XY + A;X + BY +C;, i=1,2,....p
XI(F)=YX+D;X + E;Y + Gy, i=1,2,...,q

VI(F)=XY+AX+BY+C;, j=12...4

and
X(FY=YX+D;X+EY+G;, i=12,...p

Then simple induction arguments prove that

Ai :A—Y(IOgHoHl'”Hi,l) —iP, Bi :B—iQ, (720)
Ej=B-X(log KoKy Kj—1)+(+1)Q Dj=A+(G+1)P. (7.21)

It then follows from Proposition 7.5 that
Df=—-A+(i+1)P and E=-B—-X(logHyHy---H;—1)+ (i —1)Q. (7.22)

We now turn to the proof of Theorem 5.7. By Proposition 7.5, we have that K} = K(X(L*)) =
H(Y'(L)) = H; for all i < p and hence

Ky #0, K{#0, ... K, ;#0, K;=0.
Consequently, we can iteratively construct the X Laplace transforms of the operator £*. Define, for
notational convenience, F* = X*(L*), fori=1, 2, ..., p,

H; = HoH;---H;_,

and
le QO,s—l(Roo) N QO,s—l(Roo)
b
Y 1 1 1
Hpl) = o Yrlg Vel g Ve (Hpa)]--], (7.23)

Similarly, if ind (X) = ¢, we define

’qu QO,sfl(Roo) N QO,sfl(Roo)
by )

1 1
Ka(B) = o Avenlgg, Breenl - lg | Avocen) (KoK KgaB)] . (7.24)

We shall prove the following two theorems from which Theorem 5.7 follows immediately.
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Theorem 7.6. Let s > 1. Suppose ind (V) = p and o € Q%*~1(R>) satisfies (5.25). Then the
form p, = H,(«) satisfies the adjoint equation L*(p,) = 0 and there is a y € Q%°(R>°) such that

(1) 7 A s Aa = Wlpa) +dyg (7). (7.25)

Ifind (X) = q and B € Q%*~1(R>) satisfies (5.26), then the form ps = K (/) satisfies the adjoint
equation L*(pg) = 0 and there is a v' € Q%%(R>) such that

(D)o Aégir A B =T(p) +dy (). (7.26)

Theorem 7.7. Suppose ind ()) = p and ind (X) = q. Let p € Q"*"1(R>) be a solution to the
adjoint equation L*(p) = 0. If s > 3, then p may be expressed in the form

p=Hp(a) + Kq(5), (7.27)

where o and (3 satisfy (5.25) and (5.26) respectively. If ind (X') = oo, then (7.27) remains valid with
B=0.

Proof of Theorem 5.7. Write a ~ (3 if o and 3 are two dj; closed, cohomologous forms. If djyw = 0,
then there is a form p satisfying £*(p) = 0 such that w ~ ¥(p). But by Theorem 7.7, p =
Hp () + Ky(B) and therefore, by Theorem 7.6 (and ignoring the factors of (—1)P™! and (—1)7+1),

W~ W(p) = U(Hy () + UK (D)) ~ 0 Agir AB+T Aty A

|
The proofs of both Theorem 7.6 and Theorem 7.7 depend upon the following lemma.
Lemma 7.8. Suppose ind (¥) = p and s > 1. Let p € Q%71(R>°) and define
1
pr=2AXe(p), p2=Xp(p1), ... pp=Apri(pp-1) and @ =gz pp.
P
If p is a solution to the adjoint equation L*(p) = 0, then p may be expressed in the form
p=Hpy(a), (7.28)
where « satisfies the first order system of total differential equations
X(@)=[B-(p- Qo+, (7.29a)
Y(7) = [A - (p+ )P - Y(log H,)] 7. (7.29)

Conversely, if (o, ) are type (0,s — 1) solutions to (7.29), then p, = Hp(a) satisfies L*(pa) = 0.

