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Introduction

The present thesis takes a work of Vessiot [Ves03] as the starting point to de-
velop a new equivalence method which has theoretical advantages over Cartan’s
method [Car08]. The development is focused on both theoretical and compu-
tational aspects. Equivalence means that two geometric objects on a manifold
can locally be mapped to each other by a smooth transformation. The main dif-
ference between Vessiot’s and Cartan’s approach is that Vessiot’s method works
on arbitrary geometric objects, whereas Cartan has to reduce all problems to a
coframe, which is a very special geometric object. A coframe is a basis of the
cotangent space.

The Vessiot equivalence method, developed in this thesis, is successfully ap-
plied to the example of linear partial differential operators (LPDOs) under gauge
transformations. For third and fourth order LPDOs in dimension two, generat-
ing sets of invariants have been calculated. They allow to decide equivalence of
LPDOs under gauge transformations. Furthermore they are of interest for fac-
torisation and the exact integration of the operators. At order three, this leads
to the improvement of several results from Mansfield and Shemyakova [MS08],
who use Cartan’s moving frame method. The fourth order results are completely
new.

In order to treat LPDOs with Cartan’s method, the problem must be for-
mulated in terms of coframes and this requires human interaction. Choosing a
coframe generally involves unnatural choices that have to be ruled out in the
end (see e.g. [O1v95, Ex. 9.2] on Riemannian metrics). In contrast to Cartan’s
method, as mentioned above, Vessiot’s approach works directly with the geo-
metric objects. Their transformation is encoded in natural bundles, which are
either given by the problem or constructed automatically. In case of LPDOs the
coordinates of the natural bundle are simply the coefficients of the operators.

For Cartan’s approach, all problems have to be transformed to first order,
since coframes are first order objects. The LPDOs under consideration are of
order three and four. Higher order geometric objects are directly supported by
Vessiot’s approach.

In standard literature on Cartan’s method (e.g. [Gar89], [Olv95]), only the
transitive case without invariants is thoroughly covered. The intransitive case is
described as too complicated for a general treatment [Gar89, p. 37]. For LP-

7
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DOs, invariants occur in every step of computation. A generalisation of Vessiot’s
approach presented in this thesis allows to treat invariants without extra effort.
Only minor adaptations for the special case of LPDOs are necessary.

The Vessiot equivalence method can be developed along four central questions.
To answer them, the language of differential geometry is used.

1) What is a geometric object?

2) What are the symmetries of a geometric object?

(1)
(2)
(3) Is it possible to find all invariants for a given class of geometric objects?
(4)

Under which conditions are two given geometric objects equivalent?

First of all, Nijenhuis [Nij72] considers geometric objects as sections of a
natural bundle. Here, natural bundles are fibre bundles 7 — X over a manifold
X with the special property that all local diffeomorphisms ¢ : X — X can be
lifted to morphisms ¢ : F — F. Natural bundles are the main tool for the Vessiot
equivalence method. They are explained in Chapter 3.

In standard differential geometry, there are many very simple examples of
natural bundles and geometric objects. The tangent bundle 7' — X is a natural
bundle with vector fields as geometric objects. Each diffeomorphism ¢ is lifted
to T by multiplying the tangent vectors with the Jacobian matrix of ¢. Other
examples are Riemannian metrics and Christoffel symbols. Their behaviour under
coordinate changes defines the corresponding natural bundle.

The main motivation for the introduction of natural bundles are the symme-
tries of geometric objects. In order to answer question (2) it is convenient to
follow the historical development.

Symmetries are those diffeomorphisms ¢ which leave the geometric object
unchanged. They are defined by partial differential equations (PDEs). Since
symmetries of geometric objects can be locally composed, they have the structure
of Lie pseudogroups. Lie himself [Lie91] called them ‘infinite groups’, because
they usually depend on an infinite number of parameters.

In the same article, Lie presented the central idea for the treatment of sym-
metries of geometric objects. He proved that the defining PDEs for pseudogroups
can be written in the so-called Lie form

Doy (Y, yq) = w(x). (0.1)

Here, w is a geometric object and y, stands for the derivatives of the diffeo-
morphism y(z) up to order q. The Lie form separates the variables, since the
differential invariants ®,, are independent from z.

The first major discovery of Vessiot [Ves03] is that the Lie form (0.1) is nothing
but the transformation law of a geometric object, namely w, being a section of a
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natural bundle. A good illustration are the symmetry equations of a Riemannian
metric. In coordinates, a metric is given by a symmetric matrix w(z) = (gs5(z)).
If (y¥) denotes the Jacobian matrix of a diffeomorphism y = ¢(x), the symmetry
equations in Lie form are

Ik (y) yzk yé = gij(7).
The left hand sides give a coordinate description of the natural bundle S?T* of

metrics. With Lie’s idea, all PDEs for pseudogroups can be transformed into Lie
form and Vessiot constructs a natural bundle from this.

The symmetry pseudogroup of the geometric object consists of the solutions of
the Lie form (0.1) regarded as a differential equation. The jet groupoid is simply
the set of solutions of the Lie form (0.1) regarded as an algebraic equation on the
jet space. In an informal way, Lie used both points of view while Kumpera and
Spencer emphasised the latter in their book ‘Lie Equations I’ [KS72]. Vessiot’s
work was more or less forgotten until taken up by Pommaret [Pom78]. Following
Vessiot, he emphasised the importance of natural bundles for study of symmetries.

To present the connection between jet groupoids and natural bundles, more
details on jet groupoids are needed. In contrast to pseudogroups, jet groupoids
always allow a finite-dimensional description for the symmetries of a geometric
object. The jet bundle J,(X x X) provides coordinates (z,y, y4) for all derivatives
of a diffeomorphism y = ¢(x) up to order q. An element of J,(X x X) can be
identified with the Taylor coefficients of a smooth map ¢ : X — X up to order q.
The jet groupoid II; C J,(X x X) consists of all those elements which correspond
to invertible maps ¢. Details on jet groupoids are given in Chapter 2.

In the jet groupoid interpretation, the Lie form (0.1) now determines a sub-
groupoid Ry(w) of II,. It contains all combinations of Taylor coefficients which
may be continued to a symmetry of w. Pommaret defines R,(w) with the exact
sequence

OHRq@);)Hq%]:a

where the maps on the double arrows stand for the Lie form (0.1). This is the
sequence which connects jet groupoids and natural bundles. It is the first goal of
Chapter 3 to construct and explain this sequence.

In this thesis, a generalisation of natural bundles is introduced. They are
called natural ©,-bundles, since only a subgroupoid ©, of II, acts on them. It is
remarkable that most proofs from the Il;-case remain valid if II, is replaced by
©,. With natural ©,-bundles, Vessiot’s approach is applicable to far wider class
of equivalence problems, such as the LPDOs above.

The second discovery of Vessiot is that natural bundles are very useful to check
the integrability of the symmetry equations (0.1). Differentiating the equations
and then eliminating the highest order derivatives may produce new equations
of lower order. This process is called prolongation and projection. If all new
equations can be expressed by the old ones, the PDEs are called integrable.
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The prolongation and projection can be performed with natural bundles and
the result is a natural bundle F(;) — F which also encodes the new equations.
The PDEs (0.1) for a geometric object w are integrable if there exists an equi-
variant section

02.7'——>.7:(1).

The section ¢ shows how to express the new equations on ;) by those on F. If
the system (0.1) is integrable, it is a convenient description for the symmetries
of a geometric object and a complete answer to question (2).

Experience shows that only very few symmetry equations (0.1) are given in
an integrable form and it is often necessary to prolong and project several times
until they become integrable. In this process, the natural bundles Fy), Fa), ...,
F(k) are constructed. If this is done in a naive way, the bundles grow quickly
and the PDE systems for symmetries become redundant. This thesis presents a
new way to determine minimal subbundles of the F{;) such that all redundant
equations for geometric objects on F are removed. Minimal bundles are of both
theoretical and computational importance.

When performing the prolongations and projections with minimal bundles,
the ©4-action on F(; eventually becomes intransitive. In this case invariants
¥+ Fiy — R occur that are valid for the geometric objects on F. The Lie-
Tresse Theorem [Tre94], which was proved by Kumpera [Kum?75], states that the
algebra of invariants is finitely generated. Using natural bundles, it is possible to
compute generating sets of invariants, which gives an answer to question (3).

With the help of symmetries, integrability and invariants, it is possible to
decide equivalence of geometric objects. This answers the last question (4). To
compare two geometric objects w and w’ on F, the prolongation and projection
is repeated until their symmetry equations become integrable with equivariant
sections ¢ and /. If they coincide and the invariants are compatible, w and w’
are equivalent. Details are found in Chapter 6.

In order to treat nontrivial examples, the Vessiot equivalence method has
been implemented in MAPLE. The development was started by Barakat with an
extension of the package jets [Bar0Ol]. The author of this thesis joined in with
several efficiency improvements. Furthermore, the add-on package JetGroupoids
was created. It covers the new contributions of this thesis such as natural ©4-
bundles and the restriction to minimal bundles. A third package, called Spencer,
implements the computation of Spencer cohomology groups which are presented
in Appendix A. All examples in this thesis can be computed with the packages
jets, JetGroupoids and Spencer.

In this thesis, the theoretical foundation of Vessiot’s equivalence method are
developed. The concepts of jet groupoids and natural bundles are a flexible basis
for the theory. The limitations of Vessiot’s approach lie in the computational
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complexity of examples. On the computational side, there is still much space for
improvements. In many examples, a clever choice of coordinates for the natural
bundles makes the difference.

It would be interesting to compute further examples with both Cartan’s and
Vessiot’s method in order to learn more about advantages and limitations of
each approach. At this point it seems that first order problems which have a
natural formulation in terms of coframes are more efficiently treated with Cartan’s
method. On the other hand, for higher order examples, such as LPDOs, Vessiot’s
approach is more promising.

This thesis starts with three introductory chapters. In Chapter 1, jet bundles
and Spencer’s formal theory of pdes is presented. It is based on the excellent paper
of Goldschmidt [Gol67b]. Although developed by Quillen [Qui64] and recently
presented by Malgrange [Mal05], the treatment of Spencer cohomology via the
Koszul complex in Appendix A may be new to some readers. It is independent
from special, §-regular coordinates.

They are used both for jet groupoids and natural bundles. The concepts of
Lie and jet groupoids are explained in Chapter 2 with some references to jet
groups in Appendix B.

Natural bundles are treated in Chapter 3. Starting from the Lie form, it
is shown how to construct a natural bundle. Furthermore the prolongation and
projection is translated to the language of natural bundles. To check integrability,
equivariant sections are introduced.

Chapter 4 presents applications of Vessiot’s approach. The results from Chap-
ter 3 are used to complete the symmetry equations (0.1) to formal integrability
and to calculate generating sets of invariants. In this chapter, the computation
of minimal bundles is presented, too.

The complete Vessiot equivalence method will be developed in Chapter 6. It
depends both on symmetries and invariants. For a comparison, Cartan’s equiv-
alence method is introduced. Especially Sternberg’s structure function [Ste64],
which is also called torsion, has an interesting interpretation in Vessiot’s context.

Finally, in Chapter 7 the Vessiot equivalence method is applied to determine
generating sets of invariants for LPDOs of order three and four. The results are
either given explicitly, or in electronic form if they are too large.

There is a quick tour through this thesis. The central questions are answered
in Chapters 4 and 6. In more details, the references are:

e What are the symmetries of a geometric object?

See the beginning of Section 3.3 and Section 4.1.

e Is it possible to find all invariants for a given class of geometric objects?

See Section 4.2.
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e Under which conditions are two given geometric objects equivalent?

See Chapter 6.

e Invariants for linear partial differential operators under gauge transforma-
tions.

See Chapter 7 (possibly skip Section 7.1.2).

Except for the part on linear partial differential operators, natural bundles
are extensively used in the above sections. For an introduction to natural bundles
see the following keywords and references.

e Natural bundles and geometric objects: Sections 3.1 (skip 3.1.1) and 3.3.
e Prolongation and projection with natural bundles: Section 3.4.

e Integrability conditions, Vessiot structure equations: Section 3.5 (skip Sec-
tions 3.5.1 — 3.5.4).

From the introductory chapters, the following objects are needed.

e Jet bundles: Section 1.2.

e Systems of partial differential equations, prolongation and projection: Sec-
tion 1.3.

e (Lie) Groupoids: Section 2.1 and the beginning of Section 2.2.

e Jet groupoids: Section 2.3.
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Chapter 1

Geometric Formulation of
Partial Differential Equations

The principal aim of this chapter is the introduction of a geometric language for
systems of partial differential equations (PDEs). In order to reach this goal we
restrict ourselves to definitions and short statements of properties.

The reader is expected to be well aquainted with basic concepts of commu-
tative algebra, differential geometry and categories. Concerning commutative
algebra we especially need exact sequences of modules and graduations. For an
introductory textbook, see e.g. [Eis95]. The background in differential geometry
includes fibre bundles, distributions, Lie groups and algebras. These topics are
covered in [KMS93, Chaps. I-III], [Sha97, Chaps. 1-3] and [Ste64, Chaps. I -
IIL,V]. For categories, basic knowledge about sequences, cohomology and functors
is needed.

A geometric language for PDEs must contain concepts for functions and their
derivatives as well as the differential equations themselves. Foundational work
on this topic was done by Spencer [Spe69], Quillen [Qui64] and Goldschmidt
[Gol67b]. Roughly speaking, the following translations are needed:

functions > fibre bundles, sections,
derivatives <« jet bundles,
equations <« subbundles.

Section 1.1 starts with an overview on fibre bundles and exact sequences. Jet
bundles and their properties are introduced in Section 1.2. In Section 1.2.1 the
exact jet bundle functor is presented.

Systems of PDEs are defined in Section 1.3. The next goal is to manipulate
the equations and to obtain all their differential consequences up to a certain order
of derivatives. Two fundamental operations are available. Firstly, all equations
can be formally differentiated yielding conditions on higher order derivatives.
Geometrically this is called prolongation and involves the jet functor. Secondly,
the highest order derivatives can be cancelled by appropriate combinations of

15



16 CHAPTER 1. GEOMETRIC FORMULATION OF PDES

the equations. This elimination process is called projection and may lead to new
conditions on lower order derivatives. The following corresponcence is explained
in Section 1.3.1:

formal differentiation <« prolongation,
elimination < projection.

The prolongation and projection procedure is a main tool throughout the thesis.

If prolongation and projection of a PDE system does not produce new equa-
tions, it is called integrable. Section 1.3.2 deals with a criterion to decide integra-
bility. It depends on the concepts of symbols and Spencer cohomology introduced
in Appendix A. Here, also a MAPLE implementation to compute the Spencer co-
homology using techniques of commutative algebra is presented.

1.1 Fibre Bundles

In this section, we settle the notation for fibre bundles, which are assumed to be
known to the reader. We mainly follow the conventions used in [Pom78]. Pre-
cise definitions and an introduction can be found in [Pom78], [Sha97] or [Ste64].
Concerning exact sequences we closely follow a paper by Goldschmidt [Gol67b]
which suits the needs perfectly.

Let X be a smooth n-dimensional manifold. If not stated otherwise, we
assume all further structures to be smooth, which means C'*°. A fibre bundle £
over the base X with projection 7 is denoted by w : £ — X. Its local sections
are '(€) ={w: U C X — &|mow =1idy}. The abstract fibre of £ is denoted by
E (E =&, Vx € X). Examples of fibre bundles are the tangent bundle T'= T'X
and its dual bundle, the cotangent bundle T* = T*X.

Choose a coordinate system = = (x!,...,2") on an open subset U C X.
Locally, £ can be trivialised as U x E. Then a coordinate system of £ is (z,u) =
(x',..., 2™ ul, ..., u™) where u is a coordinate system of the fibre E. We call =
independent variables and © dependent variables. In these coordinates, a section
w of & — X is specified by m functions u’ = w’(z). With sections of a bundle, we
have found a geometric model for the functions occurring in a system of PDEs,
where the dependent variables are considered as placeholders for the functions.

The transition between two fibred coordinate systems (x,u) and (#,4) has
the form

o= i),
W = P(z,u). (1.1)

It can be either seen as a transition between coordinates of the same fibre bundle
or as the coordinate expression of a bundle morphism ¢ : £ — £. We will use
both points of view in Chapter 3 on natural bundles.

Generally, a bundle morphism is a smooth map v : £ — £’ between two fibre
bundles £ and 7" : & — X', such that there is diffeomorphism ¢ : X — X’ which
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makes the following diagram commute:

¥

E——=¢&

o)
X 2> x

We have the usual notion of mono-, epi- and isomorphisms of fibre bundles.

Bundles with Special Fibres

In this section we will shortly recall bundles whose fibres have additional proper-
ties like being vector spaces. See e.g. [KMS93, Ch. III] or [Sha97, Ch. 1 §3] for
more details.

If the abstract fibre E of £ is a vector space and all coordinate transformations
are linear on the fibre, £ is called a vector bundle. Vector bundles are denoted
by capital letters E, if it is not possible with the abstract fibres.

Two vector bundles £, F — X over the same base give rise to the tensor
bundle £ ® F with abstract fibre £ ® F with transition function constructed by
the Kronecker product. If £ = F, the symmetric ¢-fold tensor bundle is denoted
by S9€, the skew-symmetric one by A?E. Frequently used examples are products
of the tangent or cotangent bundle like ST, S9T* and A\?T*.

The duality between T" and T defines a pairing on the ¢-fold products:

q 9, 0
() NTxx NT*— \T
with /\0 T = X x R. There is also the well-known interior product
~1
i:T*xx NT— N T,

which is the adjoint to the exterior product A.

The tangent bundle T'€ of a fibre bundle 7 : £ — X has an important
subbundle, called the wvertical bundle V(E). It is defined as V(E) = ker(my),
containing all tangent vectors whose projection under 7, : T — T X is zero.

Slightly more complicated than vector bundles are affine bundles £, whose
fibre E is an affine space and there is a vector bundle W together with a free and
faithful translation action on the fibres:

Exx W = E&: (e,w)— e+ w.

In this case £ is modelled over the vector bundle W. If w is a local section over
U C X, it is possible to trivialise £ as |y = U x E. If there is a global section,
£ is isomorphic to a vector bundle.

Principal bundles m: P — X are important examples of fibre bundles, where
a Lie group G acts freely on P and the orbits are exactly the fibres.
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Let F be another manifold with a left G-action. The associated bundle P x o F
is the orbit space of the diagonal action of G on P x F'. It is a fibre bundle with
abstract fibre F' (see [KMS93, 10.7]). The coordinate chances on the fibre of
P x¢g F are induced by the G-action, so that the bundle is called a G-bundle.

1.1.1 Exact Sequences of Fibre Bundles

For a morphism ¢ : E — E’ of vector bundles with constant rank, the image,
kernel and cokernel vector bundles are well-defined. So we can talk of exact
sequences
(L —

of vector bundles, where 0 stands for the trivial vector bundle id : X x {0} — X.
As usual, the exactness condition is im(p) = ker(¢)). Exact sequences can be
generalised to arbitrary fibre bundles, if it is possible to define a kernel. Because
arbitrary fibres have no distinguished point like the origin of a vector space, it
has to be specified separately by a section.

Definition 1.1. [Gol67b, Def. 2.3] A sequence of fibre bundles over X

® P

g ——=E——=¢&"
is called exact if there exists a section s” : X — £” such that:

(1) The sequence of sets is exact:

%)
! —_— o/
EETRE

namely

(o p)(e) (s"om)(e) Ve el
o&'ly) = v " (z)) VzeX.

(2) For each ¢’ € &', the sequence of vector spaces is exact:
* w*
V(E)e == V(E)lpe) —= V(E ) pog)(e- o

The section s” specifies a kind of origin in the fibre &, over z € X. Exact
sequences of vector bundles are the special case with s” = 0. The definition
allows to drop the assumption that all bundles have the same base X, if in
s" om = s"” oidx or the identity idx is replaced suitably. With this idea, the
kernel of a bundle morphism can be defined.

Definition 1.2. If ¢ : £ — £’ is a bundle morphism and s’ : X — & is a section,
we define the kernel kery () to be the set kery (¢) = {e € E|p(e) = s(n(x))}. ©
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The kernel is not necessarily a fibre bundle, but under two regularity assump-
tions it is a consequence of the implicit function theorem. Again, the zero object
is the trivial bundle 0 = X x {0}.

Proposition 1.3. [Gol67b, Prop. 2.1] Using the notation of Definition 1.2, the
image im(¢) is a subbundle of & — X if ¢ is locally of constant rank. If further-
more s'(X) C ¢(&), kery () is a subbundle. Then we have the exact sequence:

L Y .
0 —kery (p)— & —im(p) —>0. o

If the bundles &’, £ and £” in Definition 1.1 are affine bundles over X, we
denote the fact that £ is modelled over the vector bundle E = V(£) by a dashed
arrow (see [Pom?78, Def. 1.1.30]):

E-->¢8—X.

Using this notation, both sequences of Definition 1.1 fit into a single diagram:

This diagram plays the same role as commutative exact diagrams do in homolog-
ical algebra. If e, f € £ are in the same fibre &, for z € X, their difference e — f is
an element of F,. We will use exact sequences of affine bundles in Section 4.3.1.

For a morphism ¢ : £ — £ of affine bundles it is possible to define the cokernel
E" = coker(p) by an equivalence relation on the fibres (see [Gol67b, p. 276]).
Let ¢ : B/ — FE be the morphism of vector bundles corresponding to ¢. Two
elements a, b € &, are equivalent a ~ b, if and only if there exists an ¢’ € E’ such
that a + ¢(e/) = b. Define coker(¢), := &/ ~ and coker(p) = [J,x coker(¢).
Since the projection of ¢(&7) to coker(y), is a distinguished element in each fibre,
coker(p) can be identified with coker(¢).

In this thesis, exact sequences of fibre bundles are used to define partial
differential equations on manifolds. But before doing so, we have to introduce jet
bundles in order to have a proper language.

1.2 Jet Bundles

Jet bundles provide a geometric formulation of functions and their derivatives.
The basic idea is to add coordinates standing for the derivatives of the dependent
variables up to a given order.
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We start with a fibre bundle £ — X with independent variables z and de-
pendent variables u. To handle the first order derivatives of sections 9,,w(x) we
add the coordinates u; as placeholders. This process can be continued to higher
orders. The result is the jet bundle J,(€) — &£, which will be constructed in the
first part of the section.

The approach of using variables as placeholders for derivatives was informally
used in many calculations during the late 19th century, for example by Lie [Lie91]
and Vessiot [Ves03]. Ehresmann [Ehr53] was the first who gave a formal definition
of jet bundles. Nowadays, jet bundles are quite common in differential geometry
(see e.g. [KMS93, Ch. IV], [Mal05, §4.2], [Olv95, Ch. 4] or [Pom78, Ch. 1.9]).

To complete the model for functions and their derivatives, we need a procedure
called prolongation that continues sections of £ — X to sections of the jet bundle
Jq(€) — X. The prolongation is not limited to sections, but can also be applied
to transformations of £ or bundle morphisms ¢ : £ — &’. In Section 1.2.1, we
present the jet bundle functor which is a useful tool for systems of PDEs.

Construction of Jet Bundles

For the construction of jet bundles, we need multi-indices pt = (p1,. .., un) € Z%,
with [p| = p1 + -+ + ptn, and p! = pq! - - - !, They allow to write monomials as
oH = (b ... (z")Hn and derivatives as %y(m) = Opny(x) = Ouy(x). There is
a partial ordering defined by v < p <= v; < u; for i = 1,...,n. We use the
summation convention w,z# =) U whenever a multi-index appears twice.
Furthermore, we need an equivalence relation on the sections of £ — X.
The jet bundle then consists of all equivalence classes. Consider two sections
f,g € T(€) and their coordinate expressions f*(x), g*(x). They have contact of
order g at x € X, if their values and their derivatives up to order ¢ coincide:

fl@)=g'(x), Ouf'(x) =0ug'(x) Vi<m, peZl 1<|ul<q.

It is easy to prove, that this definition is independent of the coordinate system.
We define an equivalence relation on the germs of sections at x € X by saying
that f and g are g-eqivalent at x, if they have contact of order g at x. We call
the equivalence class of f at x the g-jet of f and denote it by j,(f)(z).

Remark 1.4. A standard representative for j,(f)(z) can be given by the trun-
cation of the Taylor series to order ¢:

. S 1 . ,
fiz)=a"+aja) +---+ Ealw“, lu| <gq, a;, € R.

All equivalence classes are parametrised by the finite number of variables a®. o

Inspired by the Taylor expansion, which can be done in any coordinate system,
we now define jet bundles.
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Definition 1.5. The set of all g-jets of sections at € X is denoted by J4(€),
and the g-th jet bundle is J,(€) = U,cx J4(€)z- Identify Jo(€) with &. o

If f is a local section of &€ — X X, we can define a local section of the jet
bundle J,(€) — X by taking the g-jets:

Jq : T(E) = T(Jy(E)) : f = (x = jg(f) ().

This important map j, is called prolongation.

It remains to show that J,(€) is a finite-dimensional fibre bundle. We will do
this by defining fibre coordinates and transition functions based on coordinate
changes of &.

Proposition 1.6. 7 : J,(§) — £ is a fibre bundle. Furthermore there are
projections

turning J, (&) into a bundle over lower order jet bundles and over X. The dimen-

sion of Jy(&) is n+m (717). o

Proof (Sketch). A coordinate system (z,u) of £ is extended to J,(£) by adding
the jet coordinates UL for p € ZY,, || < g as placeholders for the derivatives of
u'. In coordinates, the g-jet of a germ of a section f of &€ — X has the form:

Jo(N)(@) = (z, u= fi(z), uj = 0;f'(2), ..., w, = 0uf'(2)), |ul<q.
Let (#,4) be another coordinate system of £ with transition functions

o= ¢lad),
W = Y2l ub).

