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1. Introduction

A method to simplify the integration of a scalar ordinary differential equation
(ODE) by utilizing its symmetry group was known to Lie and is described in
detail in numerous texts [13], [3]. This classical procedure involves performing
a sequence of differential substitutions in which the original differential equation
becomes one of lower order. Solutions to the original differential equation are
then found by first integrating the lower-order equation and then back integrating
the differential substitutions. In this paper we reconsider this integration process
geometrically in terms of Pfaffian systems.

Every scalar nth-order ODE can be identified with an (n + 1)-dimensional
differentiable manifold R and a rank » Pfaffian system / on R. The manifold R
can be considered as the domain of initial conditions for the differential equation,
and a solution to the differential equation is an integral manifold of /. A symmetry
group of the differential equation is then a Lie group G which acts on the manifold
R and preserves 1.

Lie’s integration process admits a simple geometric description in terms of R,
I, and G. The geometric equivalent to the reduction of order step in Lie’s process
becomes finding a quotient space R, and the quotient Pfaffian system I on R. The
back integration of the differential substitution becomes the problem of solving the
horizontal lift equations for a connection on a principle G bundle. This geometric
formulation can be thought of as the dual point of view to the integration process
in [7] and [6].

Approaching the integration problem in this way has a number of theoretical
as well as practical advantages. First, the subset of the initial conditions for the
solutions which are invariant under a one-parameter subgroup are determined
algebraically. Then the subset of initial conditions on which the reduction process
is valid is also determined completely algebraically. These domains are determined
before any integration is performed. In comparison, the domain of application and
the role of the invariant solutions in the algorithm given in [13] or [3] is difficult to
determine. For example, it might not be possible to find the general solution (6.7)
in Example 6.3 in Section 6 using the algorithm from these references.

A second advantage to our approach is that the algebraic steps in the reduction
process are easily identified. For example, the computation of the quotient Pfaffian
system I can be done using only algebraic operations.

The last advantage we mention is related to the differential equation which
determines a horizontal lift for a connection on a principle fiber bundle. This
equation is a special differential equation known as an equation of fundamental
Lie type. Equations of fundamental Lie type are geometric differential equations
on a Lie group which have many useful properties. For example, if the group is
solvable, then the equation can be integrated by quadratures (this may only be true
locally if the group is not simply connected). This property leads to a geometric
proof of the well-known theorem that “an nth-order scalar ordinary differential
with an n-dimensional solvable symmetry group can be integrated by quadrature.”
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Our approach allows us to precisely state the hypothesis and domain on which this
theorem is valid.

In order to use the symmetry group of a scalar ODE to simplify solving the
equation, the first step suggested by the geometry of the problem is to consider the
subset R™ C R of initial conditions where solutions with initial values in R™ are
contained in the orbit of a one-parameter subgroup of the symmetry group. This
set of initial conditions and the corresponding maximal solutions, which are the
orbits of one-parameter subgroups of the symmetry, are easily found using only
algebraic operations.

The geometry of the problem then leads us to consider three distinct cases. The
different cases are distinguished by the dimension of the group G. The first case is
when the dimension of the symmetry group is less than the order of the equation.
In this case there exists a dense G-invariant open set of initial conditions R® C R
where the reduction process described above is valid. The set R® is determined
algebraically from the symmetry group G and the equation.

The second case is where the dimension of the symmetry is equal to the order
of the equation. In this case there exists an algebraically determined G-invariant
open set R of initial condition where the union R® U R is dense in the set R of
all initial conditions. Solutions with initial conditions in R® are found by solving
an equation of fundamental Lie type. There are differential equations where R®
is empty and all solutions can be found algebraically. These equations are easily
characterized, and an example is given.

The last case consists of differential equations where the dimension of the
symmetry group is greater than the order of the equation. In this case there exists
an algebraically determined open set of initial conditions R® such that the union
R® U R™ is dense in R. Solutions with initial values in R® can be found by
quadratures.

The contents of the paper are as follows. Section 2 contains the necessary back-
ground on Pfaffian systems with symmetry. Included in Section 2 are some basic
results on invariant integral manifolds of completely integrable Pfaffian systems.
These results are used in Sections 3, 4, 5, and 6 to study the invariant solutions
to ODEs.

Section 3 begins with an introduction to group actions on the jet space J" (R, R).
The second part of Section 3 provides some results on the orbit structure of contact
transformation on J" (R, R). These results are essential in determining the domain
of application of the integration process.

Section 4 begins with the basic definitions which make a scalar ODE into a
geometric quantity. External symmetry groups are also defined. We generalize
these definition and define a geometric structure on a manifold called an nth-order
scalar ODE structure. This definition is essential in order to be able to make a
precise statement on when the quotient of an ODE by an external symmetry group is
an ODE of lower order. The results of Section 3 are used to study the orbit structure
of a symmetry group of an nth-order ODE structure. The quotient of an ODE
structure by a symmetry group is then shown to be an ODE structure of lower order.
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Section 5 contains the geometric analogue of the two-step integration method
of Lie. At the end of Section 5 the results of the preceding sections are summarized
in terms of the practical matter of integrating a scalar ODE.

Lastly, Section 6 contains four examples demonstrating the theory.

2. Completely Integrable Pfaffian systems with Symmetry
2.1.  Preliminaries

Let M be an n-dimensional differentiable manifold, 7*M the cotangent bundle,
and Q' (M) the space of differential one-forms on M. A Pfaffian system 7 is a
submodule Z C Q' (M) over C*®(M). The Pfaffian system 7 is of constant rank r
if there exists a rank » subbundle / C T*M such that 7 is the space of sections of
I. We will only consider constant rank Pfaffian systems and simply refer to I as a
Pfaffian system.

The algebraic ideal in 2*(M) generated by a Pfaffian system I will be denoted
by (I).1f6 € I, then by dd mod I we mean modulo (7) N Q*(M).If U is an open
subset in M, then I (U) C T*U is the restriction of the bundle I to U while Z(U)
are the corresponding sections.

Given a set § = {#%},c4 Where 8¢ € Q' (M), we denote by 7 = [6%],c4 the
Pfaffian system generated by S over C*°(M). If 7 is also of constant rank, we also
write I = [0],c4 for the corresponding bundle.

The derived system Z' C Z is defined by

IT'=[0€Z|dd =0mod]].

We will assume that 7’ is constant rank so there exists a rank ' subbundle I’ C
T*M such that 7’ is the space of sections of I’. The bundle I’ is determined
pointwise by

I; = span{f, | 0 € Z(U) and d6 = 0 mod I (U)},

where x € M and U C M is any open neighborhood of x.

Setting 7! = I, the higher derived systems are defined inductively and, as-
suming they are of constant rank, we have I*) = (1%*~1)"_ This leads to the derived
flag

1 c...c1?ci1VcI1crmum,
where 10 = 1.

The annihilator I+ C TM of the rank r Pfaffian system [ is the rank n — r
subbundle defined pointwise as

I ={XeT.M|6(X)=0forall§ € I,}. 2.1

A Pfaffian system I is completely integrable if I+ is completely integrable. Equiv-
alently, the Pfaffian system [ is completely integrable if and only if I’ = I. The
complete integrability of I can also be checked locally.
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Corollary 2.1. A Pfaffian system I is completely integrable if and only if for all
X € M there exists an open set U containing x, and a basis of sections {0'}1<i<,
of 1(U) such that'

do' = pi A O* (2.2)
for some ,0,{ S Ql(U), 1<j,k<n.

An integral manifold of a Pfaffian system [ is an immersion t : N — M
satisfying

"6 =0 forall 6 €. 2.3)

Condition (2.3) implies dim N < n — r. If I is of codimension 1 (rank n — 1),
then the integral manifolds are curves. An integral manifold N is maximal if N is
connected and the image of N is not a proper subset of another connected integral
manifold. If I is completely integrable, then the existence of integrable manifolds
is given by Frobenius’ Theorem [16].

Theorem 2.2 (Frobenius’ Theorem). Let I be a completely integrable rank r
Pfaffian system on the n-dimensional manifold M. Then through each point p € M
there exists a unique maximal integral manifold having dimensionn — r.

See [4] for more information on Pfaffian systems.

2.2.  Symmetries of Pfaffian Systems and Quotients

Let G be a Lie group of dimension m acting on M with multiplication map u :
G x M — M. The notation u(g, p) = g p will be used. Let u, : M — M
be the diffeomorphism u,(p) = u(g, p), and let u, : G — M be the function
Hp(g) = (g, p). Denote by g = T, G the Lie algebra of G, with the Lie bracket
on g being induced by the bracket for the right invariant vector-fields.

The homomorphism p : g — x (M) to the vector-fields x (M) on M is defined
by

d
p(z)=72 where Z, = Eu(exp(rz), p) 0’ Z€g, 2.4)

and exp(tz) is the one-parameter subgroup of G generated by z. It follows from
this formula that

Zp = (va)*L 2.5)

The image of g by p is the Lie algebra of infinitesimal generators which will
be denoted by I' = p(g). We also let I' C T M be the completely integrable
distribution defined pointwise by I, = span{I'(p)}.

! The summation convention will be used throughout.
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Lemma 2.3. Letz € gandlet Z = p(z). Then, forall p € M and g € G,

(L g*Zp = p(Ang)gp;
(D) (up)«(Lg)sz = p(Adyz)gp; and
(3) g*Fp = ng~

Proof. A proof of (1) is given on page 269 in [1]. To prove (2), let L, denote left
multiplication in G by g € G. Then, as functions from G to M,

Mp oLy =pigopp. (2.6)
The differential of equation (2.6) is
(p)s(Lg)s = (g)s(tp)s-
Evaluating this on z € g and using part (1) proves part (2).
Part (1) implies that g,(I',) C I, and ('), (I,) C I',. This proves (3). O

A Lie group G acting on M acts locally effectively on subsets if for every
nonempty open set U C M, the subgroup of G which fixes every point in U is
discrete.