Proof. In effect, the system (7.29) is the result of p successive applications of the X’ Laplace transform
to L*(p) = 0. The key point to observe is that, as a consequence of the fact that H, = 0, the system
(7.29) partially decouples. The form  is a relative Y invariant form and - then determines « up to
a relative X invariant form.

If £*(p) = 0, then by Proposition 4.1 the forms p; satisfy

.7:1(/)1)20, .7:2(/)2)20, fp(pp)zo
and

Vri(p1) = Hop, Vr2(p2) = Hipr, ... Vre(pp) = Hp-1pp-1-
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1
The composition of this last set of equations gives p = H,(«), where a = o The equations
P

(7.29) are equivalent to FP(p,) = 0. Indeed, if we set

P = Xrn(py), (7.30)

then, because H, = K = 0, the equation F?(p,) = 0 holds if and only if

yfp+1(pp+1) =0. (731)

Written out in full, equations (7.30) and (7.31) become (7.29a) and (7.29b) respectively.

Conversely, suppose that («,y) are a pair of type (0,s — 1) forms which satisfy (7.29). Then it is
easy to check that the form o, = Hya satisfies FP(c,) = 0. Accordingly, if we define a sequence of
forms by

1 1
ap—1 = myfv (Oép) = o, [Y(ap) + (A —I—pP)ozp],
- Hilyp(ai) - ﬁ V() + (—A+iP)ai], ... (7.320)
Ly _ L1y A4 P
Pa o (o) = E)[ (1) + (=A+ P)ai],

then it follows from Proposition 4.1, that

Frla, 1)=0, ... FYa1)=0, L*(pa)=0. ]

Proof of Theorem 7.6. We first note that the forms «; also satisfy
ap = Xpp—1(ap-1) = X(ap-1) + E; 01
= X(ap-1) + [-B — X(logH,_1) + (p — 2)Q] ap1,
ait1 = Xri(oy) = X(ow) + Ef o (7.32Db)
= X(a;) + [-B — X(logH;) + (i — 1)Q] i,

a1 = X+ (pa) = X(pa) + [-B — @] pa-
1 )
Define, 60=§®Apa and fori=1,2,...,p,

1

=i ANy
H,"

€

Recall from (5.7) that

W(pa) = 0 AOA[X(pa) ~ (B+Q)pal +7 A A pa -+ dyg(~ 30 A pa)

1
=cANOAa;+TAM /\Pa+dH(—§@/\Pa)- (7.33)
Then we compute, for i =2, 3, ..., p— 1, using (7.32b),
1 1 1
X(El) = — [—X(IOgHi) ni N\ oG + X(m) Ao+ N X(Oéi)] = Ni—1 N oG + —— 1 N Qg1
H, H, H;
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and, using (7.32a),

1 1 1
Y(Ei) = —[—Y(log Hl) ni N\ oy + Y(m) Ao+ m; A Y(Oci)] = — Mir1 N + —— M N 1.
H, H; H;,

Together, these formulas yield, fori=2,3, ... p—1,

1 1
dpe; = [CARni—1 AN +T AN Aai—1] + == [0 A A i1 + 7 A i1 A agl.
H, ; H,

These same computations show that

1
dyle1)) =0 ANONa1 +TAMApa+ — [ A1 Aag + 7 Ane A aq],

Hy
and )
dy(ep) = H—[a Afp_1 ANap +T Anp Aap_1] + T Anpr1 A a.
p—1
If we set
e=¢ —€+eat+--+(—1)P¢
we find that
dye =dyeo —dyer +dyes + -+ (=1)Pdyep = —V(pa) + (—=1)PT Anpy1 A a.
and Theorem 7.6 is proved. |

We need the following lemma for the proof of Theorem 7.7.