Construct the transition functions for ﬂ; by repeated use of the chain rule:

~i i 0 ‘ Z, U j i
o) = 20y g,
ﬂ;k o () apgok (z) + ﬂ; 818pg0j (r) = Wu{p + lower order (1.2)

This continuation of a coordinate transformation from & to J,(€) is also called
prolongation. Equation (1.2) is given in a form convenient for formal differen-
tiation, but still has to be solved for the new coordinates ﬂL Since coordinate
expressions of f transform like f(2) = ¢(z, f(z)), it is clear, that the ﬁL trans-
form like the derivatives of f with respect to .
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Abbreviate all jet coordinates uL of strict order |u| = ¢ by uq. The transition
functions for jets of order g depend on jets of order < ¢ only. It follows that the
canonical projections

Tyi s Jg(E) = Jg—i(&)  (us oo Ug—iy - Ug) > (T 0, Ug—;)
and
T:Jy(E) = X (x,u,uq) — o

are well defined and coordinate independent, thus completing the fibre bundle
structures over J;_; and X. The dimension formula is obtained by counting the
number of derivatives up to order g. 0

Whenever (z,u) is a coordinate system of £, we now have a coordinate system
(x,u, uL, || < q) for its g-th order jet bundle. The coordinates uz are also called
jet variables or simply jets. The order of a jet ), is |ie|, where the dependent
variables are included as zero order jets u'® = UL:()- Whenever possible, we
abbreviate a coordinate system of J,(€) by (z,u, uq), where u, stands for all jets
up to order gq.

In the literature on this subject (see e.g. [KMS93, §12]), a different specifica-
tion of jet spaces can be found. It is easy to see, that they are only a special case
of Definition 1.5.

Remark 1.7. Let X, Y be manifolds and U C X be an open subset. Another
possibility to construct a jet space is to consider smooth maps f : U — Y.
The resulting space J,(X,Y’) contains all ¢-jets of maps X — Y. Obviously each

smooth map U — Y can be seen as a local section of the trivial bundle £ = X xY

and thus Jy(X,Y) = J,(X xY). o

Properties of Jet Bundles

Having established that J,(€) is a fibre bundle, we recall well-known proper-
ties of J,(€) that are necessary for the following chapters. At first, we turn to
coordinates and sections of J,(£) — X.

Remark 1.8. All jet coordinates ufu including the dependent variables u’, are
treated in the same way as the independent variables. Especially, they are func-
tionally independent:

o g, Do, Qg
oxd OxJ o, 7o

Unlike a section u’ = f%(z) and its derivatives, the jet coordinates do not depend
on the independent varibles . To simulate the z-dependence, we introduce the
total derivative in Definition 1.11. o
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Remark 1.9. The coordinate expression of a section f, of J,(£) — X is specified
by functions uL = fﬁ(az), which may all be chosen independently. An important
subset of these sections are the prolongations j,(f) of sections f : X — &£. They
satisfy the differential equations

fion, (@) = 9ifi@), Iul<q

because j,(f)(z) has the coordinate expressions uL = Opu fi(x). Obviously, most
sections of J,(€) — X are not prolonged from a f € I'(£). The distance between
a section f, and the prolongation of f = 7l(f,) is measured by means of the
Spencer operator that will be introduced in Proposition C.12. o

We now list general properties of the jet bundles.
Proposition 1.10. Let £ — X and & — X be fibre bundles.
(1) J4(€) is an affine bundle over J,_1(€), modelled over ST @ V().
(2) If £ — X is a vector bundle, then J,(£) — X is also a vector bundle.

(3) The prolongation of the trivial bundle 0 = X x {0} — X can be identified
with 0 again: J,;(0) = 0. In exact sequences of fibre bundles, 0 plays the
role of the zero object.

(4) The jet bundle of fibre products £ x x £’ is naturally isomorphic to:

J(E xx E) 2 T (E) xx J ().
(5) Jy(V(E)) and V(J4(€)) are naturally isomorphic. o

The first three properties follow directly from the coordinate expressions in
equation (1.2) and (4) is a consequence of the jet bundle functor which will be
defined in Section 1.2.1. For detailed proofs, we refer to [KMS93, §12.11-17] and
[Pom78, La. 1.9.12].

The Total Derivative

The total derivative is the link between jet variables and their interpretation as
representatives of derivatives. It is defined in coordinates (z,u,uq) of J4(€) and
treats a jet uit like the derivative 8Muj of an z-dependent function u’. So the
total derivative D, must satisfy:

) =
Dyiwy, = w4y,

With the help of the total derivative, coordinate changes and morphisms of bun-
dles can be prolonged to the jet bundles.
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Definition 1.11. Let (x,u) be a coordinate system of £. The i-th total derivative
D; = D, is the first order differential operator

sz‘ : F(Jq((‘:) X R) — F(Jq+1(5) X R)

defined by:
Do D 0

) W 0<lnl < (13)
ox* 8“{1,

<

An element of I'(J,(€) x R) is a real-valued function ®(x,u,u,) depending
on jets up to order ¢q. Plugging the ¢ + 1-jet of a section f € I'(€) into the total
derivative of ®,

0P ;0P

i D (z, u, ug) 5 (x,u,uq) + w1, ol (@, u, uq),

yields the same as the formal differentiation of ®(x, f(x), 0, f(x)) by %

d 0P ; 0P
0 1@ 0,1 (0) = 5o (0,0, @) 4 s P ) 00,5 )

The total derivative D; implements the chain rule for sections of £. The next
lemma states that all D; are commuting first order differential operators, which
can be proved by direct calculation (using equation (1.3)).

Lemma 1.12. [Pom78, §2.1] The total derivative transforms like D, = gf; Dy,
under a coordinate change & = #(z), & = 4(z,u). For &5, € I'(J,(£) x R), we
have the following properties:

(1) Di(®1+ P2) = Di(P1) + Di(P2),
(2) Di(®1 - ®2) = Di(®1) - P2+ Py - Di(P2),
(3) Dl‘ODj:DjODi. &

Using the last property, we define the product D, := D{* --- D for a multi-
index v € Z%,. With the help of the total derivative, the prolongation of transi-
tion functions in equation (1.2) can be rewritten as:

W07 (x) = Dyy'(w,u),
iy, O () O™ () + 0 10p" (1) = DpDyo'(,u), (1.4)

This prolongation still suffers from the disadvantage that the equations have to
be solved for the new coordinates ﬂL in order to write the coordinate change in
the form of equation (1.1). Vessiot’s notation avoids this problem.
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Remark 1.13. In many applications it is convenient to modify the transition
functions of equation (1.1). Inverting the transformations on the fibres of £, we
obtain the coordinate changes in Vessiot’s notation [Ves03, eq. (36)]:

it = ¢'(a),
W= (&, 0).

In practice, the formulae are often shorter than in the usual notation. The ad-
vantage of Vessiot’s notation is that the prolongation to J,(€) is very simple:

Wy = Dot (p(@),d),  |ul <q.
It involves the generalised total derivative:

0 Tk ! 0 0 . ! 0
D, = o + typq, Oip (x)ﬁT”L,@ = o + Uy, %(@T%-
D, implements the chain rule for functions @ depending on & = ¢(z). The
prolonged transition functions are automatically written in Vessiot’s notation.
All examples of natural bundles in Chapter 3 will be presented in this way. o

1.2.1 Prolongation and the Jet Bundle Functor

As we have seen, coordinate changes of £ — X can be prolonged to J,(£) —
X. Interpreting them as local diffeomorphisms & — &, it is natural to ask if
morphisms of fibre bundles can be prolonged, too. The current section gives a
positive answer. It also allows to define the jet bundle functor .J,() on the category
of fibre bundles over X with bundle morphisms. We follow the exposition in
[Gol67b, §4] and shortly recapitulate basic properties of .J; including its exactness.
Proofs are omitted.

Proposition 1.14. Let ¢ : Ji(€) — &’ be a morphism of fibre bundles over X.
There exists a unique morphism pg () : Ji44(E) — J4(E’) such that the following
diagram on the sections commutes:

T (J1q(€)) 22 11, (E"))

lequ qu

D(E) — = T(&)

The map py(¢p) is called the g-th prolongation of ¢. In the special case of k =0,
Pq(p) is also denoted by J,(¢). o

Whenever we talk of a unique prolongation and refer to this proposition, the
uniqueness is provided by the above commutative diagram. Alternatively, we call
the prolongation compatible with j,.
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The prolongation is calculated by interpreting equation (1.1) as a morphism
of bundles where (x,u) are coordinates of £ and (&, %) are coordinates of £'. The
prolongation is computed by equation (1.4).

The next Proposition recalls basic and very useful properties of the prolon-
gation of morphisms.

Proposition 1.15. (1) The prolongation of the identity map id, : J, (&) —
Jq(€) is the natural embedding

pr(idg)  Jgr(E) = Jr(Jg(E))-

(2) Composition of morphisms commutes with prolongation. Two morphisms

0 :Jg(€) = & and ¢ : J(E') — £ tulfill:
ps(¥opr(9)) = ps(P) oprys(p) Vs € Zxo.
(3) The following diagram commutes for all r, s € Zx>q:

Pris(p)

Jq+r+s(5) Jrts (5/)

ps(idg) Zolerle)) ps(ids)
Js(pr(#))
To(Jqsr(€)) = Ty (Jr(E))) .

The natural embedding (1) is very simple in coordinates. If (u,), with [u| < ¢
and |v| < ris an r-jet in J,.(J4(£)), the canonical embedding just symmetrises
the indices by setting (u,), = wyqv-

Having defined J; on objects and morphisms, the functorial property J,(¢ o
) = Jy(p) o Jy(¢) is a special case of the composition (2). Effectively, it is a
consequence of the chain rule. As a last step, we state the exactness of Jj,.

Proposition 1.16. Let ¢ : £ — &' be a morphism of fibre bundles over X,
which is locally of constant rank. Then p,(p) : J4(E1) — J4(&2) is a morphism of
bundles over X of locally constant rank. If ¢ is a mono- or epimorphism, then
Pq(¢p) is also a mono- or epimorphism.

If & : X — & is a section with s(X) C ¢(&), then j () C py(p)(J(€)) and
the sequence

Pq(t) Pq ()

0 ——— Jy(kery () J4(€) Jq(&)

is exact with pg(p) o pe(t) = jg(s’) o, where ¢ : kery (p) — £ is the embedding.o

The main benefit we derive from jet bundles are systems of partial differential
equations, which will be defined in Section 1.3. Whenever possible, a system of
partial differential equations is described by an exact sequence of bundles. In this
case the exactness of J, implies that the formal differentiation of the system is
again specified by an exact sequence.
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Prolongation of Vector Fields

Before turning to systems of PDEs, we finish the section on jet bundles by in-
troducing the prolongation of vector fields. It is needed in Appendix C.2 and in
Chapter 3. We follow the book of Olver [Olv95, Ch. 4].

Vector fields can be interpreted as infinitesimal local diffeomorphisms € — &
and their prolongation is the infinitesimal analogue to the prolongation of maps
@ : & — &£. In this thesis, vector fields occur as infinitesimal generators of a
Lie group action on a manifold or, as a generalisation, as infinitesimal generators
of a Lie groupoid action on a bundle (see Section 2.2). The prolongation of
both finite actions becomes too large to compute even in Vessiot’s notation. The
prolongation of the generating vector fields remains small enought for efficient
computations.

Let us first illustrate the prolongation of a vector field with an example.

Example 1.17. Let £ = R xR with global coordinates (x,u) be the trivial bun-
dle. On &, the prolongation of bundle morphisms can be generalised to arbitrary
diffeomorphisms:
T = o(z,u), = YP(x,u).
It is done by replacing the partial derivatives on the left hand sides of equation
(1.4) by total ones:
ﬂ; D¢’ (x,u) = D' (z,u), ...

The one-parameter group of transformations (which are no bundle morphism)

>

= xcos(e) — usin(e),

= usin(e) + ucos(e)

>

is generated by the vector field:

_di| 0 da
_deezo&v de

v T ="Uug—+txT—.

.o Ou oz ou

Its prolongation to Jy (&),
. D,y  sin(e) + uy cos(e)

Yo = Do cos(g) — ug sin(e)’

Da:uﬁ Ugy

Had D,z (cos(e) — ugsin(e))3

remains a one-parameter group of transformations, but this time on J,(£). Dif-
ferentiating again, we obtain its infinitesimal generator pa(v):

W o~ G| 0 dil 0 dis| 0 dis| 9
P2  de o O de|._, Ou de |._y Oug de |._y OUgqe
0 0 9, O 0

<
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In the example, the prolongation of a vector field was computed by prolonging
the corresponding finite transformations. It is possible to prolong a vector field
without integrating it, using the following definition.

Definition 1.18. [Olv95, p. 117] The prolongation of a vector field v on &,
given in local coordinates (z,u) by

} B , )
v =) () 5

ozt

is defined as 9
pq(v) = DNjSj +&'D; € XJy(E),
ouy,
where Q7 =1/ — ug ¢ denotes the characteristic of v and p € Z% cycles through
all multi-indices with |u| < gq. ©

The additional term £°D; cancels the jets of order ¢ + 1 occurring in D”Qj.
According to [Olv95, Thm. 4.16] it is the infinitesimal version of the prolongation
of transition functions.

Example 1.19. The vector field v = —u% + 1‘% from Example 1.17 has the
characteristic Q = z 4+ uu, and the second prolongation:

_ 9 0 2
,02(1}) = Qfau + Dinaux —+ (Dx) Qaumm —uD,
= (@ ) (1 02+ Uttan) — + (Buigting + Uligag) o — uD
o 0 L 0 B
= —ugotao- (1 ux)aum + Btz — (1.6)

We have seen in Proposition 1.15 (2) that the prolongation of diffeomorphisms
respects composition, which is translated in terms of the Lie brackets to vector
fields. It will be used in Section C.2.3 to construct a Lie bracket on J,(T').

Lemma 1.20. Two vector fields v, w of £ satisfy:

[4(v), pg(w)] = py([v, w]). 3

1.3 Systems of Partial Differential Equations

In this section, we define a system of partial differential equations in a geometric
language. Jet bundles provide a geometric model for functions and derivatives
and a system of PDEs is simply a subbundle of a jet bundle. This so-called formal
theory of PDEs was introduced by Spencer [Spe69], Quillen [Qui64] in the linear
and Goldschmidt [Gol67b] in the nonlinear case.
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Starting with the definition of a PDE system R,, we turn to the fundamental
operations of prolongation and projection in Section 1.3.1. The prolongation of
R4 uses the jet bundle functor and the total derivative. It is equivalent to the
formal differentiation of all equations defining R,. In terms of equations, the
projection involves the elimination of highest order derivatives. Geometrically,
the projection is more simple as it only involves the jet bundle projections Wg” :
Jg4r(E) — J4(€) which forgets the highest order jet coordinates.

Section 1.3.2 describes formally integrable systems where the prolongation and
projection will not produce new equations. It depends on Appendix A symbols
and Spencer cohomology are introduced.

Definition 1.21. [Gol67b, Def. 7.1] Let & — X be a fibre bundle. A system
of partial differential equations Ry — X of order ¢ is a subbundle of J,(£) — X.
A solution of Ry is a local section f : U € X — & such that j,(f)(z) € R, for
all z € U. If £ and R, are vector bundles, the system of PDEs is called linear
and otherwise nonlinear. o

Analogous to the notation for vector bundles, a linear system of PDEs is
denoted by R, C J,(E). This notation becomes useful when treating a nonlinear
system R, and its linearisation R,.

Let us verify that the above definition is nothing else than a geometric formu-
lation of PDEs on manifolds. Choose a coordinate system (z,y, yq) of J4(€). The
system R, is a subbundle of J,(£) — X, so there is another coordinate system

(z,®) of J,(£) such that R, is given by ®! = ... = ®¥ = 0. Expressing ®’ in the
old coordinates (x,y,y,), we obtain equations
Ol (z,y,4q) = ... = D" (2,9, 94) =0,

locally defining R,. So a subbundle introduces relations between the jet variables.
The definition of a solution reveals the differential equations. Each solution f of
R4 has to satisfy j,(f)(z) € Rq. The conditions are PDEs in the usual sense:

(2, f(2),0,f(x)) = ... = B(x, f(x), D f () = 0.

Exact sequences of fibre bundles are a very convenient way of specifying a
system of PDEs, because the prolongation involves little more than the jet bundle
functor. At first we need differential maps and operators (cf. [Pom78, Def. 2.1.1]).

Definition 1.22. A bundle morphism ® : J,(£) — F over X of locally constant
rank is called differential map of order q. The map

D:T(€) — [(F)

defined on the sheaf of sections is called differential operator, if there exists a
g € N and a differential map ®, such that D = ® o j,. If ® is a vector bundle
morphism, D is called linear and otherwise nonlinear. o
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As a direct consequence of Proposition 1.3, a differential map ® together with
a suitable section w : X — F (w(X) C im(®)) defines a system of PDEs R,(w):

0 —= Ry(w) —= Jy() == F. (1.7)

WOoT

In coordinates (z,y,y,) of J4(€) and (x,u) of F, the differential map ® is ex-
pressed as u® = ®*(x,y,y,) and the equations defining R,(w) are

Y (z,y,yq) = w*(x), 1<a<k. (1.8)

Essentially, Rq(w) = ker,(®) is the kernel of ® with respect to w. Note that
another choice of the section w specifies a PDE system with a different right
hand side.

Not all PDE systems R, C J,(£) have a kernel representation and Gold-
schmidt [Gol67b, §7] gave a topological restriction. In this thesis, we are only
interested in local questions and on a single coordinate neighbourhood it is pos-
sible to construct a kernel representation.

Example 1.23. On £ = X x X, X = R", with coordinates (z,y), the equations
for the second order jets

v, =0, 1<ijk<n

define the subbundle Ry C J2(€) — X which is isomorphic to Ji(€). Solutions
of Ry are affine transformations X — X:

yi(x) = G;Ij + 0, aé-,bi eR.
The differential map ® for a kernel representation of Ry is:
D:Jh(E) - X xR?: (x,y,yj,yék) — (x,yék),

where d is the number of second order derivatives. As right hand side for ®, the
zero section w = 0 has to be used.

In Section 2.3, we restrict ourselves to the invertible jets II3(X x X), where
all solutions must have nonzero determinant det(az-). We observe that the com-
position of two affine transformations is affine and thus also a solution of Ry. ©

1.3.1 Prolongation and Projection

In this section we will define the prolongation and projection of PDE systems
and give examples. If a system R, C J,(£) is given by equation (1.8), we use the
total derivative to compute the additional equations for higher order jets:

D, % (x,y, Yg4r) = Opw®(x), | <r, 1 <a<k. (1.9)

We expect that the prolongation Ry, of R, satisfies these equations. To project
to a lower order, it is necessary to eliminate the highest order jets from the
equations. The step to order g+ — 1 is easy, because all jets of strict order g+1r
occur linearily. Further projections may become more complicated.
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Definition 1.24. [Gol67b, Def. 7.1] = The r-prolongation of a PDE system R,
is the subset

Rysr = pr(Ry) = Jo(Rg) N Tyin(E).

Ry4r is called regular if it is a subbundle of J4,(£) — X. The set

s +r+
R(glr = 77;1+77: *(Rgtrts) € Ryr

is called projection. o

Note that due to the intersection with Jy1,(€), both prolongation and pro-
jection are only subsets of jet bundles but not necessarily subbundles.

Locally, it is again possible to work with exact sequences. If the system
Ry = ker,(®) is specified by a kernel, then R,, is defined by the kernel of
the prolonged map p,(®) with respect to j,(w) and we have the commutative
diagram:

pr(®)
04>Rq+r4> q+’f(€)ﬁ>‘]"‘(f) (110)
jr(w)om
7rq+rl ﬂq+?¢ L
q q
[

0 Rq Jy(€) F

Another possibility to obtain this diagram, is applying the jet functor J, to
the sequence for R,. The intersection with Jy4,(€) is done with the canonical
embedding Jy4,(E) — Jr(J4(E)).

In coordinates, the prolongation p,(®) is computed by equation (1.4), which
simplifies to

uz = Du(ba(xa Y, yq+7’)7
because the projection of ® to the base is the identity map ¢ = idx. As expected,
the equations (1.9) are added to the system.

The next example (compare [Sei02, Ex. 1.3.3]) shows a PDE system where
the prolongation is no longer a bundle.

Example 1.25. On the trivial bundle £ = X x R over the base X = R? we use

the global coordinate system (z,y) of X and (z,y,u) of £. Define the nonlinear
second order system Ry by the equations

Uyy — Uy, = 0, Ugy — Ugz = 0.
They induce a differential map ® : J5(£) — F = X x R2:

1
2
(xayauyuxauyyuacxaua:yyuyy) = (xﬂyu Uyy — 5u1x7u$y - Uaca;)a
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which is locally of constant rank. The section w of F — X corresponding to Ro
is the zero section. Apply the total derivative for the first prolongation Rs:

p1(®): J3(E) — Ji(F)
(.%', Y, u, ’U,3) = ( -y Ugyy — UgaUgax, Uyyy — UzzUzzy,
Ugry — Uzzx, Uzyy — umzy)-

Again, the zero section of J;(F) — X defines R3. From the last two equations of
R3, one deduces gy = Uzz, and the first equation becomes (1 — Uy )Uzgz- Rs
consists of the union of two submanifolds of J3(&).

The rank of p;(®) drops by one for uy, = 1 or ug,, = 0, so the the prolon-
gation of ® to pi(®) : J3(€) — Ji(F) from Proposition 1.15 does not preserve
exactness. In contrast to that, Proposition 1.16 shows that the functor J; is
exact. Applying J; yields a different map p1(®) : J1(J2(€)) — Ji(F). Here jets
like Dytzy = Ugyr and Dy, = Uz, have to be distinguished so that the rank
drop is impossible. o

Let us turn to the projection. In theory, it is simply the application of 7r3+r to
the prolonged system Ry4,. In terms of equations, there is more work to do, as it
includes the elimination of all jets of order > ¢. For linear systems the projection
can be done with Gaussian elimination.

Example 1.26. With £, X as in Example 1.25, we consider a second order linear
System:
Ro Ugy — Uz = 0,
2 Upy — U = 0.
Its first prolongation is:

Ugy — Uz = 0,
Ugy —u =0,
Urgr — Uzy = 07
Ugzy — Ugy = 0,
Ugpy — Uz = 0,

\ Uayy — Uy = 0.
The projection back to second order contains one new equation:

Ugg — Uy = 0,
Rgl): Ugy —u =0,
u; —u = 0.

It is obtained by eliminating first w,;, in the third order equations and then g,
among the second order equations. Another prolongation and projection restricts
the system further:

Ugg —u =0,

Ugy —u =0,

Uy —u =0,

Uy —u = 0.

Rg) :
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Now the question arises if the process of prolongation and projection leads to
more equations and when to stop. In this example, one last step produces the
equation uy, —u = 0 for Rgg). Any new equation of order < 2 must have zero
order. This would imply v = const, but u = ex‘w(i? a solution of Ro.

3

Here, the projection to a first order system R;”’ simplifies matters:

Rgg):{ Uy —u =0,

uy —u =0,

because all second order equations for Rg?’) are differential consequences of the

two equations of Rgg). All jets u,, of order > 1 can be expressed as u, —u = 0,
|| > 1. This means prolongation to arbitrary high orders g + r + s and then
projection to order g + r does not yield any new equations. o

In the example we could easily describe all equations that must be satisfyed by
a solution of the original system Ro. We call such a system formally integrable.
The next step is a method to decide integrability in more complicated cases.

1.3.2 Formal Integrability

In this section we give a definition of formal integrability and state results by
Goldschmidt [Gol67b] which allow to test formal integrability. In the analytic
context it is possible to prove the existence of solutions.

The test of formal integrability depends on the symbol M, of a PDE system
R, introduced in Appendix A. Here we treat the assumption that the symbol
M, is 2-acyclic as a technical condition.

Definition 1.27. A system R, C J,(€) of PDEs is called formally integrable
if Ry4r is a subbundle of Jy4,(€) — X for all » € N and if the projections
WZI:JFS : Rg+r+s — Rgir are epimorphisms for all r, s € Zxo. S

Formal integrability means that the prolongation to arbitrary high orders
produces no new equations of lower order that would prevent the projections
qui:H from being surjective. To assure integrability for a system R,, we have to
check infinitely many conditions. So before turning to the existence of solutions,
it is necessary to provide tools that decide formal integrability in a finite number

of steps.

Theorem 1.28. [Gol67b, Thm 8.1] Let R, C J,4(&) be a g-th order PDE system.
If the symbol M, is 2-acyclic, Myy1 — Ry is a vector bundle and if the map
w;’“ : Rg+1 — Ry is surjective, then R, is formally integrable. o

See Definition A.1 for symbols and Definition A.5 for 2-acyclicity. The the-
orem can be read as follows. The conditions on M,y assures the regularity of
Rg+1. If the symbol M, is 2-acyclic, a single prolongation and projection is suf-
ficient to check formal integrability. If M, is not 2-acyclic, there exists an r € N
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such that My, is 2-acyclic. If R4y, is regular, we can apply Theorem 1.28 to
the prolonged system.

A formally integrable system R, C J4(€) allows to construct formal power
series solutions order by order. First choose coordinates (x,u) of £ and an element
rq € Rq. By Remark 1.4 there is a taylor series representation for rg:

uZ:r’—i—r}mJ—i----%-;?’Z at, Jul<q r eR

N
Because 7rf]1+1 : Rg+1 — Ry is surjective, there exists an element rq11 € Ryy1
that projects down to 7,. In other words, the taylor series representatives of rqy1

and r, coincide up to order ¢g. This can be continued since all projections WZI;JF

are surjective.

However the constructed power series are only formal and may not converge.
In the smooth context, nothing is said about the existence of solutions. Even
more, there exist counterexamples for the existence of smooth solutions [Lew57].
A modification of the counterexample (see [GS67]) also applies to equivalence
problems, which are treated in Chapter 6.

In the analytic context, where X, £ and R, are real-analytic manifolds, there
is an existence theorem for solutions.

Theorem 1.29. [Gol67b, Thm 9.1] Let R, C J4(£) be a ¢-th order analytic
PDE system on &, which is formally integrable. Then given p € Ry, with
7r8+r (p) = z € X, there exists an analytic solution s over a neighbourhood of
such that jg4r(s)(z) = p. o

We give some examples, where the formal integrability of systems is checked.
The occuring symbols are all involutive which is a stronger condition than 2-
acyclicity.

Example 1.30. (1) In Example 1.26, all symbols of Ry, Rgl), Réz) and the
last system Rég) are involutive (/\/lgg) is even zero), but the surjectivity
condition of Theorem 1.28 is violated in all but the last system. Solutions

of Ry are u(z,y) = ce*tV for c € R.