Lemma 2.4. A Lie group G acting on M acts locally effectively on subsets if and
only if for each open set U C M the map p : g — T'y is an isomorphism.

Proof. Suppose U is an open set of M and there exists z € g, with p(z)y = 0.
Let H C G be the one-parameter subgroup generated by z. Then each point in U
is invariant under H. It easily follows from this argument that the action is locally
effective on subsets if and only if p : g — 'y is an isomorphism. O

ALie group G acts locally freely on M if, foreach p € M, the isotropy subgroup
G,=1{geGlgr=p}
is discrete. Let M C M be the open subset
M ={p e M |rank I, = m}, (2.7)

where m = dim G. The next lemma shows that M? is the maximal subset of M
on which G acts locally freely.

Lemma 2.5. Let G be an m-dimensional Lie group acting on M. Then G, is
discrete if and only if p € M*.

Proof. Letp € M.Theisotropy subgroup G, is discrete if and only if the isotropy
subalgebra satisfies

g, =kerp, =z g| p(z), =0} = 0. 2.8)
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Therefore G, is discrete if and only if p, : g — I, is a vector-space isomorphism
which is equivalent to p € M*. O

Clearly if dim G > n, then G can never act locally freely on M, and M* = ¢.

Let M /G be the quotient space and let q : M — M /G be the projection map.
If we use the notation M for the set M /G, then the action of the Lie group G on
M will have been assumed to act on M in a sufficiently regular manner so that
M is a differentiable manifold with the projection map q : M — M being a
submersion. See [13] for more information on this hypothesis. One consequence
of this assumption is that the orbits of G on M all have the same dimension. If
the orbits are of dimension ¢ then the dimension of M is n — ¢. We also note that
ker q. = I We will use the notation M /G when the action of G on M may not
have the regularity property above.

A Lie group G acting on M is a symmetry group of the Pfaffian system I if
for all g € G, g*I = I. The elements of a symmetry group of a Pfaffian system
map integral manifolds to integral manifolds. That is, if s : N — M is an integral
manifold of 7 and g € G, then g o s : N — M is an integral manifold of 7.

We now define the reduction or quotient of a Pfaffian system by a symmetry
group. The definition given here is different than the one in [2] where the authors
work with differential ideals. For the Pfaffian systems we are interested in, the two
definitions agree.

Definition 2.6. Let G be a symmetry group of the Pfaffian system / on the
manifold M with quotient manifold M . The reduced system I C T*M is defined
by

p=1{0eT;M|q6cl}.

The subset I C T*M is not necessarily a bundle without some conditions on
the action of G. Sufficient conditions that guarantee I is a bundle can be described
in terms of two canonical intersections. The first intersection is I'N I+ C TM
where I+ is defined in equation (2.1). This subset of 7 M plays an important role
throughout the paper. The second intersection is I, = I N I'* C T*M where

Iy ={aeT;M|a(X)=0forall X € I}}.
The semibasic forms I, = I N I'" are therefore given pointwise by
Ly ,=10€1,]0(X)=0forall X e I',}.
Theorem 2.7. Let I be a rank r Pfaffian system on M, and G a symmetry group

of 1 with g-dimensional orbits. If I'0 I* is of constant rank k, then I, C T*M
and I C T*M are constant rank r + k — q Pfaffian systems.

Proof. If IMIt hasconstantrank k,then0 < k < min(n—r, g) and Iy, = INI*
is of constant rank r + k — g. Therefore I, is a subbundle.
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The rank k assumption for I' N I+ implies that the projection q,(I*) is a
subbundle of 7*M of rank n — r — k. We now check that the rank r + k — g
subbundle (q.(/*))" is I. Let @ € T;M, then & satisfies @ € I; if and only if
q*o(X),) = a(q«(X,)) =0forall X Ilf-. Thatis, ifand only if & € (q, (IJ-),;)J-.
Therefore I = (q, /)" is a subbundle of rank r + k — q. O

T_he next corollary, whose proof can be found in [2], shows that local generators
for I can be computed algebraically from local generators for I, and conversely.

Corollary 2.8. Let U C M be an open set and o : U — U a cross-section,
where U = q(U). [f{@xb}1<,<,+k q form a local basis ofsectlonsfor L, (U), then
{o* bb}1<,<,+k qform alocal baszsfor I(U). Conversely, lf{@ Yi=1,....r+k—q fOorm
a local basis for (U ), then {q*9 H<i<r4k—q form a local basis for I, (U).

If I is completely integrable, then the next theorem answers whether 1 is also.

Theorem 2.9. Let G be a symmetry group of the rank r completely integrable
Pfaffian system I satisfying rank(I' N IY) = k. Then Iy, and I are completely
integrable rank r + k — q Pfaffian systems.

Proof. Let p € M and chose an open set U C M about p such that 7*U and
I(U), where U = q(U), are trivial. Let {0%}<4<, 11—, be a basis of section for
I (U) and let 8% = q*9_°‘ which form a basis of sections for I, (U). Extend this to
a basis {6%, n"}liisq,k for the sections of I (U), and then further extend this to a
basis {8%, n', ©*}1<q<n_, for T*U.

The forms 5’ are a basis of sections for I(U) mod I, (U), and so we may
choose X, j =1...q — k, sections of I(U) satisfying ni(Xj) = (SJ’: onU.

The complete integrability of I implies that

do* = pg A 0F + P"‘n’ Al + Qg " A n’ 2.9

where p e Q' (U) and P 11’ Qg‘j € C*(U). Evaluating equation (2.9) on X; and
using the fact that the forms 6% are actually G-basic, we get

0=p5(XN6F + 2Py — Quo’,  1<l<q—k

Therefore, Pj; = Qy, = 0 and so Iy, is completely integrable.

To show that I is completely integrable, let p = q(p), andleto : U — U be
a cross-section such that p = o (p). By pulling back equation (2.9) with ¢ and
taking into account P; = Qg = 0 we get

do® = o*(p§) N 6"

Therefore I is completely integrable. O
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2.3. Transversality

Let G be a symmetry group of the rank r Pfaffian system / on M. Given p € M,
the group G acts transversally to I at p if

1
I,ni, =0.
Let M C M be the set of points in M where G acts transversally to 7,
Mt={pEM|I},ﬂI;‘=0}={p€M|rank9i(Xa)=q}, (2.10)

where {Qi}lfifr is a basis for I, and {X,}i<a<4 is a basis for I',. Let M C M
be the complement of M"" in M,

M"=M—-M ={peM|I,NI; +0} (2.11)
The set M™ consists of points in M where G is not transverse to 1.

Lemma 2.10. The subsets M', M™ C M are G-invariant.

Proof. Let p € M. The annihilator of the symmetry equation g*/,, = I, is
I = g.()).
By combining this equation with part (3) of Lemma 2.3, we have
1 i
Loy N1y, =g (I, N 1))

This equation implies that if p € M™ (or M"), then gp € M"" (or M"). O

The group G is a transverse symmetry group of I if G is transverse to [ at every
point in M, and so M' = M. If G is transverse to I, then Theorems 2.7 and 2.9
have the following corollaries.

Corollary 2.11.  If G is a transverse symmetry group of the Pfaffian system 1
with q-dimensional orbits on M, then I is a rank r — q bundle. If I is completely
integrable, then so are I, and I .

Other properties of transverse symmetry groups can be found in [2]. For exam-
ple, Proposition 4.1 of [2] implies the following.

Lemma 2.12. Let G be a transverse symmetry group of the Pfaffian system I.
If s © N — M is an integral manifold of I, then qos : N — M is an integral
manifold of 1.
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2.4. |Integral Orbits

In this section we consider the problem of constructing integral manifolds which
are orbits of a subgroup of a symmetry group of a completely integral Pfaffian
system /. Throughout this section G is an m-dimensional symmetry group of the
completely integrable rank r Pfaffian system /.

Let p € M and define 67 C I" by

5P={Zer|zpe1pi}. (2.12)

If 87 # 0, then by equation (2.11) p € M™.
Lemma 2.13. The subspace 6” C T is a Lie subalgebra.

Proof. Let X,Y € §7. We show that [X, Y], € Ilf-. Let U be an open neigh-

borhood of p and {#'};<;<, a local basis of sections of I satisfying (2.2). The
vector-fields X and Y are infinitesimal generators of the symmetry group G, there-
fore,

Lx6'=F/6/ and  Ly6' =Gi6, (2.13)
for some F; G;. € C*®(U). Taking the identity
0'([X. Y1) = (Lyd)(X) — (Lx6)(¥) +dO"(X, ),
and substituting from (2.2) and (2.13) we get
0'([X, Y]) = Gi6/(X) — Fj6/ (Y) + (p] A 6/) (X, Y), pj € Q'(U).
By evaluating this equation at p and using the fact that X,,Y, € Ipl, proves

0 (X, YD), = 0. Therefore, [X, Y], € Ilf- and so &7 is a subalgebra. O

The sought after integral manifold through p will be the orbit of a subgroup of
G having its Lie algebra isomorphic to 67.

Let g, be the isotropy subalgebra defined in equation (2.8) and let h C g be
the Lie subalgebra defined by h = p~!(§”), where p is the homomorphism in
(2.4). Clearly g, C h, and is a subalgebra. Let H be a Lie subgroup of G with Lie
algebra h, and let H,, C H be the closed Lie subgroup with Lie algebra g,

H,=HNG,={heH|hp=p).