Lemma 7.9. Suppose ind () = p and ind (X) = q. If s > 3, then any form « satistying (7.29) can
be uniquely decomposed as

a = ag + o, (7.34)
where « satisfies
X(ag)+[-B+(p—1)Q]ag =0, a0 € X Hpr1s Mps2, - - - ),s (7.35)
and where
Yo € X N1, Eqray - - ) (7.36)

If ind (X) = oo, then (7.34) holds true with vy = 0.
Proof. Consider the following C*°(R>°) modules of differential forms

U = Qi(np+lv77p+2v77p+3a )

and

Vj = Qj(gvnlan%"'ﬂpvflvf%"')'

By appealing to the dj structure equations given by Proposition 4.2, it is not difficult to check,
because H, = 0, that these spaces are all X invariant, that is,

XUYcu' and X(VI)cC V.
For s > 2, we have the direct sum decomposition

IR = P ue). (7.37)
i+j=s—1
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Since 7 is a relative Y invariant, we can use Theorem 4.5 to conclude that

v € QN (Eq1,Egr2, - ) C VT

Now write

5—2
a=PBc1+ Y o AB1itas,
i=1

where a; € U and (3; € VJ. We substitute this representation of a into (7.29a) to find that
v=X(Bs—1) + X(a1) A Bs—2+ a1 A X (Bs—2) + -+ X(as—1)
+[-B+(p—1)Q] (Bs—1 + a1 ABs—a + -+ as_1).

By virtue of the direct sum decomposition (7.37), we conclude that

v =X() +[-B+(p—1)Q] 0, (7.38)
where
Yo = ﬁs—l S Qs—l(e), N,1n2, .- 771))515527 ce ) (739)
A comparison of (7.38) and (7.29) shows that the form ag = a — o satisfies
X(ao) +[-B+(p—-1)Qlag =0 (7.40)

and is therefore a relative X invariant. This proves (7.35).
We return to (7.38) to prove (7.36). The interior product of (7.38) with V? gives

X(VP=0) +2[=B+(p - DQI(VP = 1) =0

and hence
VP =9 € Q2 (py1,p2s -+ )
But, by definition, we have

VP Y € 9572(@7771)7727" '77;D7§17§25' )

and therefore, because s —2 > 1, VP = 4y = 0. We hook (7.38) in succession with V=1 V=2
VLU, WL, W2, ..., W9, At each step we find that the forms VP~ — vy, VP22, ..., Wi— g
are relative X invariants and must therefore vanish. This proves (7.36). ]

Proof of Theorem 7.7. If ind (X) = oo, then the combination of (7.28) and (7.34) (with vy = 0)
immediately leads to (7.27).
Suppose then that ind (X') = ¢. Then these equations now imply that

p=Hp(ag) + 9, (7.41)

where § = H,(y0). Since

V(0 (€1, Egr2 ) TN (€1, €gr2, -+ -)
it follows that

Vaie) (7 (g, €grar- ) C O (Egr1, Egray - -))
and thus

HP(QS_1(§Q+17 §qt2s- - )) C Qs_l(€q+1a Eqv2,- - ))-

This shows that § € Q7 (&,41,&,42, - .. ). But because ind (X) is finite we can also solve the adjoint
equation £*(p) = 0 by successive applications of the ) Laplace transform to deduce that

p=0d+Ky(Bo) (7.42)
where [y satisfies (5.26) and 6 € Q* (1,11, 7ps2,-..,). A comparison of (7.41) and (7.42) implies
that 6 = Ky(Bo) and 6 = Hp(ap). This proves (7.27). |
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68 Concluding Remarks. In this paper we established, in Theorem 5.1, a normal form for all
type (1,s), s > 1, conservation laws for second order, scalar, hyperbolic equations in the plane. The
methods used in deriving this normal form are quite general and have wide application in addition to
those given here. In [6], we repeat the analysis of sections 5 and 7 for the case of parabolic equations
in the plane and we prove that for such equations H* = 0 for all s > 2 unless the so-called Goursat
invariant for such equations vanishes. In this case there are infinitely many conservations laws for
all s. The normal form for the conservation laws for the BBM equation is easily obtained and can
be used to dramatically simplify Olver’s classification of the conservation laws for this equation [29].
Similar normal form methods have been used by Bryant, Griffiths, and Hsu [14], [15] in the study of
conservation laws for parabolic equations in the plane and for special classes of first order hyperbolic
systems in 2 independent and 2 dependent variables. Normal forms for lower degree conservation
laws, that is, conservation laws of type (r,s) where r < n —1, s > 1 and where n is the number
of independent variables have been obtained for many of the equations of classical field theory [9]
and used to give elementary proofs of the results found in [11]. Most recently, these normal form
techniques have proved useful in studying asymptotic conservation laws in general relativity [10].