(2) The system Ry with y;k = 0 from Example 1.23 has a zero symbol Ms = 0,
which is involutive. The prolongation to third order yields:

Rg:yL:O | < 3.
The projection 73 is surjective and Ry is formally integrable. Because all
higher order jets also vanish, the power series solutions are linear polyno-
mials y'(z) = ajz? + " o



Chapter 2

Lie Groupoids

In this chapter Lie groupoids are introduced which are a generalisation of Lie
groups. The underlying concept of groupoids was first defined by Brandt [Bra27].
A main application for groups are symmetries of mathematical objects. It turns
out that geometric objects on a manifold, such as metrics, often have lower sym-
metries that cannot be described by groups. In this case, the symmetries have the
structure of a Lie groupoid, which takes the underlying manifold into account.

Ehresmann developed Lie groupoids in a series of notes (see e.g. [Ehrb5])
on ¢-jets of diffeomorphisms. This connects the geometric theory of PDEs with
symmetries. The current chapter is based on the introductory textbooks[Mac05]
and [MMO03] and repeats basic facts for Lie groupoids. The textbooks also contain
a comprehensive list of references on this topic.

To get an intuition for Lie groupoids and their connection to groups, their
theory is developed analogous to Lie groups:

Groups — Lie groups — Jet groups
Groupoids —— Lie groupoids —— Jet groupoids

In Section 2.1 groupoids are defined and a basic notation is layed down. Adding
smooth manifold structures, Lie groupoids are obtained in Section 2.2. In the
remaining two sections, we turn to the special case of jet groupoids and algebroids
which are connected to jet groups from Appendix B. Jet groupoids are systems
of PDEs over the trivial bundle £ = X x X with additional structure. They are
needed in Chapter 3 as symmetry groupoids of geometric objects.

In analogy to the Lie algebra of a Lie group, Lie algebroids are introduced in
Appendix C as the infinitesimal versions of Lie groupoids.

2.1 Groupoids

We start with the definition of groupoids and their actions. Roughly speaking, a
groupoid behaves like a group, except that the multiplication is only defined for
certain pairs of elements.

35
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Definition 2.1. A groupoid G is a small category with invertible morphisms.
A subgroupoid H of G is a subcategory of G with invertible morphisms. A
subgroupoid is denoted by H < G. o

A small category consists of a set of objects and morphisms between them.
For a groupoid, the set of objects G(? is called the base and the set of morphisms
is denoted by GV, Each arrow g :  — y € GM) is a morphism between two
elements x and y of the base, which are called source and target of g:

s: GV - g . g — x source,

t:GD a0 gy target.
The arrows of a groupoid are the analogue to group elements. Whenever we
speak of a groupoid element ¢ € G, we think of an arrow g € G, In contrast
to groups, the multiplication is not defined for all groupoid elements ¢, h € G().

The composition of morphisms in a category induces only a partial multiplication
for elements with matching source and target:

p: GO S)(kt> G - g, (g, h) — gh.
G 0

It is defined over the pullback

a® — g 5)(@) o) — {(g,h) € G % G(l), s(g) = t(h)}.
G 0

The base G(¥ can be embedded in GV as the identity arrows:
GO M p s,

A groupoid G contains a unit element 1, for each z € G satisfying 1,9 = ¢ for
all g € G with s(g) = 2. The multiplication with the inverse g~ of an arrow
g : © — y generally leads to two different unit elements:

g lg=1,, gg'=1,

There are a few useful notations for subsets of a groupoid G. Take z,y € G(©).

Glz,y) = {g€GW|tlg) =y,s(g) =},

G(z,—) = {g9€GW|s(g) =z}, source-fibre

G(—,y) = {g€GD|t(g) =y}, target-fibre

Glz,z) = {ge€GW|s(g) =t(g) ==} isotropy group of z,
Gr = t(G(z,-)) =s(G(—,x)) orbit of z.

In the case of Gz = G(© the groupoid is called transitive. Otherwise, the base
decomposes into orbits similar to the case of a group action on a set. It is easy
to see that the isotropy groups for x,y in the same orbit are isomorphic.
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A groupoid morphism ¢ : G — H is a covariant functor, which implies, that
¢ commutes with source and target:

o(s(9)) = s(6(9)), 6(t(g)) =t(¢(9))  VgeGW

and preserves multiplication:

P(g192) = d(91)(g2) VY (g1,92) € GP.

Furthermore, ¢(1;) = 14(,) for x € GO and ¢(g7") = ¢(g) "

The following examples show that the concept of groupoids is very general,
as most mathematical objects can be considered as groupoids. The question is
whether the groupoid structure gives new insights. The parameters of groupoids
that are of interest to us are the base, the isotropy groups and the orbits.

Example 2.2. (1) Every group H is a groupoid over a single point {1}, which

is usually the identity of H. In this case, the restriction of the multiplication
map becomes irrelevant. A group is a groupoid with the smallest possible
base and a large isotropy.

Each set M is a groupoid, which only contains identity morphisms 1,,
for m € M. M is the exact opposite to a group H, because the base is
large and the isotropy is trivial. The groupoid structure does not give new
information on the set.

An equivalence relation ~ on a set M defines an groupoid as

G = M,
G = {(a,b) € M x Mla ~ b},

with s(a,b) = b and t(a,b) = a. Symmetry ensures that every arrow is
invertible, reflexivity provides the units 1, = (a,a) and the multiplication
(a,b)(b,c) := (a,c) is well defined because of transitivity. In this case, the
orbit structure of GG is interesting and the isotropy groups are trivial.

Every groupoid G defines an equivalence relation on the base G(9) by taking
its partition into orbits Gz for z € G, If G is transitive, there is only
one equivalence class and the groupoid corresponding to this equivalence
relation is called the pair groupoid with G1) = GO x GO, o

These examples illustrate extreme cases of groupoids. The interesting cases
of groupoids have a nontrivial base as well as nontrivial isotropy groups. We give

two more examples.

Example 2.3. (1) Let H be a group and M be a set. Then G = MxHxM

is the trivial groupoid on base G = M with group H. It has the source
and target projections

s: G = M : (my, g, ma) — ma, t:GY — M:(ma,g,ms) — m.,
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The product of (mq, hi, ma) and (ms, he, my4) is defined if and only if my =
mg:

(ml, hl, 77’L2)(77’L2, hz, M4) = (ml, hlhg, m4).
Obviously, the groupoid is transitive and the two copies of M seem like
an artificial restriction of the multiplication. In fact, each transitive Lie
groupoid is locally isomorphic to a trivial groupoid.

(2) The action groupoid of a group H acting on a set M is a little more com-
plicated. Define G = M with arrows G(Y) = H x M. Source and target
are given as

s((hym)) =m, t((h,m)) = hm.

The multiplication is induced by the group action:
(hz,mg) (hl,ml) = (h2 hl,ml) fOI“ h1m1 = mao.

The inverse of (h,m) is (h™1, hm). An action groupoid treats the group H
on the same level as the set M on which H acts. o

Groupoid Actions

We now turn to the action of a groupoid G on a set F. Similar to the restricted
multiplication on G, not every groupoid element may act on each f € F.

Definition 2.4. Let G be a groupoid and F a set with a map 7 : F — GO, A
left groupoid action of G on F is a map GV 5)2” F — F (shortly G A F — F)

G
with
(ab)f = a(bf) v(ab,f) €GPl F,
G
l.f=f Vfer(a).
The first condition requires w(bf) = t(b). There is an analogous definition for a
right action F ™AL ) G\ — F (abbreviated as F A G — F). o

We usually assume that 7w : F — G(©) is surjective. In the case of |G| =1
this definition coincides with the action of a group. The definitions of groupoid
orbits Gf and stabilisers Stabg(f) for f € F are analogous to the group case.
However there are two restrictions for transitive actions, because groupoids may
be intransitive themselves.

We give two simple examples of groupoid actions and refer to Example 2.12
and Chapters 3-7 for more elaborate actions.

Example 2.5. (1) Every groupoid G over the base M acts on M by:
GSJA\;dM — M :(g,m) — t(g).

The orbits of the action are identical with the orbits of the groupoid itself.
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(2) An important action of G is the multiplicative action on itself:

T G s, tg® g, (g,h) — gh,
G(0)

which is a left action for (F,7) = (G™M,t) and a right action for (F,n) =
(GM, 5). In this context, we define left and right multiplication:

Ly, :G(s(9),—) — GY : b gh,

Ry : G(—,t(h)) — GW : g — gh. o

2.2 Lie Groupoids

We now turn to Lie groupoids and their properties. Similar to a Lie group, a Lie
groupoid is essentially a groupoid with smooth manifold structures (cf [MMO3,
§5.1]). In the last part of this section, we treat actions of transitive Lie groupoids.

Definition 2.6. A groupoid G is called a Lie groupoid if G and GU) are
smooth Hausdorff manifolds. Additionally, the source map s is a smooth sub-
mersion and all other maps are also smooth.

A morphism of Lie groupoids is a smooth groupoid morphism (both on the
base and the arrows). A Lie subgroupoid is a subgroupoid H < G, which is also
a Lie groupoid (and all manifolds are submanifolds). o

We also require a Lie groupoid action on a fibre bundle 7 : F — GO to be a
smooth map G A F — F.

Both Examples 2.2 and 2.3 can be turned into Lie groupoids if H is a Lie
group, M a manifold and the equivalence relation defines a foliation of M. In
particular, a Lie group is a Lie groupoid over a single point. The next important
example shows the connection between Lie groupoids and principal bundles.

Example 2.7. Let H be a Lie group and 7 : P — X be a principal H-bundle.
H acts on the cartesian product P x P from the right by (p1,p2)h = (p1h, p2h).
Then the gauge groupoid is the orbit space under the H-action:

Gauge(P) =P xg P=P x P/H.

Set pr; and pry as the projections to the first and second copy of P and choose
source and target as s = mw o pry and t = w o pr;. The product of two residue
classes is:

[(p1,p2)] - [(q1,42)] = [(p1, 2h)]  for 7(p2) = w(qu),

where h € H is the unique element with ¢1h = po. o
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The following theorem from [MMO03] shows that Lie groupoids have far more
structure than groupoids. Particularly, the isotropy groups are all Lie groups and
the source-fibres are principal bundles. This leads to consequences for transitive
Lie groupoids and their actions on bundles.

Theorem 2.8. [MMO03, Thm. 5.4] Let G be a Lie groupoid and let z,y € G(©).

Proof. Since s is a submersion, G(z,—) is a closed submanifold of G. Put
Ey = ker(s.)gNker(ty), for all g € G. We will show that E|g(_ ;) is an involutive
subbundle of the tangent bundle TG(x, —) — X, therefore defining a foliation of
G(z,—).

For a g € G(z,—), the left translation L, gives a diffeomorphism. We note
that for any h € G(z,—), E}, is a subspace of T;,G(x, —) C T,G. Since so Ly =
8|a(x,—), it follows that

(L)1, (E1,) = E,.

So, any basis vy,...,v; of Ej, can be extended to a global frame Xj,..., X
of Elg_ ) via left translation (X;)g = (Lg«)1,(vi). This shows, that Eg, )
is indeed a subbundle of T'G(x,—). Involutivity follows from the fact that it is
exactly the kernel of t,.. Hence it defines a foliation of G(x,—), parallelisable
by Xi,...,Xk. The leaves are the connected components of ¢, and thus closed
manifolds. Particularly, the fibre t;!(z) = G(x,z) is a Lie group.

We have a smooth and free action of G(z,z) on G(x,—), that is transitive on
the fibres of t,. As t, fulfills condition (iii) of [MMO03, La 5.5], Gz is a smooth
manifold and ¢, : G(z,—) — Gz is a principal bundle. The fact that GO ig
Hausdorff implies, that Gz is also Hausdorff. O

The last property (4) essentially shows that transitive groupoids are all iso-
morphic to gauge groupoids. This leads to the following proposition, which is a
shortened version of [MMO03, Prop. 5.14].

Proposition 2.9. For a Lie groupoid G, the following conditions are equivalent:
(1) G is transitive.
(2) t: G(z0,—) — G is a surjective submersion for at least one zg € G(?).

(3) G is isomorphic to Gauge(P) of a principal G(zg, zo)-bundle P. ©
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Proof. (1) = (2): As (s,t) is a surjective submersion, also the pullback ¢ :
G(zg,—) — G along GO — GO x GO : y — (x9,y) is a submersion.

(2) = (3): According to Theorem 2.8, t : G(zg,—) — G© is a principal
bundle. The map

Gauge(G(wo, —)) — G : (g, h) = gh™

is an isomorphismus of Lie groupoids (easy check).

(3) = (1): If G = Gauge(P) for 7 : P — GO, then the map (s,t) :
Gauge(P) — G x G is induced by the surjective submersion (7, 7) : Px P —
M x M. So Gauge(P) is transitive. 0

Lie Groupoid Actions

The last two propositions are now applied to actions of transitive Lie groupoids.
This section is based on [Mac05, §1.6], which provides further details. From the
fact that each transitive Lie groupoid is isomorphic to a gauge groupoid certain
consequences follow for their actions on fibre bundles F. Each groupoid action is
uniquely defined by the action of the isotropy group on the abstract fibre F' of F.
The following proposition becomes important in Chapter 3 where it is applied to
the action of jet groupoids on natural bundles. It is the reason why jet groups
are introduced in Appendix B.

Proposition 2.10. Let G be a transitive Lie groupoid over the base X. Each
fibre bundle 7 : 7 — X with G-action and fibre F' is isomorphic to the associated
bundle:

F= G(l‘, _) XG(:L‘,CC) F

for some z € X. o

Proof. Use the isomorphism F* = F,. For each f € F,, y € X, there is a
groupoid element g € G(y,z) such that gf € F,. Two different choices g, ¢’
differ only by an element h € G(z,x). So the map

F— G(:’Ua _) XG(x,z) F:u— (g_lvgf)
is well-defined. The converse is trivial by the G-action on G(z, —). 0

The proposition says that each fibre bundle F with a G-action is uniquely
defined by the isotropy group action on the fibre F' of F which will be used in
Chapter 3 (especially Section 3.1.1).

In the next proposition we show that also G-equivariant bundle morphisms
Y F — F with ¢(gf) = g(f) for g € G are also defined by maps on the
fibres which are equivariant under the isotropy group action. This correponds to
Appendix B.5.3 on equivariant maps under jet groups.
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Proposition 2.11. Let G be a transitive Lie groupoid over the base X. Denote
the principal bundle G(z, —) by P and the isotropy group G(z,z) by H. Let F
and F’ be two manifolds with an H-action.

(1) If ¢ : F — F' is an H-equivariant map then
@:PXHFHPXHF/
is a well-defined G-equivariant morphism of fibre bundles.

(2) Conversely if ¢ : F — F' is an G-equivariant morphism of bundles over X,
then 1) = ¢ for some H-equivariant map ¢ : F' — F’ on the fibres. o

Proof. (1) follows directly from Proposition 2.10 and (2) follows from:

(g f)=gv(f) = gv(g (9f) = d'g " W(af),
where f € Fy, g € G(y,x) such that fg € F, = F. Then ¢(g9f) € F, = F'. g

The prolongation and projection of the isotropy group action in Section B.5
requires jet groupoids and will be treated in Section 3.4. As a last step we give
an example for the action of a gauge groupoid.

Example 2.12. Let 7 : P — X be a principal H-bundle. The gauge groupoid
Gauge(P) acts on F = P:

Gauge(P) s)*:P — P: ([(p1,p2)],9) — p1h,

where h € H is the unique element with poh = q. The action is transitive.
Gauge(P) also acts on the quotient bundle P/K where K is a closed subgroup
K < H, because P/K is isomorphic to the associated bundle

P/K =~ P xy H/K.

In Section 3.3, the bundle P/K will be used extensively for the construction of a
natural bundle from a groupoid. o

2.3 Jet Groupoids

This section introduces jet groupoids, which are PDE systems (as in Section 1.3)
with a Lie groupoid structure. As a PDE system, a jet groupoid is a subbundle of
Jq(X x X) — X for a manifold X. Using the results of Section 1.2 we construct
the full jet groupoid II, and show basic examples of subgroupoids. As a last
step we show that the jet groups from Appendix B are isotropy groups of jet
groupoids.

Jet groupoids were first mentioned by Ehresmann [Ehr54] who already had the
action on bundles and their prolongation in mind. These topics will be covered
in the following Chapters 3, 4 and 6. Most of the material in this section is based
on [Pom78] and [Pom83].
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Definition 2.13. Let X be an n-dimensional manifold. The full jet groupoid of
order ¢ € N is the open subset I, = I, (X x X) C J,(X x X) of invertible jets. A
jet groupoid R, is a submanifold of II, that is closed with respect to all groupoid
operations. o

Similar to Definition 1.5, we set the zero order jet groupoid IIp = X x X as
the pair groupoid. For higher orders we can specify all invertible jets in local
coordinates (z,y) of X x X. A jet (z,y,y4) € Jy(X x X) is invertible if and
only if the Jacobian matrix (y;) has a nonzero determinant det(y?) # 0. If
(,9,Yq) = jq()(x) is the g-jet of a smooth map ¢ : X — X, it is invertible in a
neighbourhood of # € X if and only if (x,y,y,) is invertible.

It remains to show that II; actually is a groupoid, so we check the construc-
tions from Section 2.1, starting with source and target. On Iy = X x X, source
and target are the projections s = pry, t = pry onto the different copies of X.
They extend to II; by composition with the jet projection 7§ to zero order:

s = pryomg, t = pryomg.

As it is usually clear from the context, we do not distinguish between source and
target maps for different jet groupoids. In coordinates the maps are:

sy — X : (z,y,yq) — =, t:Ily — X (2,y,y) — y.

To construct the multiplication map p we apply Proposition 1.15 on the compo-
sition of two local diffeomorphisms ¢, ¢ : X — X:

Ja(e o) (@) = jg(p)(y) 0 Jg(¥)(x),  y = (). (2.1)

Basically, we apply the chain rule to calculate j,(¢01)(x) which yields a formula
for the multiplication on Il;:

M;Hq?(tnq%nq.

The units 1, are the g¢-jets of the identity map idx : X — X with coordinate
expressions 1, = (z, z, 63, 0,... ,0). Inverse elements for f, € II, exist by inverting
the local diffeomorphism from Remark 1.4 and then taking the g-jet. It can be

computed by solving the equation

quq_l - 1t(fq)

for increasing orders ¢q. For ¢ = 1 the Jacobian matrix (y;) of f1 must be inverted
(uniquely possible for det(y;) # 0). Inverse elements of higher orders require
solving inhomogenous linear equations, depending on the lower order results. We
give an example of the multiplication and the construction of inverse elements.
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Example 2.14. On II3(R x R) with coordinates (x,y) for R x R, every element
is of the form (x,y, Yz, Yzz). It represents a 2-jet of a diffeomorphism which maps
T to y.

The product of two elements (y, 2, 2y, 2yy), (2,9, Yz, Yaz) € II2(R x R) is:

(y7 2, zy: Zyy)(ffa Y, Yz, yl‘m) = (x7 2, Zyyl‘a Zyyy?c + Zyyzz),

now mapping x to z. For first order jets, the Jacobian matrices are multiplied
(here, they are only 1 x l1-matrices). The expression for the second order jets is
obtained by formal differentiation of zyy..

The inverse element (y, z, 2y, 2yy) = (T, Y, Y, Yzz) * is the solution of

(yaZ,Zy,Zyy)(xayayzayxx) = (:E,x, ]-7 O) = ldxv

which implies:
2=z, ZyYs =1, zyyy?c + ZyYaz = 0.

Once z, is known, the last equation becomes linear and the inverse is:

Iy
-1 _ TT
(%Zh?/ra%m) — (yaq%gv_ y% )

It exists if and only if y, # 0, which is the condition defining Iy C J2(R x R). ¢

Of more interest than II, itself are subgroupoids, which are also systems of
PDEs according to Definition 1.21. Writing down differential equations on II,
does not automatically define a subgroupoid R,. At least the units 1, must be
elements of R, and the product of 74,5, € R, must also be an element of R,.
The next example shows two equations that actually define jet groupoids.

Example 2.15. (1) For X =R, the equation y,, = 0 defines the subgroupoid
R of Il of affine transformations. Using Example 2.14 it is easy to verify,
that Rs is closed with respect to all operations.

(2) Example 1.23 with y;k =0 for all 1 <47,k < n generalises (1) to arbitrary
dimensions.

(3) The equation ygze — %% = 0 defines the subgroupoid R3 C II3(R x R) of
projective transformations on R (see e.g. [Pom78, Ex. 7.1.6], [Pom83, Ex.
2.A.2.11]).

We now turn to the isotropy groups of jet groupoids. Because X is locally
diffeomorphic to R" the isotropy groups of the full groupoid II, are all isomorphic
to GLg4. Interpreted as PDE systems, we can prolong subgroupoids R, < II; and
consider their isotropy groups. The chains of subgroups G, < GL, from Appendix
B are constructed to describe the isotropy groups of integrable jet groupoids. This
will be applied in Section 3.4 when describing the projection of jet groupoids.
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Lemma 2.16. Let Ry, < I, be a formally integrable jet groupoid. Then at
each point z € X, the isotropy groups Ry(z,z) for ¢ € N are isomorphic to
subgroups of G; < GL, which are compatible with prolongation. o

Proof. Use the isomorphism II,(z,z) = GL4 to define Gy for all ¢ € N. Check
the conditions in Proposition B.7. The projections from condition (1) are epi-
morphisms by formal integrability of R,.

As Ggyr = Rgyr(z,z) is the isotropy group of the r-th prolongation of Ry,
condition (2) is also satisfied. 0

In Section 2.2, we have considered actions of Lie groupoids on bundles. For
jet groupoids, this will be done in Chapter 3. We will show that each jet groupoid
of order ¢ is defined by the II;-action on a so-called natural bundle.
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Chapter 3

Natural Bundles

The current chapter establishes a link between geometric objects on a manifold
and jet groupoids. Examples of geometric objects are metrics, differential forms or
connections. They appear as sections of natural bundles, which were introduced
by Nijenhuis [Nij72] as fibre bundles where each diffeomorphism on the base lifts
to the bundle. The symmetries of geometric objects have the structure of jet
groupoids.

The connection between natural bundles and jet groupoids goes back to Lie
[Lie9l] who realised that each jet groupoid can be defined by differential in-
variants. Vessiot [Ves03] computed what is now called a groupoid action on
the differential invariants, intending to write equations for similar groupoids in
an unified manner. In modern language, he constructed a natural bundle and
the appropriate groupoid action. Vessiot’s approach seems to be forgotten un-
til Pommaret [Pom78] reformulated it using natural bundles and the formal (or
geometric) theory of PDEs initiated by Spencer [Spe69]. It is worth noting that
Ehresmann [Ehr54], [Ehr55] considered jet groupoid actions on fibre bundles and
their prolongation.

In Sections 3.1 and 3.3, following the path from Lie and Vessiot to Pommaret
it is shown how a jet groupoid R, determines a geometric object w on a natural
bundle F. By doing so, the theory of PDE systems from Section 1.3 is combined
with the groupoid structure. The result is an exact sequence (1.7) for the groupoid
Rq

0—— Rq e Hq :;W F.
woT
with the additional properties that F is a natural bundle and the differential
map ®,, is determined by the groupoid action on F. As the main result, a test
for formal integrability is presented which works on natural bundles. In many
examples this gives a geometric interpretation of the integrability conditions.

As a new contribution, the definition of natural bundles is generalised to the
relative situation, where only a subset of all diffeomorphisms of the base lift to
the fibre bundle. This implies only minor theoretical changes, but opens a wide

47
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range of applications in the following chapters.

Section 3.2 introduces a completely functorial approach to natural bundles
presented by Kolar, Michor and Slowak [KMS93, Ch. IV]. It will be useful for
the Vessiot equivalence problem in Chapter 6.

The motivation to work with natural bundles is that all operations from the
geometric formulation of PDEs in Section 1.3 can be done with natural bundles.
At first the prolongation and projection is presented in Section 3.4. The main
result is the test of formal integrability in Section 3.5. It generalises the results
of Pommaret and Vessiot to intransitive groupoid actions. We also show how
Spencer cohomology is computed via natural bundles. A special focus lies on
the examples, which illustrate every theoretical step in this chapter. Section
5.1 treats the example of metrics and Christoffel symbols as an introduction to
the MAPLE packages jets of Barakat and Hartjen [Bar0Ol] and JetGroupoids
developed for this thesis.

3.1 Definitions

We start with a definition of natural bundles that depends on jet groupoids
treated in Section 2.3. It is suited for the computation of symmetry groupoids.
In Section 3.2, we give a more general description via functors and show that
both definitions agree.

Definition 3.1. [Pom83, Def. 2.A.2.35] A fibre bundle F > X is called natural
bundle if there exists a ¢ € N and a groupoid action of II; on F. A section w €
['(F) is called geometric object. A morphism of natural bundles is an equivariant
bundle morphism ® : 7 — G, i.e. ® commutes with the Il -action on the natural
bundles F and G. An invariant on F is a smooth map F — R which is constant
on the Il -orbits on F. o

Interpreting the elements of I1; as g-jets of local diffeomorphisms on X, each
diffeomorphism of the base lifts to the natural bundle 7. The same applies to
coordinate changes. A special case is a zero order natural bundle, which must be
a trivial bundle 7 = X x F for a manifold F'. The action of IIj = X x X then is:

Frlo : ((y, ), (z, ) — (2, f).
All fibre coordinates of F are invariants on F.

Example 3.2. (1) The tangent bundle 7' — X is a natural bundle, since each
local diffeomorphism ¢ : X — X induces a bundle morphism ¢, : T"— T.
For each © € X, ¢uls : T — T,5(,) depends on the first order jet ji(v)()
and thus defines a Ilj-action on 7. Analogously, the cotangent bundle T
is a natural bundle.

(2) The bundle S*T* — X is a natural bundle. A geometric object w defines
a symmetric 2-form on X. If w is positive definite, it defines a Riemannian



3.1. DEFINITIONS 49

3)

(4)
()

metric on X (or a Riemannian structure). The bundle of metrics Fy =
SQT% is an open subbundle of S?T* and we can choose the entries of the
metric g;; (¢ij = gji) as coordinates for ;. In Example 3.8, the IT;-action
is explicitly constructed.

A section w on the natural bundle /\2 T* — X defines a 2-form on X. If
X has even dimension and if w is closed (dw = 0), we are dealing with a
symplectic structure on X.

Almost complex structures are modelled on the natural bundle T' ® T™.

Each tensor bundle on X is a natural bundle with the II;-action defined by
part (1). ©

So far, we have only given linear first order examples resulting in natural
vector bundles. Natural vector bundles were studied and classified by Terng
[Ter78]. The definition of natural bundles includes also nonlinear or higher order
geometric structures and we show some in the next example.