Let 7 : H — H/H), be the standard smooth quotient map.
Lets : H/H, — M be the smooth function

s([r]) = s(z(h)) = pu(h, p) = up(h) = h - p, heH. (2.14)

The function s identifies the orbit of H through p with the homogeneous space
H/H,.
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Theorem 2.14.  The function s : H/H, — M is an integral manifold.

Proof. We begin by checking that s is an immersion, which is standard. Let
heH,?Zc¢e TyyH/H,, and z € h such that h,7,z = z. Consider the following
equation:

54(Z) = 54 (hym,2) = 5, (W hs2) = (p) s (Un)5Z = (Un) 5P (Z)p, (2.15)

which follows from equations (2.14), (2.6), and (2.5). The function u is a diffeo-
morphism of M, and so if equation (2.15) is 0, then p(z), = 0. Therefore z € g,,
which implies 7,z = 0, and that Z = 0. Thus s is an immersion.

To show s is an integral manifold we let & € I, and use equation (2.15) to get

0 (5+(2)) = 0((1n)«(1p)«z) = (13,0)(p(2)). (2.16)
By the invariance of /, 16 € 1?7, and by the definition of h, p(z), € I pl. Therefore
(2.16) is zero and s : H/H,, — M is an integral manifold. O

If 1 is of codimension one, then Theorem 2.14 has the following corollaries.

Corollary 2.15. Let I be a rank n Pfaffian system on an (n + 1)-dimensional
manifold M. If p € M™, then there exists 7 € g which is algebraically determined
by equation (2.12) such that exp(tz) p is the maximal integral curve through p.

Corollary 2.15 is used in the examples to determine the invariant solutions. The
next corollary is obvious.

Corollary 2.16. Let I be a rank n Pfaffian system on an (n + 1)-dimensional
manifold M. If a symmetry group G acts transitively on M, then the maximal
integral curve through any point p € M is the orbit of an algebraically determined
one-parameter subgroup.

3. Group Actions on J" (R, R)
3.1. Preliminaries

Let J"(R, R) be the (n + 2)-dimensional manifold consisting of the n-jets of
functions from R to R, and let (x, u, u,, ..., u,) be the standard coordinates on
J"(R, R). The contact one forms

0' =duiy —u;dx, i=1,...,n, 3.1
on J"(R, R) generate the family of Pfaffian

c*=1[0',...,0%, a=1,...,n.
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The rank of C¢ is a, and a simple computation shows that C¢~! = (C%),a =
1,...,n, where C° = 0. The derived flag of C” is then

0=Cc’cclc.-.-ccn
The two-dimensional annihilator (C?)*
equation (3.1) to be

at o € J"(R,R) is computed from

(Cy)* = span{Dy, 3,,},
where
D, =0y +uy0, + -+ +uyo,, ,. (3.2)
Let
' 'R, R) — JHR, R)

be the projection, and let Vert(r,_,) = ker(zr,/_,)+. Then
Vert(m_,) = {d,,} C (C")™*. (3.3)
A Lie group G acting on J" (R, R) acts by contact transformations if
grct =", (3.4)

That is, G is a symmetry group of the Pfaffian system C". A symmetry group of
a Pfaffian system preserves its derived flag, and so

gict =9, a=0,...,n.

Let G be aLie group acting on J" (R, R) by contact transformations. Backlund’s
Theorem [13] states that if G is a Lie group acting on J" (R, R) by contact trans-
formations, then the action is the prolongation of the action of G on J!(R, R) by
contact transformation.

Bicklund’s Theorem has an infinitesimal version. A vector-field Z on J" (R, R)
is an infinitesimal contact transformation if

L,05=0 modC”"

forall k =1, ..., n. The infinitesimal form of Bicklund’s Theorem [12] states
Z=6D:+) Q% (3.5)
a=0

where QY is a function on J' (R, R), D, is given in equation (3.2), and
£=-0,0° 0'=0@:+ud)0’  0'=D)"'0. (36

The functions Q¢ can be considered as functions on J¢(R, R) for each a =
1,...,n.
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If T is the Lie algebra of infinitesimal generators of a Lie group of contact
transformations and Z € I', then Z is an infinitesimal contact transformation and
has the form of equation (3.5).

The infinitesimal form of Bécklund’s Theorem together with Lemma 2.4 imply
the next lemma.

Lemma 3.1. Let G be an m-dimensional Lie group acting by contact transfor-
mations on J"(R, R), n > 2. The group G acts locally effectively on subsets on
J"(R, R) if and only if the action of G on JSR,R),k=1,...,n—1,is locally
effective on subsets.

3.2. Orbits of Contact Transformations

In this section we make the following assumptions. The group G is an m-dimen-
sional Lie group acting locally effectively on subsets on J*(R,R), n > 1, by
contact transformations. The vector-fields {Z,},<4<mn are a basis for I' the Lie
algebra of infinitesimal generators.

Let W¢ C J"(R,R) be the subset defined in equation (2.7), and let W' and
W™ be the subsets defined as in equations (2.10) and (2.11) where I = C”". The
set W' is the subset of J" (R, R) on which G acts locally freely. The set W’ is the
subset on which G is transverse to C", and W™ is the complement of W',

The orbit structure of locally effective actions of G on J"(R, R) are usually
sufficiently complicated so that the quotient J" (R, R)/G is not a manifold (as de-
scribed in Section 2.2). The irregularity of these orbits has important consequences
when using symmetry to solve differential equations. The following fundamental
theorem will be used to help understand some of the orbit structure.

Theorem 3.2. For any k < min(m, n) the k x k matrix
Pl =6'(Z), 1<ij<k
is invertible on an open dense subset of J" (R, R).
Proof. Letk < min(m,n), and let U C J"(R, R) be the set where Pj’ 1 <i,
Jj <k, is invertible,
U={oeJ"R,R) |detl’jf(0)7é0,1§i,j < k}. 3.7

The set U is clearly open.
We will prove U is dense using induction on k. We begin by using the infinites-
imal form of Bicklund’s Theorem (3.5), and write the infinitesimal generators as

Zy =ED+ Y Q49,. a=1...m
a=0

This gives P} = 6°(Z;)) = 0!, 1 <i,j <k.
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Let k = 1, and suppose there exists an open set V C J"(R, R) where at points
of V,

Pll = QI(ZI) = (du — u, dx) (f]Dx + Z chaua> = Q(l) =0.
a=0

Thenon V, & = 0, and Qf = 0 by (3.6), and so Z; = 0 on V. This contradicts
the hypothesis that G acts locally effectively on subsets (Lemma 2.4). Therefore
the open set where Pl1 # 0 is dense, and the theorem is true for k = 1.

Assume the theorem is true for k — 1, but that PJ’ = Q;_l, 1 <i,j <k, has
rank less than k on an open set V C J"(R, R). The induction hypothesis implies
that there exists an open dense set V' C V such that the k — 1 by k — 1 square
matrix P = Q;‘fl, 1 <a,b <k — 1, is invertible on V’. The submaximality
assumption means that the k x k matrix Pj” = Q;_l, 1 <i,j<k,isofrankk —1
on V' and, consequently, there exists r, € C*°(V’) such that

k—l1

Q=Y rof, a=0..k-1, 3-8)

=1

at points of V’. Now using QZ“ = D,Q¢, a =0...k — 2, and differentiating
(3.8) we get

k—1
Ot =D =Y ('Ot =D (rHQf —r' D Q) =0, a=0...k-2,
=1

at points of V’. Therefore, on V',
k—1
> D)0} =0, 0<a<k-—2.
=1

The matrix Qf is invertible on V’, and so
D.(r" =0. (3.9)

Now differentiating equation (3.8) with respect to u" and using 9,» O =0, j =
1,...,k,0 <a < k—1,implies that r! does not depend on u,. This, together with
equation (3.9), implies r! are constants. Now let Y = Z, —r!Z; € T". On the set V',

k—1
Y = (sk - Zrl§,> D,.

I=1

By applying equations (3.5) and (3.6) to Y, we conclude that Y = 0 on V’. This
contradicts the hypothesis that G acts locally effectively on subsets (Lemma 2.4).
No such original choice of V exists so U in equation (3.7) is dense. O
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When dim G = m < n, we define the subset W° c J*(R, R) by
W°={o € J"(R,R) | det0%(Zp)e #0, 1 <, B <m}. (3.10)
The set W© has the following properties.

Lemma 3.3. LetdimG = m < n. Then:

(1) WO is a G-invariant open dense subset of J"(R, R), and G acts locally
freely on W°.
(2) G is transverse to C*, m < s < n, on the set W°.

Proof. For part (1), the set W is G-invariant by the same argument used in the
proof of Lemma 2.10. That W° is dense is just Theorem 3.2 when m < n. The
defining condition for W implies that at p € W9, the vectors {Z,(p)}1<q<m are
linearly independent. By equation (2.7), W ¢ W* and so Lemma 2.5 implies G
acts locally freely on W°.

For part (2), equation (3.10) implies that equation (2.10) is satisfied at points
of WO, Thus G is transverse to C” on W°. Now (C*)* ¢ (C™)* form < s < n.
Therefore, if I}, N (CI’,”)l =0,then I, N (C;)l =0form <s <n. O

When dim G = m > n + 1 the following lemma on the orbit structure of G is
known [12], but we provide an alternate proof.

Lemma 3.4. [fdimG = m > n + 1, then the set
W!'={o € J"(R,R) | rank I, > n + 1}

is a G-invariant open dense subset of J" (R, R).

Proof. The set W! is open by definition and G-invariant by Lemma 2.3. We only
need to show W' is dense. Theorem 3.2 states that the n x n matrix, 6° (Zp),1 <1,
Jj < n,isinvertible on a dense open set U in J" (R, R). Therefore the infinitesimal
generators Z;, j = 1, ..., n, are pointwise linearly independent on U'.