As a simple consequence of Theorem 5.1, we showed that unless one of the sequences of generalized
Laplace invariants vanishes, then all type (1,s) conservation laws are trivial for s > 3. We also
proved that if a second order equation in the plane is semi-Darboux integrable, then it admits
infinitely many form-valued conservation laws of type (1,s) for all s > 0 and we used our normal
form theorem to explicitly classify all form-valued conservation laws for semi-Darboux integrable
and Darboux integrable equations of type (1,s), s > 3. It is an open problem to extend our results
to the case s = 1 and s = 2. There is currently much interest in generalizing the method of Darboux
to higher order equations and to equations with more independent and dependent variables. A
careful study of the examples found in Forsyth [19] makes apparent the fact that equations which,
in the appropriate sense, are semi-Darboux integrable will always admit infinitely many contact
form-valued conservation laws of high degree. Thus it would appear, quite generally, that the non-
triviality of the cohomology groups H:*(R>°) for large s is closely tied to the existence of geometric
integration methods.

In the course of proving these results we used the classical method of Laplace to construct a
certain coframe, called the Laplace adapted coframe, for the infinitely prolonged equation manifold
R of a second order, scalar, hyperbolic equation in the plane. Certain coefficients H; and K in the
structure equations for this coframe are easily seen to be relative invariants of R which reduce to the
sequence of classical Laplace invariants in the case of linear equations. As an immediate consequence
of our analysis of higher degree conservation laws, we found that the sequence of generalized Laplace
invariants H; and K; must terminate for Darboux integrable equations. Recently, Sokolov and Ziber
[35] established the converse for the equation

U’x’y = f(m)y7uau$auy) (81)

by noting that if H, = 0 and K, = 0, then the non-zero invariants H; and Kj; satisfy the 2 dimen-
sional Toda lattice equations. In [4], the full structure equations for the Laplace adapted coframe
are obtained and used to completely determined the derived flag structures for the characteristic
Pfaffian systems Ci(X) and Ci(Y). From this analysis it then follows that any second order, scalar,
hyperbolic equation in the plane is Darboux integrable if and only if the sequence of generalized
Laplace invariants terminates and one can determine precisely the orders at which the characteristic
invariants arise. This analysis also shows how, as a practical matter, the Laplace adapted coframe
can be used to explicitly find the characteristic invariants.

The Laplace invariants have a number of other interesting applications [24], [25]. Tt can be shown
that the equation F' = 0 admits a complete first order intermediate integral V (z, y, u, tuz, ty, @, b) = 0
depending on 2 arbitrary constants a and b if and only if Hy = 0 or Ky = 0. The equation possesses
a general first order intermediate integral I = ¢(I’) depending on 1 arbitrary function ¢ if and
only if Hy =0 and M, =0, or Kg = 0 and M, = 0, where M, and M, are the so-called Monge-
Ampére invariants. It is also possible to uniquely classify a number of simple equations in terms of
their Laplace invariants. For example, the equation (8.1) is contact equivalent to the wave equation
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2u

—— ifHy=Kg=0,if Hp= H; = Ky #0,
@+ 0 0 0 1 0F
or if Hy = Ky # 0 and H; = 0, respectively. It is interesting to note that another invariant which

arises in the study of H™?(R°) can be used to distinguish these latter 2 equations.

Ugy = 0, to Uzy = u, or to either uyy = " or uyy =
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