Example 3.3. (1) An affine connection on X can be defined by its Christoffel

symbols. For coordinate systems (z) and (y) of X, a diffeomorphism y’ =
y*(z) changes the Christoffel symbols I‘é»k to Fé- ;. SO that

YT = Sy L + ol (3.1)

Plugging in y; = gLZ and inverting y! yields the well-known transition
xr
functions for Christoffel symbols. We define the natural bundle Fr with

coordinates F;  and the IIp-action of equation (3.1).

The natural bundle Fr automatically arises in the study of Riemannian
metrics from Example 3.2 (2). The first prolongation Ji(F,) contains Fr:

J1(.7:g) = fg Xx fr.

With first order jets g;; 5 as fibre coordinates of Ji(F), the isomorphism is
given by:
_ 1 i

F;k =59 (Grik + Grkj — Gjkr) > (3.2)

where g% is the inverse of g;; (¢”gjr = 6;). For more details on affine
connections see e.g. [dC92].

Two metrics g, h € I'(Fgy) are conformally equivalent if there exists a dif-
feomorphism ¢ and a positive function ¢ € C°°(X) such that

¢ (9) = c(@)h.

Fach equivalence class of metrics defines a first order conformal structure.
The corresponding natural bundle F can be constructed from F; (see Ex-
ample 3.2 (2)) by taking the coodinates g;; = ¢;;/911 with (4,75) # (1,1).
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This is the first example, where F is not a vector bundle. The groupoid
action is computed in Example 3.8, equation (3.4).

Analogous to the previous example, the first prolongation J;(F) defines a
second order conformal structure on X.

(3) Consider the real projective space RP™ and the group of projective trans-
formations

PGL(n + 1,R) = GL(n + 1,R)/R*.

The stabiliser Go < PGL(n+1,R)of (1:0:...:0) € RP" can be embedded
into the jet group GLo(R™). We thus define the natural bundle of projective
structures,

F =My(—,y0)/Go = P2/Go — X,

which is a quotient of the second order frame bundle P; (see Definition 3.6).
A section of F — X defines a projective structure, namely a subbundle
P C P, — X which is a principal Gp-bundle (see [Yan92, §VI.3] for more
details). o

The next definition is new and generalises the definition of a natural bundle
F to subgroupoids ©, < II,; acting on F. This is essential if we are dealing with
a geometric object where only a subset of all diffeomorphisms ¢ : X — X lift to
transformations of the object. Examples are given in Chapter 7 on linear partial
differential operators. Another application is the relative equivalence problem in
Section 6.1.2.

Definition 3.4. Let ©,4 be a formally integrable subgroupoid of II,, for some

qo € N. A fibre bundle F 5 X is called natural O4-bundle if there exists a ¢ > qo
and a groupoid action of ©, on F. o

Geometric objects, invariants and morphisms of ©4-bundles are defined anal-
ogous to the II,-case. The assumption of formal integrability ensures well-defined
prolongation and projection properties in Section 3.4. However the lower bound
go on the jet order is not strictly necessary (see Remark 3.27).

The most interesting geometric objects on a natural bundle are the generic
objects, which are defined as follows.

Definition 3.5. A local section w of a natural ©4-bundle 7 — X is called generic
at r € X if the map
Oy(—x) = F: 0 — w(x)d

induced by the ©g4-action has full rank. If w is defined on U C X, then w is
generic if it is generic at all z € U. o

Nearly all constructions of natural bundles can also be done with natural ©,,-
bundles and usually the proofs are identical up to an exchange of II, and ©,. So
we proceed with natural ©,-bundles, where II,-bundles are just a special case. If
the groupoid Oy is clear from the context, we will speak of natural bundles.
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3.1.1 Structure of Natural Bundles

In this section we apply the results on actions of transitive Lie groupoids from
Section 2.2 to natural ©,-bundles. Under additional assumptions we also obtain
a local result for intransitive jet groupoids.

By Proposition 2.10, each natural bundle F is associated to a principal bundle
and uniquely defined by the isotropy group action on the fibre F' of F. The
isotropy groups of 1I,; are all isomorphic to GLg, so each natural II,-bundle has
the structure

F = Hq(xo, —) XGLq F.

The principal GL,-bundle I1,(zg, —) is isomorphic to the g-th order frame bundle.
This is done by identifying an open neighbourhood of xy € X with R”. Define
the frame bundle as follows (see e.g. [KMS93, §12.12], [Yan92, §VL.3]).

Definition 3.6. Let X™ be an n-dimensional manifold. The ¢-th order frame
bundle P1 = P%(X) is the set of all g-jets of diffeomorphisms R" — X with
source 0 € R™. o

The first order frame bundle P! is the usual bundle of linear frames, where
each element p € P! is a basis of the tangent space T,X. The isomorphism
P9 = II,(xg, —) shows that II, acts on F on the left. To treat right groupoid
actions, we need the coframe bundle P, = Py(X). Dual to P?, it is defined as
the set of all g-jets j,(¢)(x) of diffeomorphisms ¢ : X — R" with ¢(x) = 0.
P, = I1,(—,yo) is a principal GL4-bundle with a left GLg-action. Starting in
Section 3.3, we construct all examples of natural bundles with a right groupoid
action.

Now turn to natural ©,-bundles for transitive subgroupoids ©, < II,. Here,
the frame bundle P? = TI,(z¢, —) is replaced by the subbundle P®s = Q,(zq, —).
It is a principal G4-bundle for the jet group G, = 04(z0, zo). For right ©4 actions
we use the subbundle P, = ©,4(—, o) of the coframe bundle.

For intransitive groupoids O, the subbundle Pg, of the coframe bundle has
to be constructed differently. The standard candidate ©4(—,yo) would pick out
a single orbit, which is not satisfactory. However, a local construction is possible,
if the isotropy groups are essentially the same. All examples of ©,-bundles with
intransitive O, treated in this thesis have isomorphic isotropy groups (see Chapter
7).

Proposition 3.7. Let ©, be a intransitive integrable subgroupoid of II, with a
local trivialisation
U x U x Gy, Gy < GL,

for open subsets U C X, U’ € R**. Then all natural ©4-bundles are locally
associated to Pg, = U x Gy. o

Proof. Construct the trivialisation. On coordinates (z,y) of X x X define O,
via differential invariants (see Theorem 3.19) Denote the defining equations of
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order zero by ®"(y) = ®"(x) for 1 < 7 < k. On an open subset U C X they
define a map
U—RF:z— & (z).

Modify the coordinates z and y such that (®7, 2%+ ... 2") is a coordinate sys-
tem of X (and analogous for y). On U it is possible to trivialise R, as

Relv =2 UxpeUx Gy =2 UxU xGy

with coordinates (y**1,...,y") of R"™* and U’ C R**. Then choose Po,|u as
the preimage of y*T!1 = ... = y™ = 0. On the trivialisation, each natural bundle
is of the form U x ' = (U x Gy) xq, F. 0

To illustrate the structure of natural bundles, we construct a natural bundle.
Starting with the jet group action on a fibre, we associate it to the frame bundle.
The example also shows that we intuitively interpret sections of natural bundles
as geometric objects.

Example 3.8. Let X be an n-dimensional manifold and V = R" a vector space
with the standard action of the general linear group GL; = GL(V). The action
on V induces a GLi-action on the space of symmetric bilinear forms V x V — R:

S2V* x GL(V) — S*V*: (g,h) — h™ ' gh™'".

We restrict to the positive definite forms SzV;“O that define scalar products on V.
Using the isomorphism GL; — GL(V') that identifies h with the Jacobian matrix
y; of a local diffeomorphism, we obtain the associated bundle

F = P! X Gy S2 2o = S2 Zo-

Sections on F — X define a scalar product at each tangent space T, X. In other
words, F = S?T Lo is the natural bundle with metrics as geometric objects.

Interpreting a metric g;j(x) as a symmetric differential form, we can also take
the pullback of g;;(x) along a local diffeomorphism ¢ : X — X. This is equivalent
to the right II;-action on S?7T*, which is given in coordinates by:

Frh = F ((y, 9ig): (2,9,5)) = (2 7 4 9r0)-

The formulae for the right Il -action on F can be interpreted as the coordinate
changes of F in Vessiot notation:

B =y'(@), g =y (@) y5@) g (3.3)

The II;-action on the natural bundle for first order conformal structures of Ex-
ample 3.3 (2) can now be given explicitly:

gy Wdhaw  wlyi i yham
e 1,1 kol = " (3.4)
g11 Y1 Y1 Gkl Y1 Y1 + Y1 Y1 Gkl o
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3.2 Natural Bundle Functors

In this section we briefly introduce the natural bundle functor F which turns
a manifold X into a natural II,-bundle F(X). We show how to construct a
natural bundle functor and the connection to natural bundles of Definition 3.1.
As a last step we turn to operators between natural bundle functors which are
related to differential operators. The exposition follows [KMS93, §14], except
for the distinction between a natural bundle and the functor. In contrast to the
remaining sections, we are here working with left actions on the natural bundles.

Natural bundle functors are of interest in Chapter 6 because they allow a
simple definition for equivalence of geometric objects.

Definition 3.9. [KMS93, 14.1] A natural bundle functor F on the category
M [, of n-dimensional manifolds is a covariant functor F : M f, — F.M into the
category of fibre bundles satisfying the following conditions:

(1) (Prolongation) B o F = idy,, where B : FM — M f, is the base functor
which projects a bundle to its base.

(2) (Locality) If « : U — X is an inclusion of an open submanifold, then
FU) = 7" (U) and F(1) : 75 (U) — F(X) is the inclusion (with the
projection mx : F(X) — X).

(3) (Regularity) Let X,Y € Mf, and P be manifolds. If f: Px X - Y isa
smooth map such that for all p € P the maps f, = f(p,—) : X — Y arelocal
diffeomorphisms then F(f) : P x F(X) — F(Y), defined by F(f) = F(f,),
is smooth, i. e. smoothly parametrised systems of local diffeomorphisms
are transformed into smoothly fibred local isomorphisms. o

With extra effort (see [ET79]) it is possible to omit the last condition. A
well-known example of a natural bundle functor is the tangent bundle functor T'
which maps each X to T'X. In order to construct all natural bundle functors, we
need the frame bundle functor P? that maps each manifold X to its ¢-th order
frame bundle P? — X. On the morphisms ¢ : X — Y, the composition of jets
induces a morphism

Pile) « PUX) = PUY) : jg(¥) = Jg(¥) 0 Jgle), ¢ :R" = X,
The following useful Proposition has been proved by Palais and Terng [PT77].

Proposition 3.10. A natural bundle functor F has a finite order, i. e. there
exists a ¢ € Z>o depending on F such that for all local diffeomorphisms f,g :
X — Y and every z € X the equality j,(f)(z) = js(g)(z) implies F(f)|rnr), =
F(9)|F ). ©

Both examples T" and P9 of natural bundle functors obviously yield the natural
bundles TX and P? if applied to a manifold X. A special case of the next
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proposition helps to recover the Il -action on the value F(X) of a natural bundle
functor. It involves the bundle II,(X,Y) C J,(X x Y') that consists of all ¢-jets
of local diffeomorphisms X — Y.

Lemma 3.11. [KMS93, 14.4] Let F be a natural bundle functor of order ¢ and
X, Y be n-dimensional manifolds. There are smooth maps

Fxy (X, Y) xx F(X) = F(Y) : (jg(f) (@), u) = F(f)(u),
called associated maps. o

Proof. Proposition 3.10 implies that Fx y is well-defined. Because smoothness is
a local local property, it is possible to restrict X and Y to open subsets which are
isomorphic to R™. The polynomial representation of each g-jet gives a smoothly
parametrised system of local diffeomorphisms such that Fgn gn coincides with F
from the regularity property of F. O

It follows directly that the bundle F(X) is a natural bundle in the sense of
Definition 3.1. We can again apply Proposition 2.10 to F(X) and see that it is
associated to the frame bundle P?. This carries over to natural bundle functors,
which are also completely determined by the GL4-action on the fibre F.

Theorem 3.12. [KMS93, 14.6] Each natural bundle functor F of order ¢ is
naturally equivalent to the functor G = LpoP?. Ly is the functor that associates
a manifold F' with GL4-action to a principal GL,-bundle:

LF(P> =P XGLq F

(On morphisms, we have Lp(f) = (f,idr)). In other words, there is a bijection
between g-th order natural bundle functors and GLg-actions on smooth mani-
folds. o

A consequence of this theorem is the bijection between natural bundles and
natural bundle functors, as they are both uniquely defined the fibre.

We now turn to natural operators ® between natural bundle functors F and G
which turn sections of F(X) — X into sections of G(X) — X. For each manifold
X, a natural operator determines a differential operator according to Definition
1.22 which is induced by a smooth morphism of natural bundles. Compare the
next definition with [KMS93, §14.13-14].

Definition 3.13. A natural operator ® : F ~~ G between two natural bundle
functors F and G is a system of differential operators ®x : I'(F(X)) — I'(G(X))
satisfying the following conditions for all sections s of F(X) — X:

(1) For all diffeomorphisms f: X — Y we have:

Py (F(f)oso f 1)y =G(f)odx(s)of .
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(2) Py (s|ly) = ®x(s)|y for all open submanifolds U C X.

A natural operator is of order r € N if all ®x are of order 7. o

In Chapter 6, natural operators help to decide the equivalence of geometric
objects. Similar to natural bundle functors, all natural operators are uniquely
defined by equivariant maps on certain fibres. For zero order operators, this is
connected to Proposition 2.11, and the generalisation to higher order operators
uses the following proposition.

Proposition 3.14. [KMS93, 14.16] For every g-th order natural bundle functor
F on M f,, its composition with the r-th order jet bundle functor J,. is a natural
bundle functor J, o F of order ¢ + 7. o

A proof of this proposition for natural bundles will be given in Proposition
3.26. It reduces the question of r-th order natural operators F ~» G to zero order
operators J. o F ~» G. By Definition B.14, the fibre determining J,. o F is the
algebraic prolongation F(") of F (called T/ F in [KMS93]). As in Proposition
B.17, natural operators are determined by equivariant maps.

Theorem 3.15. [KMS93, 14.18] There is a canonical bijective correspondence
between the set of r-th order natural operators ® : F ~~» G and the set of all
smooth GLgy,-equivariant maps between the GL,-spaces F’ (") and G. o

In this section, we restricted to the full jet groupoid II,, because subgroupoids
©, < 11, are only defined for a specific base manifold X. A possible generalisation
requires equivalent geometric objects on all n-dimensional manifolds X. We refer
to Chapter 6 on the equivalence problem and especially to Section 6.1.2 on the
relative equivalence problem.

3.3 Natural Bundles and Jet Groupoids

This section deals with the correspondence between natural ©,-bundles F and
subgroupoids R, < ©4. The main goal is to show that each jet groupoid can
locally be defined by an exact sequence (1.7):

w

0——=Ry(w) —=6y —=7, (3.5)
where F is a natural ©,-bundle and w is a geometric object. The differential map
®,, is constructed by the ©4-action on F. Conversely, each geometric object w
on F determines a symmetry groupoid R4(w).

In this section we generalise results of Pommaret [Pom78, Ch. 7] who con-
structed the above sequence for transitive subgroupoids R, < II,. His results
are based on the work of Lie [Lie91] and Vessiot [Ves03]. Lie showed that each
groupoid can be defined by differential invariants and constructed a coordinate
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version of the map ®,,. Vessiot realised that I, acts on the differential invariants,
which leads to the natural bundle F.

All bundles and maps are explicitly computed for a small example in Section
3.3.1. A MAPLE version of this example follows in Section 5.1.

Throughout the section, ©, < II,(X x X) is a jet groupoid which is formally
integrable as a system of PDEs. Denote the algebroid of ©, by ge, and let
Ry < ©4 be an arbitrary jet subgroupoid with algebroid R,. We start with the
definition of differential invariants.

Definition 3.16. [Pom78, Def. 7.1.44] A smooth map ® : ©, — R is called
differential invariant on ©4 under the action of R, if

O(rqfq) = ©(fy) Ve € Ry, fq €Oy, t(fy) = s(rq).

A set {®7|1 < 7 < k} of differential invariants is called complete if it is a maximal
set of invariants such that all &7 are functionally independent. o

In coordinates (x,y) of X x X, the left R,-action on ©, does not change
the source coordinates x. They are trivial differential invariants, which are often
omitted. All remaining differential invariants are of the form ®(y,y,).

Differential invariants are effectively computed by integrating an involutive
distribution as the next proposition shows. For distributions and their integral
manifolds we refer to [MMO03], [Sha97, Ch. 1, §2] and [Ste64, II1.5]. Due to the
use of Frobenius’ theorem, the results in this section are local.

Lemma 3.17. Let R, be the algebroid of R,;. Then ® : ©, — R is a differential
invariant under the left R -action if and only if its Lie derivative

ancb = Lﬁ(nq)q) =0
vanishes for all sections 7, of R, — X. o

Proof. R, < ge, is not only a subbundle of gg, — X but also a Lie subalgebroid.
So # induces an involutive distribution on ©,. Integrating the flows of f(n,) for
ng € I'(Ry) is equivalent to the left R4-action on ©,. 0

Example 3.18. On X = R, the groupoid of affine transformations Ro < Ily
is defined by y,, = 0. Constructing the algebroid Ry of Ry via right invariant
vector fields, we obtain the equation

Ry : nyy =0

defining a subbundle of J2(T') — X. The involutive distribution on Is is calcu-
lated with equation (C.13):

0 0

0
Oy = 00) = Wy~ + Wy ),
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where (7, 7,) is an arbitrary section of Ry — X. So the distribution is generated
by C*°(X)-linear combinations of the vector fields

090
8y I yl’ ayz y$$ .

W
According to Lemma 3.17, a differential invariant ®(y, ¥z, Yzs) : [I2 — R under
the left Ra-action must be of the form

By, Y, o) = O(L2).
Yz

Ro can also be defined by the equation y;—; = 0 depending on differential invari-
ants only. o

The main result of two papers by Lie [Lie91] is that the defining equations
for an infinite continuous group of transformations can be written in terms of
differential invariants. A continuous group of transformations is a subgroupoid
Ry < 1I,. His proof uses infinitesimal transformations, which are translated into
the algebroid action of R, on II;. We generalise Lie’s result to subgroupoids
O, < Il; in a straightforward way.

Theorem 3.19. Each subgroupoid R, < ©, may locally be defined by differen-
tial invariants on ©. o

Proof. R, is a subbundle of ©, — X with algebroid R, < ge,. The restriction
of the involutive distribution §(R,) to R, is T¥(R,) so for each z € X, Ry(x, —)
is an integral submanifold of the distribution f(R,) through 1,.

Let {®7|r =1,...,k} be a complete set of differential invariants, which exists
by Frobenius’ theorem. Then ®7(y,y,) = ®7(1;) determines R, in a neighbour-
hood of 1,. 0O

Definition 3.20. [Pom78, Def. 1.4.4] The equations ®7(y,y,) = ®7(1,) defin-
ing R, in terms of differential invariants ®” are called Lie form. o

Writing the equations for a groupoid R, in Lie form separates the source
coordinates from target and higher order jet variables, because all equations are
of the form ®(y,y,) = w(z). This is convenient for a kernel representation of
Ry = ker,,,(®) as in equation (1.7).

Example 3.21. The Lie form for the groupoid of projective transformations on
X =R (see Example 2.15 (3)) is:

Yozz 3 Yow

Yz 2 y;% . <&
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In the exact sequence (3.5), we have constructed the differential map ®,,, for
the section wf(z) = ®7(1;) and it remains to construct the natural bundle F.
Define a right ©4-action on smooth maps ® : ©, — R by right multiplication:

(I’(fq)gq = (I)(fng): V49 € O, t(gq) = S(fq)'

If ® is a differential invariant, the associative law on ©, implies that the map
O (fy)gq is also a differential invariant:

@(f4)9q = ®(fa9¢) = ®(r¢f094), Vrq € Ry, t(fy) = s(rq)- (3.6)

In other words, ©, acts on a complete set of differential invariants under the left
Rg-action. The differential invariants are local coordinates of a natural bundle.
Vessiot [Ves03] proved this for I1,, using the infinitesimal algebroid action of J,(T")
on II,;. The following theorem takes up his ideas to construct natural ©,-bundles.
It is based on Appendix C.2, where jet algebroids are constructed both for left
and right invariant vector fields.

Theorem 3.22. A complete set {®7|7 =1,..., k} of differential invariants under
the left R4-action on ©4 defines a natural ©,-bundle 7 — X. o

Proof. Construct the natural bundle F by a morphism of natural ©,-bundles
O = F 1 (x,,yg) = (z,u” = ®7(y,y,)), (3.7)

where the differential invariants ®7 are taken as coordinates u” of F. Specifying
the infinitesimal right ge -action is equivalent to the definition of infinitesimal
coordinate changes on F.

The infinitesimal left and right J,(T)-actions # and b on II; are defined in
equations (C.13) and (C.15). Since ©y is a subgroupoid of II, and R, is a subal-
gebroid of gg, they can be restricted to the actions:

s j 0 j v
o T(Ry) = X86g) mg =17 (y) 5 5+ my) By (4),
0
o'
This follows directly from the defintion of  and b in equations (C.7) and (C.10).
Here 1 = (n(y),n4(y)) stands for a section of R, — X and &, = (§{(x),&(x))

is a section of go, — X. The Lie derivatives L, and L¢, = Ly, ) commute by
Proposition C.9 and thus L¢, @7 of a differential invariant is an invariant again:

> 1 Tlge,) — X(Oy) : & > €(x) ~= + €1 (x) A(q).

LUquq(I)T = quan(I)T = L§q0 =0.
So there are functions

Le, @ = L7 (&, 2,9) = ;L;“(x, D) (3.8)
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expressing the Lie derivative in terms of all differential invariants (including the
trivial ones). The trivial invariants fulfill L¢ 2* = £*. It follows that the infinites-
imal g, -action on F is given by:

€ () L () 2

D
Le, : T(ge,) — XF : & — &'(2) B

o (3.9)

d

Effectively, we have computed orbit space of the left R4-action on O, so
denote the natural bundle by F = R,;\0,. Due to the R4-action, the result is only
local. To compute the finite ©4-action on F, take equation (3.6) and express the
groupoid action on the differential invariants ®7(f,9,) = X" (g4, (fy)) in terms
of differential invariants. In practise, the infinitesimal action is more efficient and
for large examples it is even impossible to compute the groupoid action.

In the case of transitive subgroupoids R, < Il,, it is possible to simplify
the calculation of F. This connects Theorem 3.22 with the results of Pommaret
[Pom78, §7.2]. The full R4-action can be replaced by the action of the isotropy

group Ry (Yo, yo)-

Proposition 3.23. If R, and O, are transitive, the bundle F = R,\0, is iso-
morphic to the orbit space Rq(yo,%0)\Oq(—,y0) of the isotropy group action. o

Proof. If R, is transitive, each orbit of the R,-action on ©, contains an element
of ©4(—,yo) for an arbitrary yo € X. So the orbit space is isomorphic to the
orbit space of Ry(yo,y0) on O4(—, yo). O

By Proposition 2.10, the natural bundle F = R4(v0, y0)\Oq(—, yo) is isomor-
phic to the associated bundle

‘7: = P@q XGq Gq/Rq(?/O,yO),

where Gy = O4(y0,yo) is the isotropy group of ©,.

For a single groupoid R, < ©, we have constructed the exact sequence (3.5)
defining R, as the kernel ker,,, (Py,). The main result of this section shows that
the differential map ®,,, is induced by the ©4-action on the section wy of 7 — X.
Furthermore, every section w of F — X determines a jet groupoid R4(w). We
call Ry(w) the symmetry groupoid of the geometric object w. The section wy
which was used to construct F is called special section.

Theorem 3.24. Each section w of a natural ©,-bundle 7 — X locally defines
a jet groupoid R4(w) = Stab%(w) < ©,. Conversely, each jet groupoid Ry < 0,
defines a natural ©4-bundle 7 — X with section wp, such that R, = Stab%-(wp)
is the full symmetry groupoid of wp in 6. o

Proof. Define the symmetry groupoid Stabg_-(w) via the ©4-action on F

(I)w:@q*)f:fq}_}w(y)f% Z/:t(fq)
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as the kernel ker, (®,) of the differential map @, or equivalently by the exact

sequence

Dy
0 — Stab%(w) —= Oy —= F (3.10)

as in equations (1.7), (3.5). The symmetry equations are:

w(y) o fy = w(z), = 5(fq), y=1t(fy) (3.11)

The ©4-action implies that Stabgr(w) is a groupoid since it is closed under y and
inversion. Furthermore all id, are symmetries such that +(X) C Stab%. As w
is smooth, there is an open submanifold ¥ € X where ®,, has constant rank.
We restrict X to this open subset. If the fibre F' of F is homogeneous, ®, is
automatically of constant rank. By the implicit function theorem, Stab%(w) is a
Lie groupoid.

The converse follows from Theorem 3.22 or Proposition 3.23 in the transitive
case. The section wy is constructed by the map

Ry — F =Ry\Oq : ¢ — Ryry.
For each z € X, all r, € Ry(z, —) are in the same R -orbit such that the map
wo: X = Friaxrm Ry(zr,—)

is a well-defined section of 7 — X. In the transitive case replace Ry by Rq(—, v0)-
An element f, € ©, stabilises the section wy if and only if 7, f; € R, 0

Remark 3.25. The coordinate expressions of the symmetry equations (3.11) for
Rq ((d),

w(y) o fy = w(x), z=s(fq), y=1tfy),
are in Lie form. If the section is not specified, they are called general Lie form.
The corresponding equations for the algebroid R4(w) are called Medolaghi form
(cf. [Pom83, p. 294]). They are obtained by linearising the general Lie form and

then pulling them back with the unit embedding ¢. Alternatively, we can use the
infinitesimal gg -action:

Leu™ly—i(@) = Le,w™ ().
This is equivalent to setting the characteristic of the vector fields (3.9) to zero
Q" = &L () — €] =0
and plugging in the section u” = w™(x):
€T (w(x)) — €0 (z) = 0. (3.12)

If w is not specified, the equations are called general Medolaghi form. For the
characteristic of a vector field see Definition 1.18 and for further reading on
characteristics and evolutionary vector fields see [Olv93, §5.1]. o
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Theorem 3.22 shows that PDE systems for jet groupoids always have an
interpretation as symmetries of geometric objects. The remaining part of this
chapter shows how to reach formal integrable jet groupoids using natural bundles.
On natural bundles it is possible to compute prolongations and projections for a
generic section which is not specified in advance. This leads to a classification of
geometric objects, which will be applied in Chapter 6 to decide the equivalence
of geometric objects.