Assume there exists a nonempty open subset V. C J"(R, R) where the orbits
of G have dimension less than n 4 1. Then on the nonempty open set V N U there
exists f/ € C*®(U N V) such that

n

Zyy1 = ijZj~

j=1
The Lie derivative of the contact forms with respect to Z,,; on U NV is

L7,.,0" = fILz,0 +06"(Z)df.

n+1
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The vector-field Z, 1) is a symmetry of the contact structure therefore,
0'(Z)df’ =0 modC"(UNV).
Since 07 (Z;) is invertible on U N V this equation implies

of/
f=O

ou,

D.(f/)=0  and

Therefore f/ are constants on U NV, and the vector-field Z,41 — f/Z; € T
vanishes on U N V. This contradicts the hypothesis that G acts effectively on
subsets (Lemma 2.4). No such V exists and the set W' is dense. O

The last lemma in this section considers the case where dimG =m > n + 2.

Lemma 3.5. [Ifdim G = m > n + 2, then either:
(1) the set
U={oeJ'R,R)|rank I, =n + 2}

is dense in J"(R, R); or
(2) G is solvable or g is sl(2, R).

In case (2), there exists an (n + 1)-dimensional solvable subgroup H C G.

Proof. The open set U consists of points lying on orbits of maximal dimension.
Suppose that U is not dense. The set W! defined in Lemma 3.4 is open and dense
and so there exists p € W' —U and an openset V. .C W' about p with VNU = ¢.
On the open set V the rank of I'is n + 1. Therefore I" restricted to U C J" (R, R)
is an (n + 2)-dimensional Lie algebra of vector-fields of contact transformations
whose pointwise span is (n 4 1)-dimensional. The local classification of contact
transformations [12], [9], [5] implies there are only a few possibilities. Either
the Lie algebra is initially intransitive on an open set in J I(R, R), or the action
pseudo-stabilizes (see Theorem 5.24, p. 153 of [12]). The Lie algebra g is then
either solvable or s/(2, R). This proves part (2). If G is solvable, then the final
comment is trivial. If g is s/(2, R), then n = 1, and again the final comment is
trivial. O

4. Scalar ODE Structures and Quotients

4.1. Scalar ODEs and External Symmetries

A scalar nth-order ODE is a subset R C J"(R, R) given by the zero-set of a
smooth function F : J"(R, R) — R which depends explicitly on u,,. Specifically,

R={oc e J"R,R)| F(o) =0}
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where F satisfies
oF
0y | g

£0.

The condition d,, F'|g 7 0 has a number of elementary consequences. First,
R ¢ J'(R,R) is an embedded (n + 1)-dimensional manifold. Second, taken
together with equation (3.3) we have

T, J"(R,R) = T, R @ Vert(x,_,) forall o € R. “4.1)

This implies that the projection map 7", restricted to 7", : R — J" '(R, R)
is a local diffeomorphism. Lastly, about each point 0 € R there exists an open set
U c J"(R, R) and smooth function f : 7, (U) — R such that

RNU ={(x,u,ty,...;uy=fx,u,ty,...,U;_1) |

4.2)
(x,u,uy, ..., up—y) €m,_ (U)}.

Let:: R — J"(R, R) be the inclusion map, and define the family of Pfaffian
systems {/“}p<,<, on R by

1Y = *C*, a=0,...,n. 4.3)

The Pfaffian systems /¢ can be written in terms of the forms ' = (*0, i =
1,...,n,as

=0 and I°=1[0',...,07, a=1,...,n. (4.4)

A solution to the differential equation is then an integral manifold s : N — R
of I", where s satisfies the condition s*t* dx # 0.

The Pfaffian system /" is of codimension 1, and so its rank is its only local
invariant. However, the collection {/“}y<,<, of Pfaffian systems does have local
invariants.

Lemma 4.1. The bundles {1°}o<,<, satisfy:

(1) rank/I*=a, a=0,...,n;
Q) I'=U",k=1,....,.n—1; and 4.5)
(3) dI'mod (I',I" A", isrank 1 ifn > 1, and rank 0 ifn = 1.

Proof. Leto € R. Equations (3.3) and (4.1) imply dim(7, R N (Cg)J-) = 1land
SO

dim((T, R)* N C") = dim(T, R)* + dim C? — dim(T, R N (C")1)* = 1.

Therefore, I = C" C TR is rank n. For the systems /¢ we have [0, ..., 0], C
C’ is a subspace of dimension a, and so [¢ = [0, ...,6%), is of constant rank a.
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This proves (1). To show (2) we choose a chart U containing o with coordinates
(x,u,uy,...,u,_1) asin (4.2). In these coordinates

9” = dul’l—l - f('x’uauxa ---’Mn—l)dxa

0% = duy_; — uy dx, k=2,....,n—1.

Therefore, by equation (4.4), I* ' = (I*Y k=1,...,n — 1.
We now check condition (3). By computing in the previously chosen chart, we
find

do' = 62 Adx mod(dx/\él,ék Aél,éi Aé-i), 1<i,j,k=<n.

Therefore condition (3) is satisfied for n > 1. The case n = 1 is trivial. O

Letu: G x J"(R,R) — J"(R, R) be an action of G by contact transforma-
tions. Then G is an external symmetry group of the equation R C J"(R, R) if the
subset R C J™(R, R) is invariant with respect to the action of G on J"(R, R). In
this case the action u of G on J"(R, R) restricts to an action ug : G X R — R
which by definition satisfies

t(ugr(g,0)) = u(g, o)) forall ge G, o0 € R.

Lemma 4.2. Let G be an external symmetry group of the nth-order ODE R,
n > 2. If G acts locally effectively on subsets of J" (R, R), then G acts locally
effectively on subsets of R.

Proof. We begin by noting that the map 7" | : R — J"~(R, R) is equivariant
with respect to G, and that by Lemma 3.1 G acts locally effectively on subsets of
J"~I(R, R). Suppose that G does not act locally effectively on subsets of R. By
Lemma 2.4, there exists a nonempty open set U C R and a continuous subgroup
Gy C G such that gp = p forall p € U, g € Gy. By the comment following
equation (4.1) we may assume that 7, | : U — m,_,(U) is a diffeomorphism.
We then find

gm, (p)=m, (gp) =7n"(p)  forall geGy.

Therefore G does not act locally effectively on subsets of J"~! (R, R) which con-
tradicts Lemma 3.1. O

4.2.  Scalar ODE Structures

In order to prove that the quotient of a scalar ODE by the action of an external
symmetry group is again a scalar ODE, we need a coordinate invariant description
of a scalar ODE. The definition we choose is motivated by the properties of the
flag of Pfaffian systems {/“}p<,<, on the manifold R for a scalar nth-order ODE
in Lemma 4.1.
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Definition 4.3. An nth-order scalar ODE structure is a pair (M, {I%}o<q<n)
where M is an (n + 1)-dimensional manifold, and {/“}p<,<, is a flag of Pfaf-
fian systems satisfying conditions (1), (2), and (3) in equation (4.5).

By the discussion in Section 4.1 above, (R, {I%}p<4<x) 1S an nth-order ODE
structure. The next theorem shows that an nth-order scalar ODE structure can
locally be identified with a scalar nth-order ODE.

Theorem 4.4. Let (M, {I%}o<4<n) be an nth-order scalar ODE structure.
About each point p € M there exists an open set U with local coordinates
(X, uy,...,Uy_1), and a smooth function f : U — R such that 1*(U) =
0',...,04,a=1,...,n, where

0¥ =duj_; —u*dx, k=1,...,n—1,and
4.6)
0" =du,_ 1 — f(x, Uy, ..., Uuy_1)dx.

Proof. If n = 1 the theorem is trivial, so assume n > 2. Let p € M and apply
Theorem A.3 using the Pfaffian system 7"~!. By Theorem A.3 there exists an open
neighborhood U of p with local coordinates (x, u, uy, us, ..., u,—) such that

I"YU) = [du — uydx, ..., du,_> — up,_1dx].

The rank of I” is n, so there exists 6 € I"(U) mod I""'(U) of the form
6 = adu,_, + bdx where (a, b) # (0, 0) on U. Condition (3) in equation (4.5)
implies @ # 0 on U. Therefore there exists a generator 6" of I"(U) mod 1"~ (U)
having the form

0" =du,_y — f(x,u,uy, ..., u,—1)dx.

This proves the theorem. O

4.3.  Symmetries, Orbits, and Quotients

An m-dimensional Lie group G acting on M is a symmetry group of an nth-order
scalar ODE structure (M, {I%}o<q<n) if

g =1r forall a=0,...,n. 4.7)

This definition generalizes the definition of an external symmetry group of an
nth-order scalar ODE.

Throughout this section we will assume G is a symmetry group of the nth-order
ODE structure (M, {I%}p<,<,) and that G acts locally effectively on subsets of M.
As usual, {Z,}<q<n» Will be a basis for the infinitesimal generators I'. We will
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use the subset M¢ C M defined in equation (2.7), and the subsets M’ and M™ as
defined in equations (2.10) and (2.11) with [ = I".

Theorem 4.4 states that the Pfaffian system I"~! on M is locally equivalent to
C"! on J"7!(R, R), while equation (4.7) states g*1"~! = I"~!. This suggests
that the action of G on M might behave in a similar manner to a group acting on
J"UR, R) by contact transformations. This is the case and Lemmas 3.3, 3.4, and
3.5 from Section 3.3 have analogues for scalar ODE structures. We warn the reader
to be careful with the value of n when comparing the lemmas below to those in
Section 3.3.