3.3.1 Example

To illustrate the construction of a natural bundle, we follow all the steps of this
section for the flat metric on a two-dimensional base X. This is a special case of
Example 3.8. We will repeat this calculation in Section 5.1 as an introduction to
the computations in MAPLE.

Denote the independent variables by (z!',z?) and the dependent ones by
(y',y?). They are base and fibre coordinates of the bundle X x X. The equations

W)+ W2 =1, wyl+vivs=0, (13)*+ )’ =1 (3.13)

define a subgroupoid R1 < IIy. It is the groupoid of isometries of the flat metric
on X and we construct the bundle F = S?T* of metrics. To define R; by
differential invariants, we apply Lemma 3.17. First compute the algebroid R; =
L*V(R1) of th

(t* 0 8) (y1)* + (¥1)?) = v* Ryl ni + 2y5 m7) = 201,

where (n',7?) are the fibre coordinates of T and d ist the vertical derivative. All
defining equations for R; are:

291 =0, m+ni=0, 2n3=0. (3.14)

Involutive Distribution on II; and Differential Invariants

The distribution §(R;) involves the map (C.13) which is constructed by prolon-
gation:

p1(0'8y:) = 1"y + i B) (1)
Using the defining equations for Ry, the involutive distribution #(n,71) on V (I1;)
is generated by:

Oy, Oy, By(1) = Bi(1) = —yi 01 — 45 0,1 +y1 0,2 + 3 0,2 (3.15)

With these vector fields, it is easy to see that the equations for R; are already in
Lie form and the left hand sides of equation (3.13) are the differential invariants.
The special section wy of F — X is given by the right hand sides of equation
(3.13).
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If the differential invariants were unknown, the linear system of PDEs
ayl q)(yv yl) =0
6:(/2 q)(yv yl) =0
(Ba(1) = BY(1)) @(y,51) = 0

has to be solved. The solution

D(y,y1) = D((y1)? + ()2, vav? +vlv3, (3)* + (13)?)

depends on the differential invariants. Each differential invariant corresponds to
a fibre coordinate of . We choose them as (u¥) = (u'l,u!'? u??) according to
their interpretation as entries of a metric. The projection II; — F computed in
Theorem 3.22 therefore is:

W =)+ )% =gyl tulyd. uP = (1) + (13)2 (3.16)

The special section wg in coordinates determines the flat metric:

wpt(z) =1, wp’(x) =0, wi’=1.

Natural Bundle F — Infinitesimal J;(7")-Action

The infinitesimal J; (T')-action on F is computed according to Theorem 3.22 using
the map b:

By Proposition C.8, the vector fields Ag (1) are:
i1\ .1 2 -
A1) = —y; 0y]1—y2- 8%2_, 1 <4, k<2

Apply the infinitesimal J; (T)-action to equation (3.16) and express the result in
the coordinates u* again:

5;145(1)“11 — 251 11 62 12
gAlLu'? = —gul? — (¢ + E)u'? - u® (3.17)
S;Aj(l)ugz _ 52 22 51 12

Collecting for 5;-, we obtain the vector fields Lg (u) corresponding to A{ (1):

Li(u) = —2ut 9,11 —ul? 0,02,
Li(u) = —utt 92 —2ul? 0,0,
L3(u) = —2u'? 9,11 —u?2 0,2,
L3(u) = —u'2 0,12 —2u?2 0.

Finally, we obtain the infinitesimal .J;(T")-action on F:

L(I(T)) = XF : &1 = & (x) Oy + &j(x) L (w).
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Natural Bundle F — II;-Action

The example is small enough to compute the II;-action on F. For coordinate sys-
tems z, y and 2z of X, the composition of first order jets is done by multiplication
of Jacobian matrices:

Zij = Z;ky;?a

where both z- and y-jets of z are present. Plug this formula into the differential
invariant

= G+ (Y

and express everything by the differential invariants 4 (z,):

ull — (231:1)2_‘_(232:1)2
= (291 + 2,007)° + (Zhyl + 25243)°
= D [(h)? + R+ 2ulud [ + 22t (318)
D) () + (527
2 22

= (y1)? oM +2y1pi 0t + (yD)?a

The remaining two transformations are obtained analogously, such that the action
on the fibre of F is:

u = ()Pt +2y17 @' + (y7)? @,
u? = yiy 0+ (yiys + i) 4 + yiys a2, (3.19)
u? = (y3)?a't +2ysydat? + (13)? 0

The action is linear in the fibre coordinates @ and we have explicitly computed the
natural bundle F = S?T* of Example 3.8 in the 2-dimensional case. The above
equations coincide with the coordinate changes of S?T* in Vessiot notation (3.3).

General Lie and Medolaghi Form

The general Lie form for a symmetry groupoid R (w) follows from the symmetry
equations (3.11) by plugging an arbitrary section w of F — Xinto the II;-action
(3.19) on F:

()2 w'l(y) + 2utyf w(y) + W) w?(@y) = w'l(x),
vivs 0 (y) + (W3 +udyl) wy) + B w?(y) = w?(2),
(y3)? w'(y) + 23y w2 (y) + (1B w?(@y) = w?(z).

For the special section wp, the Lie form coincides with equation (3.13). We
compute the general Medolaghi form for the symmetry algebroid Rj(w) using
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Remark 3.25:
25%(")11(33) + 25%&)12(.%) = _fl xlwll(x)v
o) + Gu@) + Gl +  GuP@) = ~E0u0(),

)
260w (@) + 28wP(x) = 0w (a).
1.

We continue this example with the prolongation and projection in Section 5.

3.4 Prolongation and Projection

Whenever there is a geometric object w on a natural bundle F, the symmetry
groupoid Rq(w) = Stab%(w) is a system of PDEs. For each R4(w), the formal
integrability may be checked individually, which may lead to large computations.
With natural bundles, only one calculation is necessary. It yields integrability
conditions which can be applied to each geometric object of interest.

In this section, we prepare the integrability conditions and show how the
prolongation and projection of symmetry groupoids is done in terms of natural
bundles and their sections. In the last part, we present an example and explicitly
show all necessary calculations.

3.4.1 Prolongation

To compute the prolongation, it is very convenient to work with exact sequencees.
As already seen in the proof of Theorem 3.24, each symmetry groupoid R,(w) is
defined by the exact sequence (3.10)

d,
0—Ry(w) —= Oy —=F.

wos

Analogous to equation (1.10), we expect that Ry, (w) is defined by the following
exact sequence projecting down to order ¢:

pr(®Pw)
0—— Rgpr(w) — Ogyr %; Jr(F) (3.20)
Jr(w)os
ﬂ_q+rl Wq-Hl L
q q
<I>w
00— Rq(w) Oy F

wos

The next proposition shows that the expectations are correct and that R4, (w)
is again a symmetry groupoid. In the Il;,-case, the fact that J.(F) is a natu-
ral bundle is equivalent to Proposition 3.14 (or [KMS93, §14.16]), otherwise we
generalise [Pom83, Thm. 2.A.2.52] to ©,.

Proposition 3.26. Let 7 — X be a natural ©4,-bundle. Then J,.(F) is a Og4,-
bundle for all » € N. If w is a section of F with symmetry groupoid R,(w) =
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Stab%(w) then the symmetry groupoid Stab?]:r(}) (4r(w)) is the r-th prolongation

Rytr(w) of Ry(w). o
Proof. Apply the exact functor J. to the action

FlO,—=F
and use the embedding © 44, — J.(0,) to obtain the commutative diagram:

Jr (F) ™ Jr(eq) — J(F)

J

Jr(F) ™ Ogpy — J(F)

By abuse of language, p,(7) and p,(t) are again called 7 and ¢, because they map
to J.(X) = X. The property j.(wo f;) = jr(w) o jr(f,) for sections w of F — X
and f; of ©, — X establishes all properties of ©4,-action on J,(F).

According to Definition 1.24, the prolongation of R,(w) is:

Rgsr(w) = Jr(Rg(w)) N1gyr = Jp(Rg(w)) N Ogupr- (3.21)

The last equality follows from the fact that Ry(w) is a subbundle of ©, — X and
the exactness of J,.

Having established the ©4,-action on J,(F), we can apply the functor J,
to equation (3.10). Use canonical embedding Oy, — J.(0©,) to obtain the
commutative and exact diagram:

Jr(®w)
0 Jr(Rq(w)) Jr(©q) n@)os Jr(F)
0 Stabf' (z (jr(w)) Ogtr =% Jo(F)

The intersection J,.(Rq(w)) N Og4r is actually the symmetry groupoid of j,(w).o

Remark 3.27. In Definition 3.4, we restricted to actions of formally integrable
groupoids above their geometric order qg. Otherwise, the last equality of equation
(3.21) would not hold for ¢ < gp.

However it is possible to omit the assumption ¢ > qq if the restriction to Oy,
is done separately, because a ©4-bundle is always a @ﬁ]—bundle for any integrable
subgroupoid 651 < ©4. The projection back to order ¢ +r —1 in Propositon 3.30
is not affected by the restriction. o

There is also a connection between the prolongation of natural bundles and
the algebraic prolongation of their fibres (see Section B.5.1).
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Corollary 3.28. The fibre F) of J,.(F) is isomorphic to the algebraic prolonga-
tion F(") of the fibre F of F as a manifold with G g+r-action. o

Proof. By Proposition 1.16, the prolongation of a local trivialisation U x F of
F embeds into J,.(F)|y. 0

3.4.2 Projection

The projection of symmetry groupoids can be expressed by natural bundles. To
construct the natural bundle for the projection, we work on the fibres and use
the jet groups introduced in Appendix B. The approach applied in this section is
new and the idea based on jet groups is due to Barakat. The results of Pommaret
[Pom83] are only applicable for natural II,-bundles under the assumption that
integrable symmetry groupoids exist. In this case, both approaches coincide.

If F is the fibre of a natural bundle F, the algebraic prolongation F(") has
already been identified as the fibre of J.(F). Following the idea of Barakat,
we compute the projection F) - F(T)/KHT defined in Section B.5.2. F; =
F() /K q+r is the fibre of the natural bundle for the projection to order ¢ +r — 1.
Projections to lower orders are computed analogously. In order to prove this, we
need a preparational Lemma.

Lemma 3.29. Identify the kernel of the projection ker(rd*") < Oy4,(z, ) to
order ¢ with K§™" for each z € X. For each f,, € O,4,(x,y) we have the

equality of sets:
Kg”qu = fq+rKg+r C Ogtr(T,y). o

Proof. Each element f, kg, with kgyr € K7 < ©gyr(2,2) can be written
as ko forr for kly, = forrkqrr q;lr € K" < 0,44.(y,y), because wit" is a

groupoid morphism. O

In the following, this will be used like a commutation law without further
notice. We construct the natural bundle for the projection from order ¢ + r to
q+r—1.

Proposition 3.30. Let F be a natural ©, bundle with fibre F', such that J,.(F)
has the fibre F("). Define F} = F(T)/qui;:l. The bundle

Fa) = Pogi, XGyyr F1

is a natural bundle of order ¢ + 7 — 1 and the projection I : J.(F) — F(1) is a
morphism of natural ©,-bundles. o

In the following chapters, use the notation

Jr(f)/Kgig = P®q+r XGq-H" F(T)/Kgi;n
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for the projection of natural bundles. Note that the bundle F(;) does not always
coincide with the Janet bundle F; used by Pommaret (see below Remark 2.A.3.8
in [Pom83]), since F(1) is not necessarily a vector bundle. The construction of
JF(1) presented here does not depend on an integrable symmetry groupoid. It thus
avoids the problems which are adressed in [Pom83, Ex. 3.11]. In Section 3.5.3,
the Janet bundles are defined and the distinction between F(;) and F; becomes
apparent.

Proof. The isotropy group G4, acts on the fibre I (") and by Proposition B.16,

Ggir—1 acts on Fy by taking arbitrary preimages in Ggq... Since Po,,,/Kqir =
Po the bundle F(y) is isomorphic to:

q+r—17
f(l) = P®q+r XGq-&-r Fl = P@q+r—1 XGq+r—1 Fl'
The projection F(") — F is Gg+r-equivariant by Proposition B.17 (2) and the

projection 7 : ©g1, — Og4,—1 is a morphism of groupoids which restricts to Pg,,
such that

I:Po,., X@u, F"' = Po,, , XG, Fi i (0, ) (7(p), fKqsr)

is morphism of natural ©4-bundles. O

In the Il -case, it follows from Theorem 3.15 (cf. [KMS93, 14.18]) that I
is a morphism of natural bundles. Essentially, we have used the same idea to
construct the bundle morphism. Using the same notation as above, we show the

connection between F(y and the projection Ry, (w) — Réi)r_l(w).

Proposition 3.31. Let R,(w) be the symmetry groupoid of the section w of
F — X. The exact sequence for the prolongation Rq4,(w) projects down to:

00— Ryir(w) Oy r =2 J(F) (3.22)

q+r q+r
”q+r—1t ”q+r—1‘ LI

0—— Réﬁr_l(w) —— Og4r-1 ——= Fqy)

The symmetry groupoid

Ri{, 1 (w) = StabLt = (1 0 jy)(w))

is the image of Rgy,(w) under 772177:71 and thus the projection in the sense of
Definition 1.24. o

Proof. Since I(j,(w)(z)) = jr(w)(x)Kq4r, the diagram (3.22) commutes by
Lemma 3.29. We show that fy,—1 € Og44r—1(x,y) satisfies the symmetry equa-
tions (3.11),

I(j1(w))(W) © ferr—1 = I(j1(w))(2),
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on Fp) if and only if there exists an element fi, € O¢y, projecting down to
fq+r—1. Each element v € F(yy is the Kyi,-orbit v = uKyy, for a suitable u €
Jr(F). Ogyr—1 acts on F(yy by taking arbitrary preimages fq1, € T (fr—1):

V0 forr—1 = uqir fgrr = ufqrrKqtr.

Here, we applied Lemma 3.29. Rewrite the symmetry equations

I(G1(W)(y) o forr—1 = Jr(W)(W) Kopr forr

= Jr(@)W) fqrrKgir

! .

= Jr(w)(2)Kgpr-
They are satisfied if and only if there exists a modified element f;,, € O, with
3r(@)(W) 47 = r() () that projects to fyer_1. .
Remark 3.32. If the projection ng';_s : Rgsr(w) — R((;Zr_s(w) is needed, the
fibre F| has to be replaced by F' = F(") /K, gi:_s. The proofs of Propositions
3.30 and 3.31 are the same except for different indices. o

The last two propositons provide the theoretical background for the projec-
tion of symmetry groupoids. For practical applications, we have to compute the
projection J,.(F) — F(1y and the ©g4,_1-action on F(). Locally, the projection
can be calculated with the help of Proposition B.16 on the fibres. The infinites-
imal £, ,-action on F() defines an involutive distribution on F(") which can be
integrated by using Frobenius’ theorem. The resulting coordinates of the orbit
space Fy are the fibre coordinates of F(y).

Integrating a distribution usually involves solving linear PDE systems, which
cannot be avoided for most projections. However the next proposition shows
that a projection J,.(F) — F(1) from order ¢ + 7 to ¢ +r — 1 only involves linear
algebra. For simplicity, we start with natural II,-bundles and generalise later (see
also [Pom78, §7.3] for the case of II;).

Proposition 3.33. The coordinates for the Iy, i-bundle Fy) = J; (f)/KgI:fl
over J,_1(F) can be calculated by solving linear equations over the quotient field
K (u), where (x,u) are the coordinates of F. o

Proof. According to Theorem 3.22, the infinitesimal J,(T")-action on F is given
by the vector field

Le =0, + &L (u)yr lul < q. (3.23)

The prolongation according to Definition 1.18 provides the J,,(T)-action on
Jr(F): ‘ ‘ ‘
pr(Le) = DyQ0u; + €Dy, Q7 =&, L (u) —uf€".
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The generators of the €,,,-action on I (") are the coefficients of £ in pr(L¢) with
|o| = ¢ + r. They are computed by differentiating the first summand of Q:

Ley = & LT ()0, ul =g, [v] =r. (3.24)

It follows that K4, acts on the fibres of F) — F=1 by y-dependent transla-
tions. The generators of the distribution are:

= Y LT

ptv=p
|nl=aq;lv|=r

Obviously all jets (u,u1,...,u,—1) up to order r — 1 are coordinates of the factor
space and we only have to care about r-th order jets. The linear ansatz

v=Auw)u, = AZ(u)u,,

turns Lg; v = 0 into linear equations for A(u). If d is the fibre dimension of F(") —

F(=1) its solution space has the correct dimension d — k. A basis (vﬂ = Ag’“ )
for the solution space thus provides the fibre coordinates of F(;) — J.—1(F). In
coordinates, the map I : J.(F) — F(y) is therefore given by:

Iﬂ(uv UT) = (Ua Up—1, Ag’”(“)“ﬁ)a |:U’| =T
Usually [ is written as % = A" (u)us. O

Remark 3.34. If F is a ©g4-bundle, the algebroid ge, can locally be defined
by equations in Medolaghi form (3.12) for a section 6 of a natural II,-bundle
F — X:

gzt Mia“u(e(l')) - é—z 3x19a(93) =0, l1<ac<k, |:u| <q.

Locally, we can choose a subset of the coordinates 513 of J4(T) as coordinates for
go,- A choice of coordinates £, for the algebroid makes both equations (3.23)
and (3.24) z-dependent. However the equations for coordinates remain linear and
fibre coordinates for F are of the form

vP = Ag’“(u,x)ufj. o

3.4.3 Example

We give an example which is small enough to follow all steps by hand. It was
also calculated by Vessiot [Ves03, §17].

On a 2-dimensional manifold X with coordinates (z!,2?) the natural bun-
dle F = T* xx A\*T* with fibre coordinates (u!,u?,u) such that they are the
coefficients of the differential forms

w = uldz! + u?da?, Q = udzt A dz?.
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Sections of F — X specify a differential 1-form w and a 2-form 2 by:
w = wh(z)de! + W (x)dr?,
Q = Qz)dx' Ada®.

The II;-action on F is in coordinates given by:

U= yla' +45 a2,
W@ o= ghal+ydad, (3.25)
u = (yiy3—yyi)i

It is equivalent to the pullback of the forms w and ) via the diffeomorphism
y' =y (@' 2?), =yt a?).
Prolongation

The prolongation to Ji(F) = J1(T*) x x Ji(A*T*) with coordinates

1.2 1,1 .2 2
('LL , U 7u7u17u27u17u27u17u2>

is done according to Remark 1.13. Effectively it is formal differentiation having
in mind that the u-coordinates depend on z, and the @-coordinates depend on y:

~ 2 A2 ~1 1 2 ~ 2 1 ~2 2 2 A2
up = yp @+ Y O 4y yl A 4y vt G+ syl 43+ i vt as,
uy = Yl +yiad? +ylys i + i 3 Ay +yiys 43 +yiyi a3, (3.26)
2 1 -~ 2 A2 ~1 1 2 ~ 2 1 ~2 2 2 A2
i o= oy Yl 0 4y ya g 4 ya Ui G+ y3 vl @5 + v 5 43,

Even in this small example the prolongation becomes rather large, for bigger
examples it is often impossible to compute the finite transformations. Note that
the second order jets in the expressions of u} and u? coincide. It is recommended
to work with the vector fields of the infinitesimal J;(7")-action on F. It is given
by:

Lg = £ 00 +€20,2 — (1 u' + 8 u?)0y1 — (&1 ul + &1 u?) 0y — (1 +63) udy (3.27)
The first prolongation of v for the Jy(7T)-action on J; (F) is at least shorther than
the Ils-action:

p1(Le) = Le

(u'&ly + uP€F) + 2ui€] +uiE] + upe?)o

(u'&ly + uP€Ty + unéy + u3ET + ui&y + upé3)d,

(u'€ly + u?Els + uiy +ui€S + uié] +u3E1)0,2  (3.28)
(u' &35 + 1P + ugés + 2035 + 1i63)d,z
(uély + ubiy + 2uré] + &5 + uaki)du,
(uély + ubdy + ugéy + 23 + u1&3)Ouy
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A Prolonged Section which is not a Lie Groupoid

We give an example of a jet groupoid R1 whose prolongation is not a Lie groupoid
anymore. It is due to the fact that the prolongation is defined as the intersection
of two manifolds. Unlike in Example A.3, the symbol of R is a vector bundle
and the problems occur in lower order equations.

Choose the section

wy = (1+(m2)2)da:1,
Qo = dz' Ada?

It specifies the symmetry groupoid Ri(wp) by the equations

1+ (2%)? = yi(1+(y
0 = y3(1+¥*?),
1 = ylys -yl

which are obviously of constant rank. The section is constructed such that the
first prolongation

0 = yh 1+ ) + 2yl v v’
20 = yio (14 (¥*)%) +2u1 ¥3 %,
0 = yip (L+ @2 +2y1 yi y*

contains the equation
207 = 2(y1 v5 — v3 47)Y°

as difference between the second and third equation. The map ji(®P,,) is not of
constant rank around y? = 0. In contrast to Example A.3, the nonconstant rank
is due to the lower order equations.

Projection

In equation (3.28), the first prolongation pi(L¢) of the infinitesimal J; (7")-action
on F was computed. The infinitesimal £2-action on the fibre F(1) can be read off
p1(L¢) by setting all zero and first order jets of £ to zero:

pULe)le=ei=0 = —(u'&ly +uPE1)0, — (u'ély + u’EFh) D,
—(u'&ly + U2§%2)8u§ — (u'é + szgz)aug
—(uély + udy) Oy — (uély + ubd)Bus.
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Collecting for the §L, the distribution is generated by the vector fields ng :
1 1 1 1
w Oy +ubyy, w0y +u b2+ udy,, uw g,

2 2 2 2
uwOy1,  u 0 + U0y + uby,  u0yz + uby,.

To integrate the distribution naively, the equations Lgéc(ui, u, ué-, u;j) = 0 must be
solved. Instead, we use Proposition 3.33 and solve the system of linear equations.
Taking the coefficients of the derivatives in LE;; in the order

a’u& I au%? au%? 8@%7 8U1 9 8U27
we obtain the matrix for ngv =0:
ud' 0 0 0 w O
0 uw' w 0 0 w
0 0 0 uw 00
w2 0 0 0 0 0
0 w? w2 0 u 0
0 0 0 w2 0 u

It has the kernel generated by (0,—1,1,0,0,0)", which is translated into the

coordinate v = u% — u% completing the coordinates for F(y) to (ul, u? u,v).

The Natural Bundle F(y)

F(1) is again a natural bundle, so we are interested in the II;-action. For the
finite version compute

ud —uy = (yiv5 — ys yi)(4f — 03) (3.29)

using equation (3.26) and express the result in terms of v:
v= (4193 — y241) 0.

A comparison with equation (3.25) shows that F(;) = F x x A? T* is the bundle
modelling a single 1-form and two 2-forms. The differential map I of order one
is nothing else than the exterior derivative d : T* — /\2 T*. It is also possible to
compute the infinitesimal action on J() by using p1(L¢):

pr(Le)(uf — uz) = (& + &) (ui — uy).

The infinitesimal J; (T')-action on F) is given by the vector field

Ley = Le + (&1 +E5) v 0y (3.30)
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The II;-action on the fibre F{;) of F(y) is no longer transitive and we find an
invariant on Fy):
(o j:(l) —R: (-ZU,’LLI,’LLQ,’LL,’U) = g?
u
which is only defined on the open subbundle u # 0. With equations (3.25) and
(3.29) it is easy to check that v/u is an invariant.

Now the question arises, for which sections (w,2) of F — X the symmetry
groupoid R (w, §2) is integrable. By plugging the derivatives of w into equation
(3.29), there is a possibly new equation. It might be a multiple of the last line in
equation (3.25). The question will be answered in the next section.

3.5 Integrability Conditions and
Vessiot Structure Equations

In this section, the main result of this chapter is presented. It is a test for formal
integrability of symmetry groupoids of geometric objects w on F that works
directly on natural bundles. The results are equations, called Vessiot structure
equations, on a bundle F(;) where each section on 7 — X can be tested for
integrability. In the case of II-bundles F = F,/G, for a subgroup G, < GL,,
this result goes back to Vessiot [Ves03] and was taken up by Pommaret [Pom?78,
§7.3] [Pom83, §2.A.3]. For a recent proof using groupoids see [Lor08b].

The new contribution in this thesis is a generalisation to natural ©,-bundles
and, most importantly, to the case of intransitive ©4-actions on F. These ex-
tensions are crucial for the applications in Chapter 4 and the Vessiot equivalence
method in Chapter 6.

In Section 3.5.1 we consider the question whether the bundle ;) has a vector
bundle structure, which simplifies the ©4-action notably. Section 3.5.2, briefly
shows how to compute the symbols of symmetry groupoids efficiently. The inte-
grability conditions give rise to a sequence of differential operators, the nonlinear
Janet sequence. It will be introduced in Section 3.5.3.

The test for formal integrability of symmetry groupoids R,(w) is based on
Theorem 1.28. We prolong R4(w) to Rg4r(w) until it has 2-acyclic symbol and
then test a single projection. Translated to the language of natural bundles, it
means computing the section j,(w) of J.(F) — X and then projecting to the
bundle F1y = J,(F)/ Kgi: ;- The surjectivity of the corresponding projection
of jet groupmds is treated in the next theorem.

Theorem 3.35. Let 7 — X be a natural ©4-bundle of order ¢ with section w
and let G445 < GLg1s be the isotropy group of @q+s (where Ggys = Ogps(x, )
Vz € X, s > 0). Define the natural bundle Fy = J.(F)/ Kgi: | with projection
I:J.(F)— Fu for an r € N. Then the prOJectlon of symmetry groupoids,

m=a Ry (W) — R (w),
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is surjective, if and only if there is an equivariant section ¢ : J,_1(F) — F1y, e
c(u fq—i—r—l) = c(u)fq—i-r—l for all fq+7‘—l € @q—i-r—b satisfying

I(jr(w)) = C(jrfl(w))' (3'31)
&

Before proving the theorem, it is helpful to have an idea of its content. The
defining equations for Ry(w) are given by coordinate expressions of the symmetry
condition w(y)ry = w(x). Taking the r-th order jet bundle J,.(F) means differ-
entiating them r times. The projection I, standing for integrability conditions,
eliminates all jets of order ¢ + r from the equations of order ¢ + r. Surjectivity
of m means that all new equations of order < g +r — 1 can be expressed by the
equations from J,_1(F). The equivariant section ¢ shows how the new equations
are expressed in terms of J,_1(F).

Proof. If not stated otherwise, we use the convention that a quantity ag, de-
notes an arbitrary preimage of a,4,—1 under the appropriate projection.

If there exists an equivariant section ¢ : J,_1(F) — F(1), then for each
Tgrr—1 € Rgtr—1(w)(z,y) we have j,_1(w)(y)rgsr—1 = jr—1(w)(x) on J,—1(F).
By the virtue of the equivariant section ¢, rq4,—1 is also an element of R((;er_lz

IGr(@)®))rgrr—1 = clr-1(w)(y))rgtr—1
(Jr—1(W)(¥)rgtr-1)
= c(jr-1(w)(@))
= 1(jr(w)(x))

Reading the first and last part of the equations as

Il
o

Ir(@) (W) Kgtrrgrr—1 = jr(w) (@) Kqr,

it follows that each lift 744, € 7 (rg4r—1) can be modified by an element of
K¢, such that royp € Ryqr(w).

The converse direction is more complicated and we distinguish several cases
to give a local definition of ¢. Let F' be the abstract fibre of F.

(1) If Gyyr_1 acts transitively on F'~Y each u € J,_1(F), can be written as
u = Jr—1(W)(Y)9gg+r—1 With ggir—1 € GLgyr—1 = gir—1(y,y). Then define

c(u) = I(jr(w)(Y))gg+r—1 = Jjr(w)(¥) gg+rKqtr
which is well-define due to g44, K44, being the whole preimage in Gy
For each foyr—1 € Ogqr—1, we can find hgir—1 € Ggyr—1 with
Jr—1(W)(@)hgrr—1 = U fgpr
Jr=1(@)(¥)gg+r—1fgtr—1
= Jr—1(W)(Y)rg4r—1hgtr—1

-1
and  forr—1 = gq+r71rq+r71hq+r71-
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Surjectivity of 7 implies the existence of rq, over r and we can choose an
arbitrary lift of f,4,. The lifts g44, and hgy, can be chosen such that
-1
Tatr = Yatrfarrhgiy-
This is sufficient to prove that c is equivariant:
c(u fgrr—1) = Jr(w)(@)hgtrKgr
. -1
= ]r(w)(y)gq+r(gq+rrq+rhq+r)Kq+r
= () fgrrKgpr
= c(u)fetr-1.

Assume that the Gy4,—1-action on F (r=1) i intransitive with invariants

Y= (1,..., ) FU7D 5 RF

and that ®,, has maximal rank. Then 9 (w(y)) also has full rank. It implies
that we can find an open neighbourhood U of F over the open neighbour-
hood Y C X such that for each u € U there is a z € Y with:

Y(u) = Y(jr-1(w)(2)).
It is constructed by y € X and the preimage under v of an open neighbour-
hood of ¥(w(y)) in RE.
In this case, u can be written as u = j,—1(w)(2)gq4+r—1 for some ggi,—1 €
Og+r—1(y, 2). The equivariant section ¢ will then be defined by:
c(u) = I(jr(w)(2))gg+r—1 = Jr(w)(2)ggtr Kgtr-

If there exists another w € X with ¥(j,-1(w)(2)) = ¥ (Jr—1(w)(w)), we can
find hq+r—1 S @q_H»_l(x,'UJ) with
U fqrr—1 = jr—1(w)(w)hgir-1.
But then
Jr—1(w)(2)ggtr—1fgrr—1 = Jr—1(w)(W)hgtr—1

gives rise to an element r = gfh™1 € Ry4r—1(w) of the symmetry groupoid.
As in case (1), lifts can be chosen such that

_ -1
Tagtr = Gatr farrgir-

This is sufficient to prove that ¢ is equivariant and well-defined:

c(u fgrr—1) = c(Gr—1(w)(w)hgtr-1)
= Jr(w)(w) hgsr Kqpr
= Jr(@)(2) rgsr hgtr Kgpr
= Jjr(w)(2) 9g+r fotr Kgtr
= (r(w)(2) 9q+r Kq-i—r) Jatr—1
= c(u) fgr-1-
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(3) To complete the cases, assume that j,_1(w) restricts to a closed subbundle
F' — X of J,_1(F). This case occurs if the equations for Rq4,—1(w) on
Jr—1(F) are redundant. Using case (1) or (2) on I' : J1(F') — ]:(’1), we
obtain an equivariant section ¢’ : F' — .7-"('1), which has to be continued to
a section ¢ : Jy—1(F) — Fy.

Using Proposition B.17, there is an embedding ¢ : F| — F(1), such that
toc has the correct image. Around z € X we can find a coordinate system
up—1 of J._1(F) such that F’ is given by uﬁﬂ =...=ul [ =0 As Fa)
is a bundle over J._1(F), we can find a coordinate system (u,_1,v) of Fy)
over u,_1. In these coordinates, ¢ o ¢ is given by:

v =c*(ul g, b y).
Then there exists an open neighbourhood where the ¢® define a section
c: Jr—1(F) — Fuy. The equivariance is proved as in case (2) with

s+1 d

U, y,...,u-_, playing the role of the invariants. O

To use Theorem 3.35 effectively, we compute all possible equivariant sections
c:Jr1(F) — Fuy-

Remark 3.36. With the notation of Theorem 3.35 and the coordinates v = v®
for the fibre (1) — J,—1(F) the infinitesimal version of the equivariance condition

c(urgir—1) = c(u)rgpr—1 is:
LéCOl(’U,) = Lfva’v:c(u)u (3.32)

where L¢ denotes the vector field (3.9) of the algebroid action on F. To compute
the equivariant sections, a linear inhomogenous system of PDEs must be solved.¢

For the next definition we need to assume that the natural bundles F and JF 1)
are analytic, i.e. the coordinate changes and the ©4-action can be represented by
analytic functions. Since F(1y — J;—1(F) is an affine bundle (see Section 3.5.1),
equation (3.32) is an inhomogenous linear PDE system. Its solutions split into a
particular solution and the vector space of homogenous solutions.

Definition 3.37. Let 7 and F(;) and I from Theorem 3.35 be analytic. The
integrability conditions of equation (3.31),

I(jr(w)) = C(jrfl(w))a (3'33)

where ¢ parametrises all analytic equivariant sections, are called Vessiot structure
equations and the natural bundle F ) is called bundle of integrability conditions.c

In the examples treated by Pommaret [Pom78] and Vessiot [Ves03], the equiv-
ariant sections can be parametrised by a finite set of constants. As we are dealing
with a more general situation, they may depend on arbitrary functions of the in-
variants on J,_1(F). In some cases there may be no equivariant sections at all.
We will show an example, where first constants and then functions of invariants
occur.
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Example 3.38. Continue the example in Section 3.4.3. The J;(7T')-action on
F(1) is computed in Equation 3.30. With only a single coordinate v for the fibre
of F(1) — F, the equivariance condition is according to equation (3.32):

Lec(u', u®,u) = (& + &)e(u',v?, u).

Writing ¢(u) = ¢ in jet notation and collecting for jets in &, the equivariance
equations are:

weptuc,=c, ulce=0 u?cy =0, ulcpe+tuc,=c
Any equivariant section ¢ : ' — mcF{1) must be of the form
c(u',u? u) = Cru

for an arbitrary constant C;. This means for a section (w,2) of F — X, the
symmetry groupoid Ri(w,2) is integrable if and only if there is a constant C;
such that the Vessiot structure equations are satisfied:

O w?(x) — Oppwl(x) = C19Q(z).

The geometric interpretation is that the derivative of the 1-form w must be a
constant multiple of the 2-form:

dw = Clﬂ

If Ri(w,Q) is not formally integrable, we can continue with the bundle )
and apply Theorem 3.35 again. Another prolongation and projection yields the
bundle F(3) with new coordinates

1 VUl + UV 9 VU2 + UV

@? T W

which are the total derivatives of the invariant § on Fy). It follows from Lemma
1.12 (or by direct computation) that F) = F(1y xx T*. The Vessiot structure
equations in this case are

with an arbitrary function H; that depends on the invariant. Geometrically, this
means that the newly found 1-form v = v'dx! +v?dz? is a (nonconstant) multiple
of w.

Note that the bundle F5) is only a subbundle of Ji(F1y)/K7 — F(1) and
that we have applied the results of Section 4.3.1. o

More examples will follow in Chapter 5, where all calculations are done with
the MAPLE packages jets [Bar0Ol] and JetGroupoids.
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3.5.1 Bundle Structure of F(y

In this section we have a closer look at the structure of the first bundle of inte-
grability conditions
Fay = Jo(F) /KT

and ask the question whether it can be turned into a vector bundle by a suitable
change of coordinates. This was the case in all examples treated by Pommaret
and Vessiot ([Pom78], [Pom83], [Ves03]), but especially when dealing with natural
O4-bundles, F () is not necessarily a vector bundle anymore.

The advantage of vector bundle coordinates for F(y is that further prolon-
gations and projections can be done more efficiently. If F(; is a vector bundle,
some parts of the Vessiot structure equations can be predicted, which will be
used in Section 4.1.

We choose fibre coordinates (u) for F and (u,u,) for J,.(F) such that F)
has coordinates (u,u,_1,v). Computing the coordinates v” with the help of
Proposition 3.33 yields

vP = Ag’“(u,ur_l)ufj.

The example on metrics and Christoffel symbols in Section 5.1 shows that the co-
ordinates of F(1) do not automatically show that F(y) is a vector bundle,especially
when dealing with second order structures. The coordinates usually have to be
modified with an affine term

P = ABE(u, Up—1)uy; + B (u,uy_1), || =, (3.34)

in order that J(;) is a vector bundle. For examples of natural ©,-bundles where
the intermediate bundles do not possess a vector bundle structure, see Section
4.3.3 and Chapter 7. In the following, we determine conditions for the existence
of an affine term B(u,u,—1) and show how to construct it from an equivariant
section.

An immediate consequence of Proposition 1.10 (1) and Proposition 3.33 is the
following Lemma.

Lemma 3.39. F(1) — Jr—1(F) is an affine bundle. o

An equivariant section ¢ of F1) — J,_1(F) specifies an origin in each fibre
of Fj — FU=1_ The point is that this specification is G g4r—1-invariant, which
proves that F() is a vector bundle.

Lemma 3.40. F(y) is a natural vector bundle if and only if there exists an equiv-
ariant section ¢ : J._1(F) — Fqy with c(ur—1fg1r—1) = c(ur—1) fgtr—1 for all
Jatr—1 € Ogyr1 ¢

Proof. If F(;y — J,—1(F) is a natural vector bundle, then the zero section is
equivariant.
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Ife: J_1(F) — F(1) is equivariant, we use the fact that F(;) — r—1(F) is
an affine bundle with coordinates (u,v), modelled over a natural vector bundle
Fi. The map

Fay = Fr: (uyup-1,0) = (U, up—1,0 — c(u, ur—1))
is an isomorphism of natural bundles by the equivariance of ¢:

(uyur—1,0 = c(ur1)) f = (uf,ur—1 fovf = c(ur—1)f) = (uf,vf = c(ur—1f))
for all f € ©gqr_1. 0
We can thus choose the additional term B(u,u,—1) in equation (3.34) as
B(u,uy—1) = —c(u, up_1)

to turn F(;) into a vector bundle. If the natural bundle 7 was constructed by
a formally integrable groupoid R,(wp), one usually takes the equivariant section
c: Jr—1(F) — F(1) corresponding to wp.

The bundles F(;y constructed by Pommaret [Pom83, §2.A.3] (called F; there),
are all vector bundles (see [Pom83, p. 296]). Additionally the existence of a
formally integrable symmetry groupoid is explicitly assumed. There is another
special case where all bundles F(;) are automatically vector bundles.

Lemma 3.41. If F is a natural II;-bundle and F;y = Ji(F)/KIT is con-
structed by a single prolongation, then F () is a vector bundle. o

Proof. Compute the first prolongation of L¢, from equation (3.9) for p = j:
p1(Le,) = €0, + ELT (u)yr + (g;i uft Dy L7 (1) — g,i,u;.) Our + EiOur .

The last summand is the infinitesimal €3-action that vanishes on F1y- As the
projection to F(y),

o = AP, ] =
is quasilinear in uy, the coefficient of d; show that pl(Lgl)va can be expressed
by a linear combination of the coordinates v® of F1y- 0

The vector bundle structure of F(;) has very practical consequences if there
are invariants on J,_1(F), because the equivariant sections depend on them. In
Section 4.1, we will use this fact to predict the Vessiot structure equations in
special situations.

Proposition 3.42. Let F be a natural ©g-bundle and assume that F) =

Jr(f)/ng::_l is a vector bundle. If there exist invariants 1!, .., ¥* on J._1(F)

and a nonzero equivariant section ¢ : J,—1(F) — F(y then also

F@N ), .. 0" () e(u)

is an equivariant section for an arbitrary smooth function f : RF — R. o
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Proof. Use equation (3.32) and the fact that ¢ is equivariant:

Le(f() c*(u)) = f(h)Lec™(u) = f(0) Lev|p=c(u) = Lev™ lo=f(w)e(u)s

since Lgv® is linear in v (F(y) is a vector bundle). O

3.5.2 Symbols of Jet Groupoids

The Projection Theorem 3.35 provides a test for formal integrability of a sym-
metry groupoid R,(w) of a section w of F — X if its symbol is 2-acyclic. In
this section, we adapt a theorem of Pommaret [Pom78, Thm. 7.2.32] to natural
©4-bundles which reduces the Spencer cohomology computation to the algebroid
R,(w). Furthermore, the Medolaghi form allows to compute the Spencer coho-
mology for an open subset of all sections of F in a single computation.

Throughout the section, let F be a natural ©4-bundle and w be a section of
F — X. Further let R,(w) be the symmetry groupoid of w with corresponding
algebroid Ry(w).

As a preparation, the symbols are equipped with a Lie algebra structure which
corresponds to the graduation of the Lie algebra gl, introduced in Section B.1.

Lemma 3.43. Let G4 = Rgyr(z,z) be the isotropy groups of Ry, (w) for
xz € X and r > 0 with graded Lie algebras

Ggr =0 @ B g"t

according to Proposition B.12. Then the symbol Mg, is isomorphic to the
q+r

higest order component g+" = A where ¢ is defined in Proposition B.4. ¢
Proof. Since the tangent bundle functor is a natural bundle functor, the fibre
of J,0(T) = ker(an) = ker(nd) over each point z € X is isomorphic to the Lie
algebra gl, of Proposition B.3, which is the fibre of J; o(TR™) at the origin. Define
the bundle of subalgebras Rqyro(w) = k@r(w8+w| Rgir(w)). The isotropy algebra
Ryiro(w)|z = gg4r is defined by setting £ = 0 in the Medolaghi form (3.12):

L (w(@) =0, |l <r
Restricting to || = g and |v| = r yields Mgqy, = g7, O

We show that the symbol of a groupoid and its corresponding algebroid are es-
sentially the same. In the transitive case, this result is due to Pommaret [Pom78,
Thm. 7.2.32f]. We silently assume that the order ¢ of the groupoid is > 1.

Theorem 3.44. Let Mg, be the symbol of R,(w) at the point r, € Ry(w) and
Mgyrr, for r € N be the higher order symbols defined in equation (A.2). Further
let Mg+, be the corresponding symbols of R,(w) at y € X. For y = t(ry) the
symbols are isomorphic:

Mqur,rq = Mq-l—?“,idy = Mq+7«7y7 Vr > 0.
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Additionally, the Spencer cohomology groups are isomorphic:
H;(Mquq) = H;'(Mq,y% y = t(rq).

If Ry(w) is transitive, all Mgy, are vector bundles and the Spencer cohomology
groups for all r, € Ry(w) are isomorphic. o

Proof. Drop the w-dependence of all groupoids during the proof and set R4_1 =
ma_1(Rq). Then R, acts on V(R,) = T°(R,) by right multiplication and the
action is commutes with the projection to jet order ¢ — 1:

T°(Rq) *A Ry T*(Rq)

Lole ]

T°(Rq-1) "X Rg-1 —=T*(Rg-1)

As the symbol M, is the kernel of the projection T%(Ry) — T*(Rq—1) and the
Rg—1-action is linear on the fibres of T%(R4—1), the multiplication with rq_l in-
duces an isomorphism between M, and M ;q,. By definition of the algebroid,
we have Mg ;q, = Mg, Pulling back the higher order symbols M, over R,
we also obtain isomorphisms Mgy, = Myypiq, for 7 € N.

To show that the Spencer cohomologies are also isomorphic, we use Lemma
3.43. The symbols Mgyr_14 = ggyr—1 at € X and Mgy, = ggqr satisfy the
condition gq4, C 91(121”—1 of Proposition B.12. The embedding

L ST RT — T* @ ST 1 T* T
from the construction of the Spencer §-map in equation A.3 restricts to the map
Mq+r —T"® Mq+r—1

by Definition B.10 for the case of g4, < gl ;,. Since the Rg-action on Mg,
is the restriction on the II,-action on S97"T*, it commutes with the full Spencer
d-map.

By right multiplication, R, acts on T'R,, T*R, N T*R, and on M, since
Moirp, is a subspace of T"R, N T*R, for each 14 € Ry. Analogous to the left
action, the right R4-action induces an isomorphism

Mirry & Mgirid, -

for x = s(rq). If Ry is transitive, the conjugation of Mgy ,iq, with ry € Ry(z,y)
induces an isomorphism between M iq, and Mgiria, = 17¢Mgirid,Tq L 0

Having established the link between the symbols of groupoids and their corre-
sponding algebroids, we turn to the Medolaghi form for the symmetry algebroids.
It has a simple consequence that connects the points on the natural bundle with
the symbols.
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Proposition 3.45. The higher order symbols Mgy, 7 > 0, of Ry(w) at z € X
depend only on the value of the section w at z. o

Proof. The general Medolaghi form (3.12) determines the algebroid R,(w) and
its symbol is the intersection with S¢7* @ T. Setting &' = §Z =0 for |u| < ¢ in
equation (3.12),

&L (w(@) =0 |ul=0,
shows that M, depends on the point w(z) € F only. Differentiating the equations
and eliminating lower order terms,

L (W(@) =0 |l =0,|v] =1,
shows that it is also valid for M. 0

Since the calculation of Spencer cohomology using Theorem A.11 can be done
with the coordinates of  and w(x) as parameters, we have the following corollary.

Corollary 3.46. The computation of Spencer cohomology via Koszul complex
introduced in Appendix A is valid on an open subset of all sections of a natural
bundle F. o

Remark 3.47. In the following sections we abbreviate the notation for Spencer
cohomology. If we say that ‘generic sections of F have 2-acyclic symbols’, this
stands for the fact that ‘on an open subset of the generic sections w of F — X,
the symbols for symmetry groupoids R4(w) have 2-acyclic symbol’. o

For a sample computation of Spencer cohomology for symmetry groupoids
see Section 5.1.2.

3.5.3 Janet Sequence

In this section, the nonlinear Janet sequence is constructed, which was intro-
duced by Pommaret (see [Pom78, §7.4] or [Pom83, §2.A.3]). This section is not
necessary to understand the applications in Chapter 4 or the Vessiot equivalence
method in Chapter 6. However the affine bundle version of the Janet sequence
and the curvature map in Section 3.5.4 are essential tools to prove the Embedding
Theorem 4.22 in Section 4.3.2.

We follow [Pom83, §2.A.3] and adapt the construction to the case of ©,4-
bundles. Each jet groupoid can be defined by an exact sequence (3.10)

Dy
00— Ry(w) ngﬁf’

involving a natural ©,-bundle F. Assuming that the generic sections w of 7 — X
have 2-acyclic symbol and that all symbols are vector bundles, we can continue
the sequence to a sequence of differential operators

(Duoj Iojl Joij
{idx} Ly Lo, T F F() ) (3.35)

wos C
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It is called the nonlinear Janet sequence. Here I'y, and I'g, stand for the local
solutions of R4(w) and ©4. The bundles F, F(;) and F; are abbreviations for the
corresponding sections I'(F) of F — X etc. The first two differential operators
are defined using the differential maps @, from the sequence (3.10) and the
projection I from Proposition 3.30. As they are not necessary in the following,
we will only sketch the construction of the Jacobian conditions J and the bundle
F> in this section and refer to [Pom78, §7.4] or [Pom&3, §2.A.3] for details.

If we drop the assumption that there exists a section w of F — X with
integrable symmetry groupoid Ry(w), there is no equivariant section ¢ : F — F(y)
and the Jacobian conditions J and F> do not make sense anymore. Nevertheless,
there is still an exact sequence of affine bundles which becomes useful for the
Embedding Theorem 4.22 in Sections 4.3.1 and 4.3.2.

Preparations

With the assumption that there exists a section wg of F — X such that R4(wo)
is formally integrable, we construct a differential equation B;(c) C Ji(F) using
equation (3.34) for the case of r = 1:

I = A(u)uy + B(u) = c(u) (3.36)

Here B(u) was chosen such that wy is integrable with the zero section ¢ = 0 of
Fy — F according to Theorem 3.35. We study the formal integrability of the
system Bj(c) and at the same time derive the Jacobian conditions.

Since Ry(wp) is integrable, we know that B; = B1(0) is also integrable. Denote
the symbol of Bj(c) by Ng+1. In [Pom83], it is called Nj, but we have chosen the
indices according to sequence (3.39) below. Let Fy = V(F) be the zeroth Janet
bundle. For higher indices, the Janet bundles are defined with the help of the
Spencer J-map:

r r—1
Fr= NT*®Fo/S(\ T @Ng1) (3.37)
All Janet bundles are vector bundles. Construct the natural bundle F(;) =
J1(F)/ K& by the exact sequence of affine bundles:

0 Nq+1 T ® Fo Fi 0 (3.38)
| I |
| I |
\ \ N
0 B J1(F) F 0
F F F

As F(y) is the cokernel of the inclusion map By < J; (F), it is isomorphic to the
first Janet bundle F(;) = F7. The symbol Ny41 is a special case of the symbols
Ny4r defined by the exact sequences

0 HMq-}—r HM@Q-’-T Nq+r 0 (3-39)
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of vector bundles over Ry(w). Setting M, s = Mg, _, for s < g as in Lemma
A4, the symbols N,_s = 0 are zero. The symbols N, also give rise to restricted
Spencer d-sequences as in Lemma A.4.

Lemma 3.48. The Spencer d-sequences restrict to sequences
1 % 1 0 Nk
0 — Ngpr — T QNgypo1 — -+ —>/\ T ® Ny—yy — 0.
If the module Mg = &M, is r-involutive then H;ﬂ(./\/lq) =~ H;(Nq) forj >r.o

Proof. Set M = @ M; and N = @N}'. Taking the direct sum over the duals of
equation (3.39) yields the sequence in Proposition A.9 (4) with A" replaced by
the A-module Mg. It follows that N is also an A-module. Tensoring the sequence
with the Koszul complex K, (€, A) and taking the long exact cohomology sequence

as in Proposition A.9 (5) proves H;ﬂ(./\/lq) = H}(/\/’q) for j > r. O

In most applications, we assume ©, = II, and thus Mg, = SET* @ T. Then
the isomorphism of Spencer cohomology groups follows directly from Proposition
A.9 (5) and is valid for (7,j) # (0,0).

As last preparational point, we will verify that the map Ny — T* ® Fp
in diagram (3.38) is indeed a Spencer §-map. The defining equations (A.2) for
M41 imply that N,y is generated by the elements

0d,, ..
Wfézﬂj, lul =gq.
w

Using coordinates du” for Fy, each generator of N4 is mapped to

9D, .
ou"dx? = oy i, da? €T @ Fo.
In

This coincides with the Spencer §-map in equation (A.4). Applying Lemma 3.43
to Mg .41 Shows that the definition of .7-'(1) and the Janet bundle F; coincide if
F(1) is a vector bundle.

Jacobian Condition and the Differential Janet Sequence!

We now sketch the construction of the Jacobi conditions J, which is a first order
differential map between J;(F) and F» (for details see [Pom83, Thm. 2.A.3.22]).
Assume that M, is 3-acyclic (which implies that Ay is 2-acyclic) and check the
integrability of Bj(c) by differentiating the equations (3.36):

DI = A(u)ugy + 0y A(u)uguy + Dy B(u).

!The results of this section will not be used later on, but they are included for a complete
treatment of the nonlinear Janet sequence.
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The system Bi(0) is formally integrable since R4(wp) is. It follows that each
linear combination y(u)D,I, which is independent from u,,, can be expressed in
terms of I:

Y(u) DI 4+ a(u)u, I + S(u)l = 0.

In other words, there exist functions «, 3, such that the equation is valid. Denote
the coordinates of F2 by (w). Then the morphism of natural bundles J for the
Jacobian conditions is

J Ji(F1) = Fa: (20,0, Uy, 0g) — (2, u,w = y(u)vg + a(uw)ugv + Blu)v).

Since F» is only a natural bundle of order ¢, the first order jets u, may only occur
in combinations A(u)u, + B(u). Modifying o and 3, we obtain

J: Ji(F1) = Foi (zyu,v,ug,vg) — (2,0, w = y(u)v + a(w)vv + B(u)v).

We can now plug in the prolongation of the equivariant section ¢ to check the
integrability of Bj(c). It is integrable if and only if the Jacobian conditions are
satisfied: 5
c(u
v(u) 8( )c + a(u)ec + B(u)e = 0. (3.40)
U
The functions «, B and ~ were chosen such that all dependence on jets of
vanishes when plugging in D,I. This implies, that the u-dependence in the Ja-
cobian conditions can be replaced by a dependence on the invariants on F. Only
equivariant sections that satisfy the Jacobian conditions correspond to integrable
symmetry groupoids R,(w). Before interpreting the differential Janet sequence,

we given an example.

Example 3.49. Let X be a 3-dimensional manifold with coordinates (z!, 22, 23)

and F =T" x /\2 T™. This is similar to the example in Section 3.4.3 for a three-
dimensional base. Choose the coordinates (u!,...,u%) of F such that they are

the coefficients of the differential forms:

w = ulde! +u?de® 4+ ud dad,

Q = utda® Ada® — P dat Adad +u8 dat A da?
Note the reversed sign for u®. The symbols for generic sections of F — X are
2-acyclic and we prolong to Ji(F) with coordinates (u,uj). The projection to
the first natural bundle of the series

2 3
Fay = JW(F)/KT = Fx NT*x NT*

that has the fibre coordinates (v',v?,v3,w). The projection map is given by:

ot = ug’ — u%,
v? = u% — u?,
v = u% — u%,

4
w = u1+ug+ug.
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The Vessiot structure equations can be written shortly as:
dw = C1 Q, dQ} = Cow A€,

with two arbitrary constants C1,Cy € R. In coordinates, the equations (3.36) for
the system Bj(c) are obtained by plugging in the expressions v* and w into:

vt = Chutt3, w = CQ(u1u4 + uu® + u3u6), 1<4<3.