We begin by defining a set M® C M for symmetry groups G with dim G =
m<n,

M ={peM| det8%(Zg) # 0, where 11;" = span{6®}, 1 <, B <m}. (4.8)
The analogue of Lemma 3.3 is first.

Lemma4.5. LetdimG =m < n. Then:

(1) MY is G-invariant, open, and dense in M, and G acts locally freely on M°.
(2) G acts transversally to I°, m < s < n, on M. In particular, M° c M.

Proof. The set M° is G-invariant by the argument used in Lemma 2.10. By
equation (2.7), M® € M¥, so G acts locally freely by Lemma 2.5. We now show
MO is dense. Let p € M and choose a local chart U about p satisfying the
conditions of Theorem 4.4. Let {8%}; <4<, be a local basis for /™ (U) of the form
in equations (4.6). The set V.= M° N U is

V=M’NU={0eU|dethd*(Zp),1 <a, p <m).

By Theorem 3.2, the set V is open and dense in U. The set M° is then the union
of these V as p € M varies. Therefore M is open and dense in M. This proves
(1). Part (2) is proved exactly the same as part (2) in Lemma 3.3. O

The same technique used in the proof of Lemma 4.5 can be used to prove the
analogues of Lemmas 3.4 and 3.5. These are the next two lemmas.

Lemma 4.6. [Ifdim G = m > n, then the set
M'={p e M |rank T}, > n} 4.9)

is G-invariant, open, and dense in M.

Lemma4.7. [fdim G = m > n, then either:

(1) the set M™ is dense in M; or
(2) G is solvable, or g = sl(2, R).
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In case (2), there exists an n-dimensional solvable subgroup H C G.

Proof. Let W C M"™ be
W={peM|rankI, =n+1},

and suppose M™ is not dense. Then W is not dense. Choose an open set U such
that U N W = ¢, and which forms a local chart about p satisfying the conditions
of Theorem 4.4. Applying Lemma 3.5 to the open set U implies (2). a

The next lemma has no analogy on jet space.

Lemma 4.8. Let dim G = n. The G-invariant subset M® U M™ C M is dense.

Proof. We start by using the identity M = M’ U M"" and write the subset M
defined in equation (4.9) above as

M'=M'nMHY UM N M. (4.10)

It follows from equations (4.8), (4.9), and (2.10) that (M' N M") = M°. Therefore
M' ¢ M°UM™" by equation (4.10). By Lemma 4.6, M is dense, and so M°U M"™
is also. |

Lemmas 4.5, 4.7, and 4.8 will be used to determine the domains on which
the reduction procedure is valid. The next lemma also simplifies determining the
domains in the reduction.

Lemmad4.9. LetdimG =m < n.IfG acts locally freely on M, then M' = M°,
and M = M° U M"™.

Proof. Let p € M. The action is locally free so {Zg(p)}1<g<n form a basis for
I, Let {6%}<q<m be a basis for 1;'. By definition, p € M"if I}, N IpL = 0, which
by equation (2.10) is true if and only if det6*(Zg) # 0. Therefore, M' = M 0 and
M= MU M™. O

We now come to the principle theorem of this section. This theorem states that
the quotient of an nth-order scalar ODE structure by a locally free action of an
m-dimensional symmetry group with m < n is an (n — m)th-order scalar ODE
structure.

Theorem 4.10. [fdimG = m < n, G is transverse to 1", anfl G acts locally
freely on M, then the quotient (M, {J Yo<v<n—m)> where J* = I"t" isan (n —
m)™"-order ODE structure.
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Proof. To show condition (1) in Definition 4.3, we begin by using the argu-
ment in part (2) of Lemma 3.3. This shows G acts transversally to the bun-

dles 1™, v = 0,...,n — m. Corollary 2.10 then implies that the quotients
=" y=0,...,n— m, are rank v subbundles of T*ZWO, and condition (1) is
satisfied.

Applying Theorem 5.1 on page 14 in [2] we have
ot = (petmy = (Jvtmy, v=1,...,n—m—1.

This shows that the flag {J*}o<y<s_m On M satisfies condition (2) in Definition
4.3.

We check condition (3) form +1 < n. The case m + 1 = n is left as an exercise.
Let p € M, U be an open neighborhood of p in M, andlet U C q~'(U ) be an
open set where the following properties hold. First, U = q(U), and on U there is
a coframe {0, n"},v = 1,...,n — m, adapted to the flag J*, v =1,...,n —m.
Second, on U the forms {dx, 6’ }<i<n form a coframe, where 0’ are given by (4.6).
The last property we require is that there exists a cross-section y : U — U.

Now let n"™ = q*5', v =1,...,n —m and 0 = q*G. A coframe on U is

[6%, n°]1<w<m.m+1<v<a- The structure equation for Tk

is then

m

dﬂm+1 :fO'/\nm+2+f/\77m+l+ZTa/\9aa
a=1

where f # Oon U and 7,7, € Q!(U). Since n”*! is basic, then dn™*! is also
basic. Therefore 1z dn”*' = 0 for all Z € T. The fact that the action of G is
locally free and transverse to I” together with 1 dn™*! = 0 implies 7, = 0 and
7T is semibasic. This results in the equation

dnerl zf'o_/\nm+2+_[/\nm+l (411)

wheret € Qi »(U) (the semibasic one forms on U). Taking the pullback of equation
(4.11) by the cross-section y : U — U we get

dii' = fo AR” + (y*1) AR,

where f = f oy doesn’t vanish on U . This equation proves that condition (3) in
Definition 4.3 is satisfied for the flag {J°}o<y<n_m. Therefore (M, {J"}o<v<n—m)
is an (n — m)™-order scalar ODE structure. O

Remark 4.11. Lemma 4.5 implies that the hypothesis of Theorem 4.10 are valid
on the subset M° in equation (4.8). See Case 1 in Section 5.3 for the practical
implications of this.
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5. Integration
5.1.  Connections and Equations of Lie Type

Let G be an m-dimensional Lie group acting freely on the n-dimensional manifold
M sothatq : M — M isaleft principle fiber bundle. Assume G is also a symmetry
group of the rank m Pfaffian system / on M and that G acts transversally to /.

Theorem 5.1. Let Q = I+ C TM, then Q is a principle G bundle connection
forq: M — M.

Proof. Wecheck conditions (a), (b), and (c) on page 63 of [10]. To check condition
(a), we need to show that Q is a horizontal distribution. The dimension of Q isn—m,
and I'is of dimension m. The transversality condition (2.10) implies Q N I'= 0.
Therefore, TM = Q & I The vertical bundle is I, so Q is horizontal.
Condition (b) is that Q is G-invariant. The group G is a symmetry group of /
and therefore if g € G, then g*I = I. By taking complements, then g, Q0 = Q.
Condition (c) requires Q to be smooth, which is trivially true. O

Letw : TM — g be the Lie algebra valued connection form corresponding to
Q. The form w satisfies (using our conventions for g)

wp@) =2 and ()0 = Ady(w). (5.1)

These are the formulas on page 64 in [10] expressed in terms of left principle
bundles.

We now give a local description of w. Let {e,};<4<n be a basis for g and let
{Zy = p(ey)}1<a<m be the corresponding basis for the Lie algebra of infinitesimal
generators. Let U C M be an open set where {6%},<,<,, are a basis for I(U).
Let P/g‘ = 0%(Zp), 1 < a, B < m. The matrix Pg‘ is invertible on account of
transversality.

Lemma 5.2. On the open set U, the Lie algebra valued one form w is
w= (P )50f Qe,.

Proof. It is sufficient to check the first condition in equation (5.1), which is the
defining equation for w. This is checked on a basis by computing

@(Z,) = (P50 (Z)) ® ey = (P )5 Ples =e,.

This proves the lemma. O

Finding the horizontal lift of a curve in M with respect to a connection on
M requires solving a special type of differential equation called an equation of
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fundamental Lie type, which we now define. Let g be the Lie algebra of G, and
recall that we use the right invariant vector-fields to define the brackets on g. Let
T : g = x(G) be the homomorphism t(z) = X, where X, is the left invariant
vector-field,

X (g) = _(Lg)*z~

Given a curve « : R — g, the homomorphism above leads to the ODE,

Y (1) = (@) () = =(Ly)«(a(n)

for a curve y : R — G. This equation is called an equation of fundamental Lie
type. If G is simply connected and solvable, then an equation of fundamental Lie
type can be solved by quadratures. See page 55 in [8] for more information on
equations of Lie type.

For the rest of this section let G be an m-dimensional Lie symmetry group
of the nth-order ODE structure (M, {I“}o<4<n) With m < n. Assume that G acts
transversally to I" and freely on M. By Theorem 5.1, (I"")* is a connection, and
so let w be the corresponding connection form for I™ defined by (5.1).

Lemma 5.3. Let I" be the quotient Pfaffian system on M of I". Then

I"=1"a (q"I"). (5.2)

Proof. As usual G acts transversally to I, and so the subbundle q*I" C I" is of
rank n — m (Corollary 2.11). Now 1" N I'- # 0 and q*I" N I'" = 0. Therefore
q*I" N I"™ = 0. The subbundle /™ C I" is rank m, and thus equation (5.2)
holds. O

The fundamental theorem of Section 5 which is given next is a decomposition
property of integral manifolds (see also Proposition 6.1 in [2]).