Differentiate and eliminate the second order jets of u to calculate the single
nontrivial Jacobian condition
C1Cy =0.

An integrable system Rj(w,(2) determined by a l-form and a 2-form implies
either C7; =0 or Cy = 0. o

The Jacobian conditions finish the nonlinear Janet sequence

®,,0jq Tojy Joi
{idx} I, Le, F Fa) s B

wos C

It can be interpreted as follows. A local diffeomorphism, which satisfies the
equations for O, is a solution of R,(w) if and only if it is in the kernel of the
differential operator ®,, o j, with respect to the section w. Assuming 2-acyclic
symbols, a section w of ' — X is integrable if and only if it is in the kernel of
I'o j1 with respect to a suitable equivariant section ¢ : 7 — F(1). The bundles
f(l) &~ Fi and Fy are vector bundles such that the Jacobian conditions do not
depend on a double arrow. An equivariant section ¢ corresponds to a section w
if and only if it fulfills the Jacobian conditions.

Sequence of Affine Bundles

We now drop the assumption that there exists a section w of F — X with inte-
grable symmetry groupoid R,(w). This case frequently occurs when dealing with
©4-bundles F where ©, < Il; is a subgroupoid. The nonlinear Janet sequence
relies on the existence of equivariant sections, but in the non-integrable case, we
can still construct an exact sequence of natural bundles completely analogous to
[Pom83, p. 301].

To do this, we inspect Definition 1.1 closely. Condition (2) for the vertical
bundles means that on the fibres over €/, e = p(e’) and ¢’ = 1(e) the maps ¢,
and 1, define an exact sequence of vector spaces. We turn this into a sequence
of vector bundles by pulling back V(€) and V(£") over £”.

V(E) —VE) vEn ——V(E

P

® ®

g—=¢ ol Syl
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For simpicity, we assume that the pullback is implicitly done and omit the tilde.
The pullback induces an exact sequence of vector bundles:

V(&) ——=V(E) —=V(&").
We will use a similar construction to obtain the exact sequence affine bundles:
00— Rgt1(w) —= Ogp1 —= J1(F) —= F1) —0. (3.41)

Start with the exact sequence (3.5) for R4(w) and define the vector bundles
Fo =V(F) and F1 = V(F(y)) as substitutes for the Janet bundles. The sequence
of vertical bundles in Definition 1.1 (2) gives an exact sequence which may be
restricted to the symbols:

(3.42)

(Jj
0 Mq M@

0 —=V(Rq(w)) —=V(Oy) —= Fo

Lemma 3.50. If 7 = Ry(w)\Oy is the natural bundle constructed in Theorem
3.22, the morphism V(0,) — Fy in diagram (3.42) is surjective. If furthermore

all equations for R,(w) are of order ¢ (i.e. wgfl(Rq) =0O4_1) then Fy = N,;. ©

Proof. Since ©,_1 = ﬂg_l(Rq(w)), we have .’/’-"/Kg_1 = 0 and the following exact
and commutative diagram of vertical bundles.

0 0 0
0 Mq M®q .7:0 0
0 V(Ry(w) —— V(O,) ——= Fo—=10

0—=V(0g-1) —=V(64-1) —0
Comparing with the sequence (3.39) yields Fy = Nj,. 0
Prolong the sequence (3.42) to the symbol Mg 1:

00— Myi1 —> Meo,,, —=T* @ Fy — F| —0.



88 CHAPTER 3. NATURAL BUNDLES

It is the sequence of model vector bundles for the exact sequence of affine bundles

OHMqJ’_l 4>M9q+1 —T* ®f0 -7:1 0 (343)
| | | |
| I | I
\ \ \ A

00— Rg+1 Og+1 Ji(F) F 0

0 Rq O F F

As in [Pom83, p. 301], all double arrows are omitted for brevity. If there exists no
equivariant section ¢ : 7 — F(1), it makes no sense to speak of an exact sequence
at J1(F). The problem is that we are not dealing with an exact sequence of
bundles over a fixed base. An exact sequence should have the following property.
Two elements of ©4; can be mapped to J;(F). If their images are in the same
fibre over F, we expect that both are projected to the same point of F(1). This
is not automatically the case, as the next lemma shows.

Lemma 3.51. If in the diagram (3.43), there are two elements

a=p1(P,)(f), b=p1(Pu)(g)

for f,g € ©441 in the same fibre over F (w}(a) = nl(b)), their projections I(a)

and I(b) to F(1) coincide if and only if R,(w) is integrable with an equivariant
section ¢ : F — Fyy, I(j1(w)) = c(w). o

Proof. The prolonged map p;(®,) is the ©441-action on the section j; (w):
a = jwynf,  yr=1tf)
b = jw)yg)g,  yg=1t(g)

Define h := fg~! and the elements fq> 9¢, hq by projection to order ¢q. Since a
and b are in the same fibre over F, we have hq € Ry(w). If I(a) = I(b), the fact
that I is a morphism of ©4-bundles implies that

1) (yp) fo  gKIT = ji(w)(yy)gKIH.

Hence h can be modified by Kg“ to an element of Ry41(w) projecting to hy.
Since f and g are arbitrary, R4(w) is integrable and we can find an equivariant
section by Theorem 3.35.

Assume that there exists an equivariant section c¢. Then

I{a) = I(G1(w)(ys) [ = c(w(ys)) fg = c(w(ys) fa) = c(w(yg)gq) = 1(b),

since a and b are in the same fibre over F. 0O
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To turn diagram (3.43) into an exact sequence of affine bundles, we pull back
Jl (f) and f(l) over @q,

T(F) — Ji(F) Fay—F)

l P (2) i @l l

F F)

Top (P

Again, we will not explicitly write down the pullbacks in the diagram (3.43). The
pullback repairs the problems with the missing equivariant section. If there are
two elements a,b as in Lemma 3.51, which are in the same fibre of the pullback
bundle J;(F) — Oy, they differ only by Kg“. By construction of F;), a and b
project to the same element I(a) = I(b) in the pullback bundle F;) — ©,.

3.5.4 The Curvature Map

The exact sequence (3.43) of affine bundles gives rise to a curvature map k,
which was constructed by Goldschmidt [Gol67b, Prop. 8.3]. We follow the work
of Pommaret [Pom83, §1.A.3, p. 301]. Similar to the Janet sequence, it is only
necessary for the proof of the Embedding Theorem 4.22 and in Section 6.2.3.

Another very instructive reference for the curvature map is the work of Mal-
grange [Mal05, §11.3], where a dual approach is used. Here, the curvature is called
torsion.

Remark 3.52. The vector bundle F; and diagram (3.43) can be used to define
the curvature map x : Rq(w) — Fi, where Fy = w*(F1) is the pullback of F;
along the section w : X — F. The restriction of

RQ+1(w) - RQ(W) T> Fl

to
0—=R{) () —=Ry(w) TF B (3.44)

defines Rgl)(w) as the kernel of the curvature map. The construction of k is
quite instructive for the work with diagram (3.43). At the same time we prove
Rgl)(w) = kerg(x). It is done by a diagram chase.

Take rq € Rq(w) and consider it as an element of ©,. An arbitrary preimage
Tg+1 € ©g4+1 can be mapped by p1(®,) to Ji(F), where the difference

P1(Py)(Tg+1) — J1(w)(x) = j1(w)(Y)Tg+1 — j1(w) ()

can be lifted to T* ® Fo, since w(y)ry = w(z). Its image in F ;) is equal to

I(G1(@)(W)Tg1) = I(1(w)(2)),
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since I : J1(F) — F(1) is a morphism of affine bundles. The definition

r(rg) = 1(1(W)(Y)Tg11) — 101 (w)(2)) (3.45)

does not depend on the choice of 741, because the difference between two choices
is an element of Mg, ,. There exists an element 74,1 € Ry41(w) projecting onto
rq if and only if k(ry) = 0. Equivalently there exists an element of f,41 € Mg
such that

q+1

1G1 (@) () (Pt + far1)) = 11 (@) (@) = 0

and Tq+1 = fq+1 + fq+1 € Rq+1 (CU) &

The next theorem shows a connection between the fibre of the natural bundle
F1 and a Spencer cohomology group, which is implicitly present in the work of
Pommaret [Pom83, p. 44]. For the curvature map, this fact is well-known (see
[Mal05, §I1.3] and [IL03, §5.5] for the case of exterior differential systems).

Theorem 3.53. If all equations defining Ry (w) are of order ¢ and Mg of Lemma
3.48 is ¢ — 1-involutive, the bundle F; is isomorphic to the Spencer cohomology
group H, 3_1(/\/1(1) and the curvature k is a map

K:Rg(w) — Hg_l(/\/lq). o

In the theorem, we have omitted all pullbacks. To construct H, 3_1(./\/1,1) =
F1 — Ry(w), we have to pull back F in diagram (3.43) over Ry(w). Then & is
a section of F; — Rgy(w).

Proof. By Lemma 3.50, we have Fy = N;. The sequence of model vector bundles
in diagram (3.43) splits into

0—=Ny1 —5T*ON, —=F —=0
using equation (3.39). Since N;—1 = 0 we have
F1= qu(Nq) =T" ® Ng/6(Ng+1)
By Lemma 3.48, this is isomorphic to Hg,l(./\/lq). 0

Remark 3.54. The condition that all equations are of order ¢ in Theorem 3.53
can be weakened to the condition that for all equations ®], = w” of order < ¢
for Ry(w) also their total derivatives D;®], = 0O;w” are present. In this case,
the Embedding Theorem 4.22 can be used to find the minimal subbundle of
J1(F) — F. This is setting of [Mal05, §I1.3,4]. o



Chapter 4

Applications of Natural
Bundles

In the last chapter, the connection between jet groupoids Rq(w) and geometric
objects on natural bundles has been presented. Furthermore, the prolongation
and projection of the jet groupoids, this time considered as systems of PDEs,
has been translated into the language of natural bundles. This is called Vessiot’s
approach to geometric objects and jet groupoids. In the present chapter, problems
are stated that can be solved with Vessiot’s approach. Examples are shown in
Chapter 5. To solve these tasks, new and crucial optimisations are developed.
The problems are the same as in the introduction of this thesis:

Complete the equations for a groupoid R4(w) to formal integrability.

Classify the symmetry groupoids R4(w) of geometric objects w on F.

Find a generating system for the invariants of the ©4,-action on J,.(F).

Decide equivalence for geometric objects on F under the action of ©,.

The first and second question are focused on the groupoids and their formal
integrability. In the first case, a single groupoid is chosen and in the second
case all sections of 7 — X are considered. Then the process of prolongation
and projection is applied until formal integrability is reached. The symmetry
groupoids R4(w) are classified by the number of steps that were necessary to
reach integrability and the equivariant sections. Both questions will be treated in
Section 4.1 and the examples in Chapter 5 show several steps of the classification.

To find a generating set of invariants, one proceeds similarly to the classi-
fication of symmetry groupoids. A theorem of Lie and Tresse [LSE93], [Tre94]
states that the set of invariants of a pseudogroup action on a manifold is finitely
generated with respect to invariant differentiation. It was proved by Kumpera
[Kum?75]. With a trivial translation into the language of natural bundles and
jet groupoids, a generating set of invariants can be computed with the Vessiot

91
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approach. The general case is presented in Section 4.2 and an example is found
in Section 5.2.

Natural bundles also give an alternative approach to Cartan’s well-known
equivalence problem [Car08, Carl10], which will be presented in detail in Chapter
6 on the Vessiot equivalence problem.

All of the above problems start with a natural ©,-bundle F and one or more
sections w of F — X. To solve them, natural bundles

are computed by prolongation and projection and formal integrability is being
checked. For an effective treatment, it is necessary to answer three important
questions:

e Which set of geometric objects is relevant?
e Is it possible to shrink ©, or F7?
e Which is the minimal natural bundle F(;) to decide formal integrability?

It depends on the careful answer to these questions whether it is possible to
perform the necessary calculations in nontrivial examples. None of the above
questions arise in Pommaret’s [Pom78] or Vessiot’s [Ves03] work, because in their
examples only the first bundle of integrability conditions F(1) is computed.

In most cases, all sections of F — X are interesting and no optimisation for
©, and F is necessary before starting the prolongation and projection.

But if only a subset of the sections of F — X are relevant and all symmetry
groupoids R,(w) restrict to O < Oy, it is possible to shrink both ©, and F in

the exact sequence
by
0 Ry(w) O, —=7F

wos

without losing information. Details will be presented in Section 4.3.3.

The first bundle F(y) of integrability conditions is the minimal bundle to check
formal integrability. However, not all sections of F(;) — X are relevant for the
original problem which leads to redundancies for the next step of prolongation
and projection. Based on the Embedding Theorem 4.22 minimal bundles F;) of
integrability conditions can be computed. The approach using minimal bundles
is new. If nonminimal bundles are chosen, the calculations quickly become too
large to compute. Theorem 4.22 is also necessary to compute generating sets of
invariants with the Vessiot approach.

4.1 Towards Formal Integrability

In this section, a flowchart is presented that summarises the necessary steps to
complete a specific jet groupoid R4(w) defined by a section w on the natural
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©4-bundle 7 — X to formal integrability. The flowchart is inspired by Gardner
[Gar89], who used similar diagrams to summarise Cartan’s method of equivalence.
We will take up the flowcharts in Chapter 6 on the Vessiot equivalence method.

The classification of symmetry groupoids is very similar and we modify the
diagram for this case.

Completing R,(w) to Formal Integrability

We comment the flowchart in Figure 4.1 and refer to the relevant sections for
detailed information in each step.

Figure 4.1: Completing R4(w) to formal integrability

|F wi=0

Natural bundle F(;),
geometric object wy;)

-7'—(i+1), W(i+1)»
1:=1+1 J )
S =

Symbol
Mq-l—s—l
2-acyclic?

Prolongation to
Js(Fi)), Js(wy)

*

Projection I to
Fitr)s L0s(wey))

|

1(js(wey)) =
c(Js—1(w@y))?

no

integrable groupoid for w(;
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Enter the flowchart at the top with the natural ©,-bundle F and the section
w: X — F defining R,(w). We set:

Foy=7F, W) = w 1 =0.

The variable ¢ counts the number of times, we have gone through the main
loop, F(;) and w(;) : X — F(;) are the natural bundle and the section at
step i. At each step ¢ denotes the order of F(;).

Test if the symbols on F;) are 2-acyclic using the results of Appendix A.If
not, choose s € N such that the symbol M, ,_1 for the symmetry groupoid
of w(;) becomes 2-acyclic.

Prolong F;) and w(; according to Proposition 3.26. At the position x, it is
highly recommended to restrict to the minimal subbundle of Js(F;)) — F;)
according to the Embedding Theorem 4.22.

Compute the projection I defining F; ;1) and the section
W(itl) = js(w(@-))Kgﬂ_l
with Propositions 3.30 and 3.33.

Compute the Vessiot structure equations and check if the projection is
surjective for w(;) using the Projection Theorem 3.35.

If not, replace F(;y by F(;;1), the section w(;) by w(;;1), increment i and
start another loop at the beginning.

Classification of Symmetry Groupoids

Figure 4.2 shows the flowchart for the classification of symmetry groupoid on
F. We leave out the construction of the sections w(; which is analogous to the
previous case.

e Start with F and compute the Spencer cohomology for generic sections with

Corollary 3.46 and find s such that the symbols become 2-acyclic.

Prolong to Js(F(;)) with Proposition 3.26 and construct the minimal sub-
bundle of Js(F;y) — F;) to which all sections from F — X restrict (using
the Embedding Theorem 4.22).

Use Propositions 3.30 and 3.33 to project to F;,q). Check whether F; 1)
is trivial, namely

Flir1) = Js—1(F))-

Due to this test, the construction of the minimal subbundle in the last step
is mandatory. If it is trivial, all symmetry groupoids on Js_1(F(;)) that are
obtained by prolongation and projection from F are integrable.
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Figure 4.2: Classification of symmetry groupoids

F,i=0

Natural bundle F;

Flirn), = i+1

Symbols
M q+s—1
2-acyclic?

no

yes
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|
Minimal bundle ‘

l

Projection F; 1)

yes
Done

no

Vessiot struc-
ture equations

l

no

Gg4-action free

yes

Generic case
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e Compute the Vessiot structure equations to classify the sections of F — X
which are generic on F; by their equivariant sections ¢ : Js_1(F(;)) —
Fli+1) (see Theorem 3.35).

e Let G, be the isotropy group of ©,. If the G4 -action on the fibre Fi;, ) of
Fi+1) is locally free, then exit the classification at the generic case.

The classification computes a pair (i, ¢) for each section w of F — X that does
not run into the generic case. The integer i is the minimal step in the process of
prolongation and projection where R,(w) becomes integrable and

¢ Jo1(Fiy) = Flivn

is the equivariant section where the symmetry groupoid Stab]:m (w(i)) becomes
integrable. We will see in Chapter 6 that we only need to add the invariants on
Fiy to decide equivalence of sections w of F — X.

Example 4.1. For the example of F = T* xx A*T* with dim(X) = 2, the
classification was effectively done in in Section 3.4.3 and Example 3.38. At each
step of the computation, we display the bundle F(;) and the section w; which
comes from a section w of F — X. The classification leads to the following tree:

F =T xx NT*

w(o) = (w,Q)
.7:(1) =F x R,

W) = (w7 Q9= dw/Q) dw = C1Y

|

Foy=Fay xx T,
w(2) = (wv Qv wa d¢)

|

generic case

A = ()

If the symmetry groupoid is integrable at F(;), follow the arrow to the right. If not,
prolong and project another time by going down. All the integrable groupoids
are classified by the constant C in the first step and by the function Fj(¢) in
the second step. o

Remark 4.2. In nearly all cases, the classification ends in the generic case. As-
sume that this happens for the bundle F{;). Then the symbols for generic sections
of F(jy — X are trivial and thus involutive. We have to prolong only once to check
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formal integrability. There may still be non-integrable symmetry groupoids, but
we can trivially describe all integrability conditions using Proposition 3.42.

Since the Gg-action on the fibre F{;y is already free, the fibre coordinates
(v!,...v%) of the bundle F(i+1) — F(5) can all be chosen as invariants. Denote
the invariants on J;) by ¢. Then the Vessiot structure equations are

vl = al), ..., ok = ck(¥)

for arbitrary functions ¢; of the invariants, because they are obviously equivariant.
For further integrability conditions, it is recommended to work with a generating
set of invariants computed in Section 4.2. o

To illustrate the case where the bundles of integrability conditions become
trivial after several steps of prolongation and projection, we give one of the few
examples.

Example 4.3. Let X be a manifold of dimension n > 2 and F = T™* be the
natural bundle of 1-forms. The symbols of generic sections w : X — T* are
2-acyclic and we compute the first bundle of integrability conditions

Foy = W(F) K =T xx NT*
The differential operator I'(F) — I'(F(y)) is the exterior derivative
d:T(T*) — F(/\QT*).
Another prolongation and projection yields the bundle
Floy = Fay Xx /\QT* X x /\3T*,

but the Embedding Theorem 4.22 implies that all sections from F — X restrict
to the subbundle

Foy = F1) € Flay:
This can be seen as follows. Let w be a section of 7/ — X. Then all sections of
Fay — X that come from F are of the form (w,dw). The differential operator
Fay — ]—"(’2) is constructed from two copies of the exterior derivative d. It follows
that a section of J”:(’2) — X that comes from F is of the form

(w, dw, dw, d*w),

but d? = 0 and both 2-forms — and the corresponding symmetry equations coin-
cide. Effectively there are no integrability conditions on F(,) and all 1-forms have
nontrivial symmetry groupoids. For generic sections, there are only two cases:

e dw = 0: The symmetry groupoid R;(w) is integrable.
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e dw # 0, such that (w,dw) is generic on F(;). The symmetry groupoid
Rgl)(w) is integrable.

However this classification does not apply to all 1-forms, as the well-known Dar-
boux Theorem [Dar82] shows (see also [IL03, Thm. 1,9,17], [Olv95, p. 30]).
Vessiot’s approach only covers the generic case, which means sections (w,dw)
that do not restrict to a subbundle of F(;) — F. o

4.2 Invariants on Natural Bundles

In this section it is described how a generating set for the invariants under the
©4+r-action on the prolonged natural bundle J,(F) is determined. With certain
regularity assumption, the Lie-Tresse Theorem [LSE93], [Tre94] implies that the
algebra of invariants on the infinite jet bundle J (F) is finitely generated with re-
spect to invariant differentiation. It was proved rigorously by Kumpera [Kum?75]
and extended to PDE systems on J,.(F) by Kruglikov and Lychagin [KLO06].

The section is based on the classical approach to compute the invariants
on Joo(F), as it is presented in [KLO6], [Olv95, Ch. 5] and [OP]. There, a
generating set of invariants 1,...,¥, and an invariant coframe is constructed.
The invariant differential operators D; needed to generate all invariants are dual
to the coframe. We translate the necessary definitions and results to the case of
natural bundles and modify the classification of symmetry groupoids in Figure
4.2 to the computation of invariants. The advantage of Vessiot’s approach is that
the projection of natural bundles avoids large computations on J,.(F) and that
it is possible to work with finitely many prolongations.

Throughout this section, we fix an n-dimensional base manifold X, a jet
groupoid ©, and a natural ©,-bundle 7 : 7 — X. All other occurring natural
bundles are interpreted as ©44,-bundles for a suitable . The analogue statement
holds for morphisms of natural bundles.

Invariant Coframes and Invariant Differential Operators

An invariant on F is a smooth map ¢ : F — R, i.e. ¢ € C°(F), which is
constant on the ©,-orbits. We adopt the following point of view for functions on
F. Each ¢ € C*°(F) defines a morphism of fibre bundles

p:F—=X xR.

An invariant 1 is a morphism of natural bundles, where X x R is a natural
bundle of order zero. We extend this point of view to horizontal differential forms
we QFF)=T(F xx N'T*), now interpreting them as fibre bundle morphisms

w:]:—>/\kT*.

With this point of view, it is easy to define invariant k-forms and coframes. They
are an adaption of the contact-invariant coframe [OP, §6] to natural bundles.



4.2. INVARIANTS ON NATURAL BUNDLES 99

Definition 4.4. An invariant (horizontal) coframe on F is a morphism of natu-
ral bundles § : F — Pi(X). An invariant (horizontal) k-form on F is a morphism
of natural bundles F — AFT*. o

Since P; C (T*)™ is the bundle of coframes, 6(f) is a basis of T; ) and we

can split @ into n invariant 1-forms #° : F — T*. The reason why @ is called
invariant coframe is the equivariance under the ©,-action:

0(f94) =0(f)gg Y gq € Og.

It implies that 6 stays invariant under pullback with solutions of ©,. We now
come to an interpretation of the horizontal differential

d: C®(J(F)) = Qh(Jr1(F)) : ¢ — (Diw)da’

that turns smooth functions into horizontal 1-forms (see e.g. [KL06, App. A.3]
and [OP, §3]). The next lemma shows how to construct an invariant 1-form from
an invariant, which was used by Tresse [Tre94] to compute an invariant coframe.

Lemma 4.5. If ¢ € C*°(J,.(F)), the first prolongation p;(¢) can be restricted
to a morphism of fibre bundles

do : Jpy1(F) — T
If ¢ is an invariant on .J,(F) then d(v) is an invariant 1-form on J, 1 (F). ©

Proof. Interpret ¢ as ¢ : J.(F) — X x R and apply Proposition 1.14. By the
proof of Proposition 1.6, we have J;(X x R) = T* x R and we can restrict to T*.
If ¢ is an invariant, all maps are morphisms of natural bundles. 0O

Each invariant coframe defines a collection of dual vector fields, which can
be interpreted as differential operators. They are also called coframe derivatives
(see [Olv95, Ch. 8§]).

Definition 4.6. Let 6 be an invariant coframe on F consisting of the invariant
1-forms 01, ...,0". Define the invariant differential operators D; : C®(F) —
C>®(F) dual to 0 as

~

dp = (D)d', e CF(F). o

Remark 4.7. Analogous to the total derivative (see Definition 1.11), each in-
variant differential operator defines first order differential operators

D; : T(Jp(F) xR) = T'(Jr41(F) x R).
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In fact, the invariant differential operators can be represented using total deriva-
tives. If the invariant coframe 6 on the bundle F with coordinates (z,u) has the
form

6 = A;(u)dxj,
with the matrix A(u), the invariant differential operators D; can be represented
as .
D; = (A"} ()] D;.

Unlike total derivatives, the D; do not commute in general. o

The value of invariant differential operators is that they produce new, higher
order differential invariants, as the following, classical proposition shows.

Proposition 4.8. Let § be an invariant coframe on J,(F) and D; the dual invari-
ant differential operators. If ¢ is an invariant on J,(F) then D;y is an invariant
on Jr41(F). o

Proof. Since di is an invariant 1-form, we have

(Di)(F9)0'(Fg) = dv(Fg) = du(f)g = [(Da)(N)0'(H)] g
= (D))o (f9).

for all f € Jy11(F) and g € Og4r41. Thus D;# is also an invariant. O

Existence of Invariant Coframes on F

Invariant coframes do not exist on every natural bundle F. Usually, we have to
prolong to J,.(F) in order to compute an invariant coframe. Here we will give
conditions for the existence of invariant coframes. The following preparational
lemma shows that an invariant coframe is a first order object and that we can
lift coframes to Jy4s(F).

Lemma 4.9. Let 6 be an invariant coframe on J,.(F). Then the map 6 factors
over the bundle J,.(F)/K{™:

Jo(F) o

o/

O
Jr(F) /KT

Py

If 7 : Jpgps(F) — Jr(F) is the canonical projection, then 6 o 7 is an invariant
coframe on J,s(F). o

Proof. Since P; is a first order bundle, such that 6(fk) = 6(f) for f € J.(F)
and all k € K977, Both 7 and 6 o 7 are morphisms of natural bundles. O
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Proposition 4.10. There locally exists an invariant coframe on F if and only if
the Gp-action on the fibre of /K7 is locally free. G1 = 7{(G,) is the projection
of the isotropy group G, of ©,. o

Proof. Without loss of generality let F = F/K{. If the Gi-action is locally free,
we can trivialise the fibre F = F, around f € F as an open subset of R* x G1,
where k£ denotes the number of invariants. Assume that ©, is transitive. Then
choose go € Gy such that (r,go) € R*¥ x G and set the image 0(z,r,go) = 0y €
Pi . On an open subset around f, define 6 by equivariant continuation. For
h € F,, there exists an element g € ©1(x,y) such that h = (r,go)g for some
r € RF. Then 6(h) = 6og. If O, is intransitive, we have to repeat the same
construction with a trivialisation R?~*0 x R* x I including ko invariants on X.