Theorem 5.4. Let I" be the rank n — m quotient Pfaffian system on M of the
rank n Pfaffian system I" on M. Let 5 : N — M be an integral curve of I",
S:N — Maliftofs,andy : N — G a smooth curve, where N C R is an
open interval. The curve s : N — M given by s(t) = u(y (¢), $(¢)) is an integral
manifold of I" if and only if y satisfies the equation of fundamental Lie type,

P(t) = —(Ly)w(S). (5.3)

Proof. Lets, s, y, and s be as stated in the theorem (the curve § exists because
N is an interval). To find conditions on y so that s is an integral manifold of 1"
we use Lemma 5.3. We first show that § vanishes on g*(I"). Let p € s(N) and let
0 e (q*I_”)p. Then 6 = q*0,0 € fg(p). The curve § is an integral manifold of 1",
therefore,

0(5) = q*0(5) = 0(q.5) = 0(5) = 0.
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By this computation and Lemma 5.3, the curve s : N — M is an integral manifold
of I" if and only if w(s) = 0.
The tangent vector s is

$() = ()48 + (1)< (5.4)
Evaluating the connection form w on s in equation (5.4) gives
o(5) = 0((1y)48) + o (15 7). (5.5)
By the equivariance property of w in equation (5.1) we have
o ((11y)48) = Ady o (S). (5.6)

By part (2) in Lemma 2.3, the properties of w, and that (L, 1),y (¢) € g for all
teN,

w((1s)sy) = w((ﬂf)*(Ly)*(Ly*‘)*)}) = Adyw((lu«f)*(Ly*‘)*)./)
Ady, ((Ly-1)+7).

Combining this equation with (5.6), equation (5.5) is then
®($) = Ady (Ly-1).7 + 0()).

This is zero if and only if y satisfies equation (5.3). O

The curve s in this Theorem 5.4 is a horizontal lift of 5 with respect to the
connection (I™)*. Also note that every integral manifold of I" can be determined
by Theorem 5.4.

Corollary 5.5. Lets : N — M be an integral manifold to I, s = q o s, and let
S N — M be any lift of 5. Then there exists a smooth curve y : N — G such
that s(t) = u(y(t),5@)),t € N, and y satisfies the equation of fundamental Lie

type (5.3).

Proof. By Lemma 2.12,5 : N — M is an integral manifold to I". Let § :
N — M be alift of §. The projections of § and s agree, so there exists a function
y : N — G such that s(z) = u(y(t), 5(t)),t € N. The action of G is free and so
y is unique and smooth. By the proof in Theorem 5.4, y satisfies equation (5.3).

5.2. Remarks on Theorem 5.4

Theorem 5.4 and Corollary 5.5 can be interpreted as decomposing the problem of
finding integral manifolds for /" into finding integral manifolds for the quotient
system /", and then constructing integral manifolds for " from those for I" by
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solving an equation of Lie type. The process of taking a solution to the quotient
and constructing a solution to the original problem is known as the reconstruction
problem [2]. Solving the equation of Lie type is the reconstruction problem in the
case at hand.

We now summarize the process of finding integral manifolds using Theorem
5.4 and highlight the steps which are algebraic. Suppose we are interested in
finding an integral manifold of /" through p € M. In the first step we compute
the quotients M and I". Only algebraic operations are required to compute these
quotients [2]. Now let p = q(p), and lets : N — M be an integral manifold to /"
satisfying 5(¢g) = p, to € N.If m < n, then integration is required at this step to
determine 5. If dim G = n, then I" = 0 and we may choose 5 : N — M to be any
immersion.

Next choose a lift § : N — M of § satisfying §(tp) = p for some #p € N.
This is an algebraic problem. The equation of Lie type in (5.3) of Theorem 5.4 is
then determined algebraically from I', 1", and §. Solving the equation of Lie type,
which requires integration, with the initial condition y (fy) = e gives the integral
manifolds : N — M, s = u(y(t), s(t)). The function s satisfies s(fy) = p.

The proof of Theorem 5.4 does not use the ODE structure in an essential way.
This leads to a number of simple corollaries for quotients of Pfaffian systems with
symmetry. We give one example.

Corollary 5.6. Let G be a freely acting n-dimensional symmetry group of the
rank n Pfaffian system I on the (n + 1)-dimensional manifold M, with M the
quotient. If G is transverse to 1, then every integral curve s : N —- M, N C Ran
open interval, can be found by solving an equation of fundamental Lie type. If G
simply connected and solvable, then s can be found by quadratures.

Example 4 in Section 6 is an application of this corollary to a system of second-
order ODEs.

The results of Section 5.1 can be extended to the case where the action of the
Lie group G on M is locally free, with only some minor changes. First the bundle
M — M is not a principle G bundle, but the set (/”)* in Theorem 5.1 is still
(a) horizontal, (b) invariant, and (c) smooth. The connection form w can still be
constructed locally by Lemma 5.2, Lemma 5.3 and Theorem 5.4 also hold as stated.
However, Corollary 5.5 may only hold locally.

5.3. Integration of Scalar ODEs with Symmetry

Let G be an m-dimensional external symmetry group of the nth-order ODE R C
J'(R, R), where G acts locally effectively on subsets of J"(R, R). Let [, a =
0, ..., n, be the Pfaffian systems on R from equation (4.3). By Lemma 4.2, G acts
locally effectively on subsets of R and the results of Section 4 hold for the ODE
structure (R, {1*}o<q<n)-
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We begin by noting that on the domain R™ which is determined algebraically
from [" and I in equation (2.11), Corollary 2.15 applies. Any connected so-
lution to the ODE R with initial condition in R™ is contained in the orbit of
some one-parameter subgroups of G. The subgroups and their orbits (and so
these solutions) are determined algebraically. This is demonstrated in the
examples.

There are now three cases to consider depending on the dimension of G.

Case 1. If m < n, then by Lemma 4.5 the G-invariant subset RY C R, defined in
equation (4.8), is dense. The group G acts locally freely on R° and transversally to
I™. The set R” is determined algebraically. Theorems 4.10 and 5.4 and Corollary
5.5 apply on R°. Every solution with initial condition in R is found by solving an
(n —m)th-order ODE, together with an equation of fundamental Lie type. To solve
the differential equation for initial conditions in RY, we first integrate the (n —m)th-
order quotient ODE ( R, {I_ Y}—m<v<n)- The solutions for the quotient are then used
to construct, using only algebraic operations, the equation (5.3) of fundamental
Lie type. Solutions to the original equation are then found by multiplying the lift
§ of a solution to the quotient and the solution y to the equation of Lie type. See
Example 1 in Section 6.

Case 2. If m = n, then Lemma 4.8 implies there exists a G-invariant open dense
set RO U R"™ C R where R is defined in equation (4.8) and R"™ is defined in
(2.11). The subsets R® and R™ are determined algebraically from I” and I'. By
equation (2.7) G acts locally freely on R° and transversally to I”. Theorem 5.4
and Corollaries 5.5 and 5.6 apply on the open set R”. Solutions with initial values
in R can be found by choosing a smooth curve § transverse to the orbits of G
on R? and solving the corresponding equation of fundamental Lie type. The Lie
equation (5.3) is determined algebraically from §. If G is simply connected and
solvable, then Corollary 5.6 states that every solution with initial value in R® can
be found by quadratures. See Example 2. Unlike Case 1 above, the set R can be
empty, see Example 3.

Case3.Ifm > n,Lemmad4.7 applies. If R™ is dense, then every integral curve with
initial condition in R™ is contained in the orbit of some one-parameter subgroup of
G.If R is not dense, then part (2) of Lemma 4.8 implies there exists a subgroup
H C G whichis solvable and of dimension n. Case 2 applies with G being replaced
by H. Let ROH be the subset of R determined by the subgroup H in equation (4.8),
and let

D 0
R? = RY, UR".

The subset R? C R is dense (by Lemma 4.8), and any solution to R with initial
condition in RY can be determined by quadratures (Coroallary 5.6). Therefore,
if dim G > n, then there exists a dense subset of initial conditions where the
solutions can be found algebraically or by quadrature. This domain is determined
algebraically.
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Remark 5.7. In practice one has only the Lie algebra infinitesimal external
symmetries of R. These are the infinitesimal contact transformations tangent of
J™"(R, R) which are tangent to R. This Lie algebra often occurs as the Lie algebra
of a local group action on J" (R, R) by contact transformations. Fortunately, the
definitions and most results from Sections 3, 4, and 5, hold exactly as written for
local group actions. The reason is that most of the constructions depend only on
the infinitesimal generators I" and the distribution I

Theorem 5.4 and Corollary 5.5 do need to be modified when only a local action
of G is given. For example, Theorem 5.4 holds with the following modification. Let
5 : N — M be an integral manifold of I, and let § be a lift of 5. About each point
to € N there exists a connected open set Ny containing #, and open neighborhood
of Gy C G containing the identity e, such that s(r) = u(y (¢), 5(¢)), t € Ny, is an
integral manifold if and only if y satisfies equation (5.3). A similar local statement
for Corollary 5.5 is easily made.

If G acts only locally and locally effectively on R, the summary in this section
is valid taking these comments into consideration.

6. Examples

Example 6.1. This example is of type 1 in Section 5.3. The fourth-order differ-
ential equation on page 156 in [3]

2

2 2 4 3 2.3
Su sy Uyxxthy + A4y, — U Uy — 3un Uy —4u-u,,), (6.1)

Uxxxx ZW

defines the equation manifold R = {(x, u, t, Uyy, Uyrx) € R | uu, # 0}, and
by equation (4.3) the Pfaffian system

I = [du—u,dx, duy, —uydx, duy, — Uy, dx,
2,52 2.2 4
Aty — Uiy) ™ (OU Uy Uy Uy + AU Uy, — U Uy

— 3uuiuxxx — 24u2uix) dx].
The three-dimensional solvable external symmetry group
G={(a,b,c)|acR, b,ceR"}
with multiplication law
@,bv,cHa,b,c)=(da,b +ab,cc),
and action on R given by
1

X' =ax+b, W =cu, u . =alcu,, u =alcu,, U =acuy,,

is an external symmetry group of equation (6.1). The action is free on R.
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Lete, € T,G,a = 1, 2, 3, be the basis
e = 3,1, e —= 3},, €3 = 86. (62)
The infinitesimal generators Z, = p(e,) of the action of G on R are then

Zl = xax - uxaux - 2uxxau - 3uxxx8 Z2 = 8X1

XX Uxxx?

Z3 = uau + uxaux + Uy au” + uxxxa

The dense open subset R® C R from equation (4.8), is given by det 0%(Zg) # 0,
o, f=1,2,3,and is

R’ = {(x, u, Uy, Uy, Uxyx) € R | Uyyy # 2u)2mu;1 — umuxu*1 and uu, # 0}.
The action is free and so, by Lemma 4.9, R' = R°, and R" = R — R is then
given by

1

2 - -1
R™ = {(x, U, Uy, Uny, Unxx) | Unrx = 205 U, — Ugcttu” and uu, # 0J.

XXX

The union R U R™ = R consists of all initial conditions.

We start with R°. The first part of the decomposition for finding solutions with
initial values in R® requires computing the quotient Pfaffian system /. This is done
using Corollary 2.8. Let (¢, y) be coordinates on the quotient R =R /G and let
8(t,y) =1(0,1, 1,1, y) be a cross-section of q : R® > R°. The semibasic form is
Osp = Quipcuu, — 2u)2(xu + uxxui)ux du — Guyy ulty — 4uixu + 2uxxu§)udux

— QCtyxu — ui)““x duyy, + (’/”/‘x)z Aty

and so
I =[8%0p] =[dy + (1 —20)d1].

The most general integral manifold § of I satisfying the independence condition
dt # 0 can be written as a graph as y = t> — t + co.

We now find the equation of Lie type in (5.3). First we compute the connection
formow = o' ®e; +w? ®e;+w* ®e; on R® which is determined from Lemma 5.2
to be

@' = A(yltyey — u3,) dit = ity — tgtty) dity + (g, — u3) dutyy),

®® =dx — A((Uylhyy —xu?m + XU tyry) du+ Quuty X UU L — XU ULy ) dUy,
— (uty + xutty, — xu3) duy),

o = A((UxUyry — 2u§x) du +2uu, du, — uz duy,),

where A = (u2uyy + Uyttt — 2uu? )", Following Theorem 5.4, let §(¢) =
805 =1(0,1,1,¢,1% — t + cp), and we find the curve 0 () : R — gto be

() = (@'$), 0* (), () = (1> —co) ' A —1,1,1).
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By using the basis for 7, G in equation (6.2), the equation (5.3) of Lie type is

a(t) =a®(1=0)(co—1)"", b)) =a)(co—1)7", &) =c)(co—1)7"
(6.3)
The group G is solvable, and the coordinates on G have been chosen so that
equations (6.3) can be integrated by quadratures.
We now consider the invariant solutions for equation (6.1) by applying Corollary
2.15. Ata point 6 € R™, we have

o =% u®u  ul =2’ )W) —u® W@,

X XX XXX XXX

Then
Ty N(1,)* = span{((u°)*—u’u® ) Z, + @ u® — @®)*x"+u’u® x°) Z, +°)* Z3).

Corollary 2.15 implies that the orbit through ¢° of the one-parameter subgroup
determined the vector in the equation above is the maximal solution. By computing
this subgroup, the solution (or orbit) with initial value ¢ is given in parametric
form by

_ — (1192
x=x0+)\‘ lugu()(l_e)nt)’ M=Moe (uy) t,

— 0,0 042 :
where A = u’u;, — (4;)". As a graph these solutions are

0
X

il w0)?
0 ((xo — XA+ ugu()) w0
u=u | —MM—=*— .

u9y0

The solutions u = ue®*"@")™" \when A = 0 are found in a similar way. The

entire set of initial conditions for this example have now been accounted for.

Example 6.2. This example is of type 2 in Section 5.3. The differential equation

3u? ul
Uyxxx = A + XSX (64)
Uy u3

from page 152 in [13], defines the equation manifold R = {(x, u, uy, u,y) € R* |
u, # 0}, and from equation (4.3) the Pfaffian system

I =[du —u,dx, du, —u,,dx, du,., — (3u§xu;' + uixu;s)dx].
Equation (6.4) admits the three-dimensional solvable external symmetry group
G ={(a,b,c) | a,b,ce R}

with multiplication law

@,bv,cYa,b,c)=(@@ +a+c'b,b+b,c +0),
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and local action on R given by
x'=x+atcu, u=u+b, u.=O+cu) u, u, =(@ +cuy) iy
Lete, € T,G,aa =1,2,3, be
e = 0,, e = 0p, e; = 0. (6.5)
The corresponding infinitesimal generators Z, = p(e,) on R are
Z, =0, Zy = d,, Z3 = ud, — uld,, — 3u i, d,,,.

The local action of G is free everywhere on R, and the sets RO and R™ in Lemma
4.9 are
R ={o € R | uy, # 0}, R" ={o € R | uy, = 0}.

Theorem 5.4 applies on the set R°, and the connection form v = ' ® e +
o’ ® e; + »® ® e3 on R is computed using Lemma 5.2 to be

1 ul
1 6 4 2 X (12
o = dx+ —2(3ux + 3uycuu +u u)du, — 3 (uy + tycu) dityy,
(Uxttyy) uy,
3ud u’ Gu? + uyy) ul
w? = du—i—T"dux—Txduxx, a)3=—x72dux+7xdu”.
uxx uxx Uxx Mx uxx

The curve §(¢) = (0, 0, 1, t) is transverse to I"and a)(§) :R — gin Theorem 5.4
is

0@@) = (=173, =173, 172).

With the basis in equation (6.5) for T, G, the corresponding equations of Lie type
(5.3) are
a= 1+, b=173, ¢=—1"2.

The coordinates on G have been chosen so that these equations can be integrated
by quadratures.

For initial conditions o = (x°, u°, ug, 0) € R"™ the solutions are contained in
the orbit of the one-parameter subgroup with infinitesimal generator Z; + u°Z,
(Corollary 2.15). In parametric form these orbits are

X =xp+1, u:uo—}—ugt.
All initial conditions have been accounted for.
Example 6.3. Thisexampleis of type 2 in Section 5.3. The fifth-order differential

equation

Suxxx (9uxxxxuxx - 8M2 )
XxXXxx — A 6.6
! Ou2, (6.6)
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defines the manifold R = {(x, u, Uy, tyr, Uxrr, Uxxrx) € RE | thyy # 0}, and the
Pfaffian system
I = [dl/t — Uy d-xv d”x — Uyyx d)C, duxx — Uyxx dx, duxxx — Uxxxx d-xv

duxxxx - Suxxx (9uxxxxuxx - Suixx)/(Quix) d-x]

Equation (6.6) admits the five-dimensional external symmetry group G =SA(2) =
{(A,b)| A e SL2,R), b e Rz}, with local action on R,

x' =ax 4+ bu + by, u' =cx +du+ by, u;=871(c+dux),
u;x = 8_3uxm M;xx = 8_4Mxxx - 3b8_5(”xx)27
Wy = 8 te — 1068 Cuett o + 156787 7uc},,

where § = (a + bu,) and ad — bc = 1.
Letey,,a=1,...,5 0f T,G =512, R) x R? be the basis given by

= 90) (6 D) (6
(¢ 0) (2

the infinitesimal generators Z, = p(e,) on R are
Zl = 8x, Z2 = aua Z3 = pr(xax - uau)» Z4 = Pf(uax), ZS = pr(xau)

where pr means prolongation. The local action of G on R is free. A simple cal-
culation shows det6*(Zg) = 0, 1 < «, B < 5. Therefore RO from equation (4.8)
is empty and so, by Lemma 4.9, R = R". Consequently, from the discussion in
Case 2 of Section 5.3, every integral curve (or solution to (6.6)) is an orbit.

The solutions can be found algebraically and so we compute them. Let 6° =

0,0 ,0 ,0 0 0
(P, u”, uy, uy Uy, Uy ) € R and let

§=3u0 u® —4w’ ) u=u-3u’ )%’ 70 = u’8+9(u’ )} —x1,.

xxWxxxx XXX xxx?

If § # 0, then an infinitesimal generator lying in ker 8%(Zg)o is
1 0 <4 1 0 N4 2
ZUO = —‘[()Zl + §(9(uxx) Ty —2‘[1 f())Z2 —T Z3 +SZ4 + 5(9(14)“) 3—1 )ZS

By Corollary 2.15, the solution through o* is the integral curve given in R? by

3u0 0 .0
x o= = M G — 2t cogh(agr),
2‘[3 /T3
2T9T3 — T Ty 3u2x (3(“2;()2“8“ +11) .
u = — sinh(agt)
25‘[3 «/738

3uf (33 (ul,)? 0
— Ux 373 ()™ F Tith) cosh(aot)

‘L’35
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where
ayp =31 u°,)?, 3= (u),,)’ +6.
Writing the curve as a graph yields the general solution
u=cop+cix £vezx? +cx + cr(dezer — ci). 6.7)
In terms of the initial conditions ¢, the constants are

co=38"t, c=8"t, =112 (22 - 36(ul,)%s),

c3 = 12725874513, ox = —387*r,.

The solution for the initial conditions where § = 0 or r3 = 0 are computed in a
similar manner.

Example 6.4. In this example we apply Corollaries 5.6 and 2.15 to the problem
of solving a system of ODEs. The two second-order differential equations on page

14 in [14],
f=if (f) 5 = i% (f) ©3)
y y

give rise to the Pfaffian system
. S (%
I =|dx —xdt, dy—ydt,dx —x"f| - )dt,dy—x"f|—
y y
on the manifold M = {(¢, x, y, x,y) € R’ | y # 0}. Equations (6.8) admit the
four-dimensional solvable external symmetry group
G ={(a,b,c1,c2) |a eR*, b,c1,c; € R}
with multiplication law
@b, ci,e3)a,b,er,00) = (@a, b’ +a'b,c| +ci, 0+ )

and action on M given by
/ / / .7 X .
t'=at+b, xX=x4c,y=y+c, x=-, y=-=. (6.9)
a

The action of G is free on M.
Lete; = 0,, € = 0p, €3 = 0,, €4 = 9, be a basis for 7,G. The corresponding
infinitesimal generators Z, = p(e,) are

Z4 213[—).6355—)'18}:, Zy)=0,, Z3=0,, Z4=8y.

G satisfies the transversality condition (2.10) on the set M' C M computed from
equation (2.10) to be

M ={oceM]|x(xg—yf)+#O0}. (6.10)
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The invariant solutions will have initial condition in
M" = {0 € M | i(ig —yf) = 0}.

We first look at solutions to equation (6.8) with initial conditions in M’. Corol-
lary 5.6 applies on the set M’, and solutions can be found by solving an equation of
fundamental Lie type. The components of the connection form on M’ are computed
using Lemma 5.2 to be

o' =A(fdy—gdx), > =dt+A((yx241g) di—(x 7' +1f) dy),
O} =dx+AGi~ldi—dy), o*=dy+AGiidi—yi~ldy),

where A = (xg — )'zf)_’l. The curve s(t) = (0,0, 7, 1), T € R, is transverse to
the orbits of G, and @ (§) : R — g in Theorem 5.4 is

g(7) 1
f@) —1g(r) t2(rg(r) — ()’

(1)) = (

1 1
t(rg(t) — f(1)) t2(rg(x) — f(f))) '

The equations of Lie type (5.3) corresponding to our choice of basis for g are

a(t)g(r) , a(r)
tg(7) —1f(r)’ i rz(f(r)l— 12(1))’

T I0m @) T 2@ -
The coordinates have been chosen so that these can be integrated by quadratures.
We now find the invariant solutions with initial conditions ¢ € M". By Corol-
lary 2.15, the solutions are orbits of Z € I'" such that Z, € T', N I,, Z, #
0. For initial conditions where o = (fy, xo, Yo, X0, Yo) € M™ which satisfy
(Fog (Fo/0) — Yof (Ko/¥o)) = 0,%° # 0, the solution is the orbit of the one-
parameter subgroup with infinitesimal generator

r =

Z = —aoX1 + (1 +ao) X2 + 3°X5 + y° X4, where @y = xo f (x0/30)-

The explicit parametrized solutions (or orbits) are

1
t=tg+—(1—e %), X = X0+ XoT, Yy = Yo+ YoT, T e R. (6.11)

o

As a graph these solutions are
fCo 5’0

x =x9— — In(1 + oty — 1)), y=yo— —In(1 +aytyg — 1)), t eR.
o7} o4}

Solutions with oy = 0 or xy = O are written down similarly.

Remark 6.5. If the functions f and g in equation (6.8) satisfy xg —y f = 0, then
every solution is the orbit of a one-parameter subgroup of the symmetry group G.
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Appendix A

The theorems in this appendix give conditions that a codimension two Pfaffian
system is locally equivalent to J"(R, R) in terms of invariants of the Pfaffian
system. These theorems are a modification of Proposition 6.3, p. 162 in [15].

Theorem A.1. Let M be an (n + 2)-dimensional manifold, and I1'°' a rank n
Pfaffian system on M with the derived flag I*® satisfying rank(I%®)) = n — k,
k=0, ...,n. There exists an open dense subset M® C M where, about each point
pE MO there is an open set U contammg p and a local coframe {p, o, 07},
onUsuchthatI“' “wy=16",...,6 ,k=1,...,n,and

(1) do¥ = p A0 mod I®(U), k=1,...,n—1,
(2) do"=pAroc  modIO).

(A1)

Proof. Let U be an open set such that T*U is trivial. Let {w, T, ni}lfign be a
coframe on U such that I = [nl, e, n””‘]. By the definition of the derived
series and the choice of coframe we have the structure equations,

dn* = o A"t mod 1770 (U), k=1,...,n—1,

A2
dn" = f"w At modI W), (A.2)

where
n

of = d*w + bt + Z cﬁn"‘, (A.3)
a=k+2
and f", »* are nonzero at every point in U. This last condition implies, for k =
n — 1, that

@', "1 #£(0,0) (A.4)

at every pointin U.

We now show there exists an open dense subset V. C U where (a*, b*) # (0, 0)
atany pointof V foreachk =1,...,n —1.Ifk=n — 1, thenby (A4) V =U.
We proceed by (reverse) 1nduct10n Suppose for some k € {1,...,n — 2} that
(a*, bk) = (0,0) on an open set W cU. By the induction hypothe31s choose
W C W a nonempty open set where (a***, b¥") = (0, 0) at any point of W for
t =1,...,n —k — 1. Taking the exterior derivative of (A.2) and using (A.3), we
have

n
0=d27]k/\771/\"'/\71k+1=—(2 Céfla>/\wk+l/\77k+2/\771/\"'/\71k+1~
a=k+2

Substituting w**! from equation (A.3) into this equation, and using (a**!, p**1) #£
(0,0) at points of W, implies o* = ¢}, ,n**? and ¢/, # 0 on W. Assuming

k < n — 2, and computing

0=d2nk/\nl’.“’nk/\nk+2=Clli+2wk+2/\nk+3/\nk+1/\nl/\.“/\nk/\nkJrz
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implies c’,§ 4+ = 0, which is a contradiction. For k = n — 2, the argument is similar.
Thus (a*, b*) can’t vanish on an open subset of U forany k = 1,...,n — 1. This
finishes the induction.

Let V;, C U be the open dense subset of U where (a, b*) # (0,0), k =
1...n—1,and let

n—1
V = ﬂ Vi
k=1

which is open and dense in U. By making the change of coframe

p=d'o+b't+) cn®, T=-bwtdr (A.5)

a=3
on V, we have
dn' =& An* mod "V (V). (A.6)

Now equations (A.2) and (A.3) hold with w and t replaced by @ and 7 and a
redefining o*, a* and b*, ¢k appropriately.
We now show by induction that

ot = f*a, k=1...n—1, (A.7)
where f* % 0 on V. Equation (A.7) holds for k = 1 with f! = 1. Assume (A.7)
is true for k and compute

0=d277k/\771/\"'/\77k+1 =_fk(;)/\wk+l/\nk+2/\nl/\.._/\nk+1’
and then substitute for **! from (A.3). This implies @ A w**! = 0. Therefore
(A.7) holds for k + 1, and hence for all k, k = 1...n — 1. The structure equations
at this point are (A.6) together with

dn* = f*& A k! mod 7"~k (U), k=2,...,n—1,
I R _
dnft = ——————& AT mod I"" (V).
77 (al)z + (bl)Z ( )
Now make a final change of coframe
. Sofas oo fu o k k
= o, oc=""""—""T, 0" = R , k=3,...,n.
p=0a @ 1 (b2 (fafs-- fe-0n n
The coframe {p, o, 6!, ..., 0"} satisfies the structure equations (A.1) on V. To
finish the proof of the theorem, we simply let M° be the union of all V constructed
in this manner. O

Remark A.2. If M is a four-dimensional manifold, then Theorem A.1 holds
everywhere on M, not just on an open dense subset.
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Theorem A.3. Let M be an (n + 2)-dimensional manifold, and 1'” a rank n
Pfaffian system on M with the derived flag I*® satisfying rank(I%®)) = n — k,
k=0,...,n.Suppose that eithern = 1,2, orn > 2 and

dI(,,_1> mod(1<"_1>, 710 A 1(0)> (A.8)

is constant rank 1. Then about each point p € M, there exists an open set U and
local coordinates (x, u, uy, us, ..., u,) such that

I NWUY = [du —uy dx, . .., dug_y — ug dx), k=1,....,n. (A9

In other words the Pfaffian system 19 on M is locally equivalent to the contact
structure C" on J" (R, R).

Proof. Suppose that for each p € M, there exists an open set V and coframe
{w, 7,0} 1<i<, on V such that I"~K (V) = [6!, ..., 6], and the structure equa-
tions (A.1) are satisfied. The forms {6’ }1<i<n generate [ O (V) and satisfy the con-
ditions in the Goursat Normal Form Theorem [4]. Hence about any point p € M,
there exists an open set U with local coordinates (x, u, uy, us, ..., u,—1) such that
equation (A.9) holds. If n = 1, 2, the existence of the coframe {w, 7, 9i}15,-5,, is
proved in Theorem A.1.

To prove the existence of such a coframe for n > 2 we start off exactly as
in Theorem A.1. Let p € M, and U an open neighborhood of p with coframe
{w, T, n'}1<i<n on U such that "% = [»', ... n*]. The structure equations are

dn* = o* A "t mod 170 (U), k=1,....,n—1,
dn" = f"o At mod IO (U),

where

of = a*w + bt + Z cin"‘,
a=k+2
and ", 0¥, and ("', b""") # (0,0) are nonzero at every point in U. The
hypothesis in equation (A.8) implies that (a', b') # (0, 0) at every pointin U. We
now make a change of coframe as in equation (A.5). By continuing to follow the
proof of Theorem A.1 word for word from (A.6) onward, proves the existence of
the required coframe {w, 7, 6'}1<;<,. O

Remark A.4. The Goursat Normal Form Theorem [4] implies that the Pfaffian
system in Theorem A.1 is locally equivalent to J" (R, R) on a dense subset of M.
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