If there exists an invariant coframe 6, the Gp-orbit of 0(f) for f € F is
isomorphic to G1, since G acts freely on the fibre GL; of P;. Since 6 is an
equivariant map, the Gi-action on the fibres of F is also free. O

Remark 4.11. There are several ways to construct an invariant coframe and the
corresponding dual invariant differential operators on J,(F). One possibility is
given by the proof of Proposition 4.10, which is inspired by moving frames (see
e.g. [OP] or [Man08]).

Another method was used by Tresse [Tre94]. If there are n functionally inde-
pendent invariants 1* on J,.(F), it is possible to construct an invariant coframe
on J,41(F) by taking a?wi. The condition of functional independence is equivalent
tocwl/\~-/\aw”7é0. o

Lie-Tresse Theorem

The invariant differential operators are necessary for the Lie-Tresse Theorem. It
was proved by Kumpera [Kum75] for a Lie sheaf of vector fields and we state it
in the form presented by Kruglikov and Lychagin [KL06, Thm. 16], modified for
the case of groupoid actions on natural bundles. It depends on the infinite jet
space Joo(F), which is the projective limit

Joo(F) = Tim proj (. (F), 77_,).
The formal pseudogroup O, is also constructed by a projective limit.

Theorem 4.12. Let F be a natural ©,-bundle over an n-dimensional base X.
Then the infinite jet bundle J.(F) contains a countable collection of open ©-
invariant sets U, such that the union U = J, Uy is dense in Jo(F) with the
following properties.

On each U,, there are n independent differential invariants !, ..., 9™ with
corresponding invariant differential operators D1, ..., D, and another set of in-
variants ¢',...,¢™ such that all invariants in U, can be expressed via g;j and
their invariant derivatives D7(g;), (J € nk, D/ :== Dy, ... Dy,). o

The Lie-Tresse theorem constructs the invariant differential operators from
invariants, but we are free to choose a different set.
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Construction of a Generating Set of Invariants

The invariants on arbitrary prolongations J,.(F) can be computed with Vessiot’s
approach, if we work with minimal bundles using the results from Section 4.3.1.
For examples see Chapter 5. The computation of a generating set chooses one
of the open subsets U, on Joo(F) mentioned in the Lie-Tresse Theorem 4.12.
Basically, we proceed as in Figure 4.2 with the following modifications:

e Compute the invariants on each F; by projecting to F;)/G,,, where g; is
the order of F(;.

e If the G,-action on the fibre of ;) (or the Gi-action on F;)/K{") is locally
free, compute an invariant coframe.

e Prolong and project until all new coordinates of F; 1) can be chosen as in-
variants. This means one additional run through the loop when the generic
case is reached.

The additional run through the loop ensures that we have found all invariants
for the generating set. Assume that we have completed j cycles until the G-
action on the fibre of F(;y is locally free. We have to prolong only a single time
and since we can choose invariants ¢!, ..., ¥* as fibre coordinates, we have

f(jJrl) &= f(]) X Rk.

In the proof of Proposition 4.25 we see that each coordinate for the next bundle
F(j+2) must contain a first order jet of the invariants Yt By using the invariant
differential operators, we see that all nk first order jets of the ¥ can be turned
into invariants. It follows that the invariants on F; 1) are a generating set, which
can be nonminimal.

Denote the number of prolongations necessary for the step from F;_1) to F;
by s; and the total number of prolongations by r; = s1+...s;. By the Embedding
Theorem 4.22, there is the isomorphism

Tri(F)/KG™T = F)
such that each invariant on F;) is an invariant on J., (F).

Remark 4.13. If for some ¢ € N, the bundle F(;,1) is trivial, the invariants on
Fi) are a complete set of invariants on J(F). It follows from the Embedding
Theorem 4.22. There is no need for invariant differential operators.

Example 4.3 shows that there are no invariants on J,.(7™*), since the second
bundle F 9 of integrability conditions is trivial. This implies that there are no
invariants on Jo(7%). We can inductively show that there are no invariants on
Jo+i(T*) by prolonging and projecting further. o

For examples on the construction of generating sets of invariants and invariant
derivatives, we refer to Chapter 5, especially to Section 5.1.7 for Riemannian
geometry and Section 5.2 for an example treated by Olver and Pohjanpelto (see
e.g. [OP]).
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4.3 Extending and Simplifying Vessiot’s Method

Vessiot’s approach as it is presented in Chapter 3 is not directly applicable to
problems that involve multiple prolongations or large examples. In this section we
present two new methods of optimisation, which were developed for this thesis.
Without these methods, nearly all computations in the following chapters become
far too large to compute. If not stated otherwise, the definitions and results
cannot be found in the literature (e.g. [Pom78|, [Pom83] or [Ves03]).

The first method of optimisation is concerned with the bundles of integrability
conditions F ;) and shows how to choose them minimally for a given problem. We
have already seen in Sections 4.1 and 4.2 that a minimal choice of F(;) is a neces-
sary condition for the classification of symmetry groupoids and the computation
of invariants.

The second method of optimisation concerns the proper choice of natural
bundle and jet groupoid for a given problem. Though not always applicable, it
is possible to simplify computations considerably.

4.3.1 Optimisation I: Minimal Bundles

Multiple prolongations and projections of a natural bundle tend to bureaucratic
effects, because the description of the symmetry groupoid becomes more and
more redundant. In this section we show how to avoid these redundancies, re-
sulting in smaller natural bundles and faster computations. The main result is
the Embedding Theorem 4.22 that implies an embedding

Qs+ Jo(F) /KL — Jo(Fpy)

for suitable choices of r and t if all steps of prolongation and projection were done
with 2-acyclic symbols. In the following parts of this thesis we will silently apply
the results of this section. The proof of the Embedding Theorem 4.22 is rather
long and technical and will be given in Section 4.3.2.

We consider the generic sections w of a natural bundle 7 — X. Each coordi-
nate of F corresponds to an equation for the symmetry groupoid R,(w). Several
subsequent prolongations and projections lead to natural bundles

F, f(l), .7:(2), .7:(3),...

The goal of this section is to find minimal bundles F(;) to which the sections
from F restrict. This means removing equations that are redundant for sections
of F — X.

Two Basic Optimisation Strategies

The first and rather obvious possibility for optimisation is that two subsequent
prolongations can be replaced by a single one. In this pure form, it only occurs
in Section 5.1 to show how the natural bundles grow, but in practice it does play
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a role. The flowcharts in Figure 4.1 and 4.2 are designed to avoid subsequent
prolongations which might occur if the symbols are not 2-acyclic.

Lemma 4.14. Let F be a natural ©4-bundle. All sections w of 7 — X restrict
to the natural ©4-subbundle J,s(F) of J.(Js(F)) — F for all r,s € N. o

Proof. The canonical embedding J,14(F) — J.(Js(F)) from Proposition 1.15
(1) is a morphism of natural bundles. If (z,u) are coordinates of F then the
fibre coordinates of J,(Js(F)) are of the form u}fw with |u| < s and |v] < r.

The prolongation of a section w, given by u' = w'(x) to Js(F), is uz = Ow'(z).
Prolonging to .J,(Js(F)) yields u!, , = 94w (x), which obviously restricts to the
image of the canonical embedding. O

The interpretation in terms of equations for the symmetry groupoid Ry (w) are
as follows. R, (w) is defined by the exact sequence (3.10) as the kernel ker,, (®,,).
In local coordinates this means

(Y, yg) =w(x), 1<a<d.
The prolongation to J,.(Js(F)) defines Rgyr+s(w) by the equations

DV DH (I)g(y7yQ+T+5) = 8H+Vwa(x)7 ‘:u‘ < S, ‘V‘ <,

where all combinations y/ + v/ = u + v yield identical equations. These redun-
dancies are removed by restricting to Jr4s(F).

Example 4.15. In Section 5.1 dealing with Riemannian metrics it is shown how
redundancies due to multiple prolongations. They are hidden, because the bun-
dles are computed with the help of geometric interpretation.

The redundancies are even worse when working with Example 3.3 (2) on
conformal structures in the special case of a three-dimensional base. Let u;; = gi;
be the coordinates

(uij) = (u12,u13, u22, u23, u33z)
of F containing the first order conformal structure. Like in the case of Riemannian
metrics, the symbols of generic sections are not 2-acyclic.

We thus prolong to the bundle J;(F) of second order conformal structures
with fibre coordinates (ui;,usrx |k < 3). Here u;jr = w;j stands for the first
order jets. The fibre dimension of G is 15. To check formal integrability, we
compute F(qy = J1(J1(F))/K3 with fibre coordinates (v,w). The indices are
chosen such that the double prolongation is still visible:

Vijk = Uijk, Wijkl = Wijk, — Uil ks k1 <n.
In total, the fibre of F(;) is 30-dimensional. The Vessiot structure equations are:

Uij k= Wijk, Uik, — Uik = 0, k1 <n.
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Plugging in w;jr = u;jx and w;jx; = u;j, shows that all integrability conditions
are automatically satisfied for every first order conformal structure.

For conformal structure on a three-dimensional base, the bundle Jo(F)/K3 is
isomorphic to Ji (F) since there were only trivial integrability conditions on F ).
All equations on F () are the effect of two succeeding prolongations. In higher
dimensions, there will be nontrivial conditions. o

The second possible optimisation concerns integrability conditions. Prolong-
ing once and then projecting back yields several new equations. The next propo-
sition says that these equations will reappear in the next step of prolongation
and projection. It is safe to omit them by restriction to a subbundle.

Proposition 4.16. For a natural bundle 7 — X and the projection I : J;(F) —
F(1) according to Proposition 3.30, there is a projection 7 : Jj (.7-"(1)) — Fay XF
Fy. For each section w of F — X the section (j1 o I o j1)(w) restricts to the
preimage 7T_1(A(.7:(1))) of the diagonal embedding

A F(l) — f(l) XF f(l) : fl = (fl,fl)' &>

Proof. Let (z,u,v) be a coordinate system of () such that (z,u) is a coordinate
system of F. Then there is a projection J1(F(1)) — J1(F) xx F1). It is defined
in coordinates by:

(x, U, v, Uy, Vz) — (T, U, 0, Uyg).
It is easy to prove that this map is coordinate independent since 1) is a bundle

over F. The abstract fibre of Ji(F) xx F(y) is FU) % Fy and the K, 4+1-action
leaves F) invariant. So the projection to order g has the fibre Fy xp Fy. By
equation (3.34), the projection I" : Ji(F(1)) — F1y xF F(1) is given by:

v = AP(u)u, + BP(u)
such that for sections w of F — X the coordinates v = v’ coincide. 0O

Example 4.17. Continue Example 3.49 with F = T* x /\2 T* on a three-
dimensional base X. The projection map J;(F) — F(1) is given by:

vl = u% _Ug,
v = u%, —u?,
U3 = U% _uéa
w = u%+ug—|—u§.

Essentially, the first order differential operator from F to F{(y) is the exterior
derivative d. As the symbols of generic sections on F(;) — X remain 2-acyclic,

we compute J1(F(1)) with coordinates (u,v,w,ué,v},wj). The projection

T(Fy) = I(F) xx Fay = (w,0,w,u5, 05, w5) = (u,0,w,u5)
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eliminates the last two types of coordinates and the action on the remaining jet
coordinates (uj) is the same as on the fibre of Ji(F) — F. Projecting back to
order 1, we obtain a copy of the above equations:

’Ull = u% - U%,
v = u;ls - u?,
1)/3 = u% - U%,
w = u% + ug + ug.

Restricting to the subbundle of Ji(F(1)) — F(y) defined by

vl—ug—ug = 02—u§—u:{’ = v?’—u%—ué = w—u‘ll—kug—kug =0,
obviously eliminates four redundant coordinates on F(3). However, it is not yet
the minimal subbundle. o

In the two cases described in Lemma 4.14 and Proposition 4.16, the sections
w of F — X restrict to the image of a suitable prolongation J.(F). The general
situation is a mixture of both cases.

Prolongation and Projection with Minimal Bundles

In the applications in Sections 4.1 and 4.2, we computed natural bundles F;) by
prolonging s times and projecting once in each step. In this section, we describe
the minimal subbundles of F(;y — F(;_1) as the image of a morphism of natural
bundles. At first we like to specify all possibilities to create the bundles F(;) by
prolongation and projection.

Definition 4.18. Let F = F(g), F(1), ---, F(s), s € N be natural bundles. It is
called a series of prolongations and projections of F if each F(;) is defined as one
of the following;:

Jsi (Fli-1)) sieN, t; =t;,_1,
Flay = ]:(i—l)/Kgi:::ffl’ $i=0, q+ri>t;>1ti,

+ri—ti—
Js; (f(i_l))/KZJi_ti YosieN, g >t >t
with r; = r;,_1 +s; and rg = tg = 0. o
The numbers 7, s and ¢ have the following meaning;:
s; : mnumber of prolongations in step 1,

r; : total number of prolongations up to step ¢,
t; : total number of projections up to step i.
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In each step, the number of prolongations s; and projections t; — t;_1 and the
bundle F{;) is computed accordingly. In In Figures 4.1 and 4.2, we prolonged until
the symbols became 2-acyclic and projected once, which is the most common,
third case in the definition.

For a series of prolongations and projections, a section w of F — X gives rise
to sections w;) of F(;) — X for i <s. They are recursively defined by:

wiiy(@) = o, (Wi—n) (@) K (4.1)

with K} = {id} and w(g) = w. We are mainly interested in sections ~y of F(;y — X
which are coming from F, which means that there exists a section w of F — X
such that v = w(;) according to Equation (4.1).

With this preparation, we can describe the minimal subbundles of F;) —
F(i—1) as the image of a map ;. The following Proposition includes both Lemma
4.14 and Proposition 4.16 as special cases.

Proposition 4.19. Let F be a natural ©4-bundle. For each series of prolon-
gations and projections F, F),...,F() of F, the canonical embedding from
Proposition 1.15 (1) induces morphism of natural bundles,

(PiiJn(]:)_’f(i)v 1< <s,

such that the image of ¢; is the minimal subbundle of F(;) — F(;_1) to which all
sections coming from F restrict. o

Here, minimal subbundle means that there is no closed subbundle of im(g5) to
which all sections coming from F restrict. There is an immediate but important
corollary.

Corollary 4.20. The prolongation of ¢; from Proposition 4.19,
ps(pi) t Jriqs(F) — JS(]:(i))

factors over Jy4(F)/KZ %} | . In other words it induces morphisms of natural
bundles
Pi,s - Jn+s(7‘—)/Kgi:ffi+s - JS(]:(i))v (4.2)

such that im(¢; s) is the minimal subbundle to which sections from F restrict. ¢
Proof (of Proposition 4.19). To obtain all maps ¢;, we have to follow the
series of prolongations and projections, starting with g = idr.

1) Let F5) = Js,(F—1)) and @1 @ Jr,_,(F) — Fi—1) be the morphism of
the previous step. Then apply J,, to ¢;—1 and use the canonical embedding:

Js; (pi-1)

JTz(f)C—L> Jsi(JTi—l(f)) Jsi (F(z—l))

Pi=Ps; (pi-1)
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Set ;i = ps, (pi—1) = Lo ps,(pi—1) according to Proposition 1.15 (3). All sections
of F;) — X coming from JF are of the form

(jsi (SOi—l) © jSi © jTi—1)(w)

and they restrict to the image of ¢;, since partial derivatives commute.

If all sections coming from F restrict to a smaller subbundle ,7-'(’1.) of im(¢p;),
its preimage defines a subbundle of J,. (F) — F. But each r;-jet u,, € Jy, (F)
defines a germ of a section of 7 — X. It follows that -7:(/2‘) = im(¢p;).

2) Let F(;) = f(i_l)/KgI:::f:’l. The projection to F;) gives i1 = 70 @;:

Iri 1 (F) o f(i—l) —— f(i)'
As im(y;) is already the smallest subbundle for sections from F, it follows for

im(;11). The case of simultaneous prolongation and projection is a combination
of 1) and 2). 0

In the following, we are interested in the images of ; and ¢; s, since they are
minimal bundles. Obviously, each bundle F; can be replaced by im(y;), elim-
inating redundant equations for sections from F. Continuing the prolongation
and projection will be much more efficient with the minimal bundles.

Definition 4.21. Let F(;), 1 <7 < s be a series of prolongations and projections
of F. Then F; is called minimal if im(p;) = F(;) for ¢; as in Proposition 4.19.
The series is called minimal if all F;) are minimal. o

We have theoretically constructed a series of prolongations and projections
of F with minimal bundles described as images im(p;). As in the diagrams 4.1
and 4.2 it is most efficient to replace J, (F(;—_1) directly by the image of ;1 ;.
Three simple operations can shorten the series itself, without affecting tests of
integrability.

e Replace subsequent prolongations (¢; = t;+1 = ti;2 = ...) by a single one.

+r ~ grqtrts q+r+s
~ KT K

g+r - the same is possible for successive

e Since we have K¢
projections

(f/KgI:+S)/Kg+T ~ f/Kg+r+s_

e Combine each prolongation with following projection to a single step.

The Embedding Theorem

We come to the main result of this section, which has both theoretical and com-
putational consequences. In Section 4.1 it was applied to classify the symmetry
groupoids and in Section 4.2 it was a necessary from the theoretical point of view
to find a generating set of invariants on J,.(F) by prolongation and projection.
The computational value is that it reduces the computation of the minimal
bundles im(¢p; s) to linear algebra, which is presented in the next subsection.
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Theorem 4.22 (Embedding Theorem). Let 7 — X be a natural ©4-bundle
for a groupoid ©, with involutive symbol. Choose r € N such that the sym-
bols of Ryir—1(w) for generic sections w of F are 2-acyclic and define F(;) =
Jr(f)/ng::_l. Then the maps from equation (4.2),
q+r+s
P1,s * JT+S(f)/Kq+r+s—1 — Js(f(l))7

are embeddings for all s € Zx>. o

The proof is rather long, so we first to computational aspects before giving the
proof in Section 4.3.2. Applying the Embedding Theorem several times extends
it to all maps ¢; .

Corollary 4.23. Let F(;), 1 <i < s be a series of prolongations of F such that
the s; are chosen such that the symbols for generic sections of Jg, —1(F(;—1)) — X
are 2-acyclic, then the maps from equation (4.2),

Pi,s Jm+8(-7:)/ngr_:Zj_Z+s — JS(]:(z‘))v
are embeddings for all s € Z>q. o

Proposition 4.19 shows that there are minimal subbundles of F(;) for all sec-
tions from F and the Embedding Theorem implies that we obtain the maximal
number of equations that can be computed with r; prolongations if we take care
of the symbols. This combines the efficiency of several smaller steps of prolon-
gation and projection with the knowledge, that all symmetry equations up to a
certain order are present on each F;.

Computing Minimal Bundles

So far, only the existence and theoretical properties of minimal bundles F;) have
been assured. We now construct these bundles under the assumption that we
prolong until the symbols of generic sections are 2-acyclic and project only once
in each step. This case is needed for all applications in Sections 4.1, 4.2 and the
following chapters.

We start with an example to illustrate the computation and the effects of
using minimal bundles.

Example 4.24. Continue Examples 3.49 and 4.17. The bundle F(;) and its
prolongation Ji (F(;)) with coordinates (u,v,w, ug, v, wj) are already calculated.
It remains to find the minimal subbundle im(p; ;). To compute the map p1,1 We
use the total derivative:

1_ 1_ .3 2 1_ .3 2
v; = Dp1v” = ujy +ujs, vy = upy + U, ...
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We observe that the map is linear in second order derivatives u;;, such that the
image im(p1,1) can be determined by linear algebra. Eliminating second order
derivatives, we obtain only a single equation

0 =i + 3 + v3,
which is due to the fact that the exterior derivative d satisfies d? = 0:
0 = d*w = (v} 4+ v3 + v3)da' A da? A da®.

The equations involving only first order jets are obvious. We repeat the results
of Example 4.17:

Ulfugfug = U27u§7u? = vgfu%fu% = wfu%+ug+ug =0,
These are the complete equations defining the subbundle im(11) on J1(F(y)) —
F1y- We go on with prolongation and projection, but only show the fibre di-
mensions of the bundles which are involved. They are collected in the following
table:

1 o 1 2 3
:,r(l) 6 4 8 15
Jl(}_(i))/K% 4 13 36
J1(Fiy) 18 30 54
im (1 18 25 33

For example, the difference
dim(J1(F1))/K7) — dim(F)) =13 -8 =5

is due to the five equations we have found above and we have

2 3 3
Jl(f(l))/K% gf@) X)(/\ T* Xx/\T* Xx/\T*,

where the 2-form and the first 3-form are repetitions of dw and d{2 and the
last form is d?w. In the next step, it is possible to eliminate 36 — 15 = 21
redundant coordinates. This also shows that the unnecessary equations even
produce integrability conditions which can be removed.

For comparison the computation without any optimisation is displayed in the
last row. Starting with Gy = F, we set G(;) = Jl(g(i_l))/KIQ. In the last step,
this approach becomes very inefficient with a 51-dimensional fibre. o

The proof of the next proposition shows how to compute the minimal sub-
bundles in the general case. It depends heavily on the Embedding Theorem 4.22,
as it assumes that all maps ¢; s are injective.
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Proposition 4.25. Let F = Fy), F(1), ---F(s) be a minimal series of prolon-
gations and projections with 2-acyclic symbols and assume ¢; = ¢ in each step.
Then the image of the embedding ¢; s, is a subbundle of J,(F;_1)) — Fi—1),
which can locally be computed by linear algebra. o

Proof. We compute the images of ¢; s, by induction on ¢ and omit indices wher-
ever possible. For ¢ =1,

P1,s2 + JT2 (f)/ng;:;,l - Jsz(f(l))

is an embedding. If (u) are the coordinates of F, then J{(;) has coordinates
(u®,v(M) and the map ¢ : J,, (F) — F(1 is given in coordinates by:

u) =y, 0 < [p] <, 4.3
oM = A(u)up, + B(u,up, 1) (43)
according to Propositon 3.33 or equation (3.34). The formulae for v(!) are quasi-
linear in w,, with coefficients in u. Use the total derivative to compute the
prolongation ps, (¢1):
(1 _

Uy = Uptvs |N| <ri, ‘V‘ < 52, (4 4)

oY = Dy(A(w)uy, + B(u,ur, 1)) | < so.
All formulae are quasilinear in highest order jets w,, or u,, | with coefficients
in u. Define sets U;, 0 < j < ro, that contain all of the above equations with
highest occuring jet order j.

Start with U,.,. We are searching for equations containing the coordinates
vg) occurring in U, that define the subbundle im(¢1 ,). A necessary condition
is that the highest order jets w,, on the right hand side are eliminated. We show
that this condition is already sufficient. Since the equations are quasilinear, we
eliminate u,, by linear algebra over k(u):

Z C(u) vgl) = Z C(u)A(u)u,, +lower order.

=0

This is an equation of order ¢ 4+ ro — 1 which depends on u-jets of order < ry — 1
only. Since ¢;s,—1 is injective, there exists a D(u(yl), vy) ) that depends only on

coordinates occurring in U; with j < rp such that
S C(w) ol + Dl o) = 0

on the image of ps,(p1). Proceed with U,,_1, ...analogously. As each neces-
sary condition was already sufficient, we have produced all defining equations for

im(ep1).



112 CHAPTER 4. APPLICATIONS OF NATURAL BUNDLES

Turn to the projection im(p1) — F(9). It can be computed with the methods
of Proposition 3.33 if the coordinates for im(y;) are chosen carefully. F(;) was
minmal and there are no equations on u¥), v alone and it is possible to find a
subset

U {up) o, | |nl = 1}

such that (u(!), v(1) U) are coordinates of im(¢;). The vector field of the algebroid
action on F(1) is given as in equation (3.23) and the action on im(¢;) is computed
analogous to equation (3.8) by applying the vector field to the coordinates of
im(p1). As we have left (u(M), v(1)) untouched, the Kgi:;:;-distribution on the
fibre of im(¢1) is of the same form as in equation (3.24). The projection down

to F(g) is therefore given by
v® = A, 0l + A'(u,0)ul) + BulM, o)), |v] < s, (4.5)

where not all coefficients A(u,v) are zero. Otherwise we would have found a new
equation of order ¢ + ro — 2 that depends on u-jets of maximal order ro — 1 only.
But since ¢;_1,—1 is injective, these equations are already present.

The recursive step from ¢ — 1 to ¢ is analogous to the case of ¢ = 1. For
coordinates (w1, v(=1) of F(i-1), we compute the map ps,(p;—1) according
to equation (4.4). Equation (4.5) with A # 0 ensures that the formulae stay
quasilinear in highest order jets of u, this time with coefficients in (u(ifl),v(i*”).
The remaining proof is completely parallel to the case of ¢ = 1. O

4.3.2 Proof of the Embedding Theorem

In this section, we prove the Embedding Theorem 4.22. It combines the nonlinear
Janet sequence from Section 3.5.3 with a theorem of Pommaret [Pom78, Thm.
2.4.5] for arbitrary PDE systems. Starting with the affine bundle version of
the Janet sequence and the curvature map from Remark 3.52, we construct a
three-dimensional exact diagram (Figure 4.6) which finally proves the Embedding
Theorem. The reader may compare the diagram and the techniques used to
[Pom78, §2.4] and [Pom83, §I.A.3]. See also [Gol68] in the linear case.

Prolongation and Projection with 2-acyclic Symbols

The key idea for the computation of minimal bundles in a series of prolongations
and projections is the following theorem. It shows that we can swap prolongations
and projections of PDE systems as long as the symbol is 2-acyclic. We will present
a pictorial way to use this theorem and then translate it into the language of
natural bundles.

Theorem 4.26. [Pom78, Thm. 2.4.5] Let R, C J,(€) be a system of PDEs of

order ¢ on a bundle £ — X such that R4 is a subbundle of J,1(€) — X. If

the symbol g,41 is a vector bundle and g, is 2-acyclic, then Ré?l = (R((Il))+1. o
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Here (R((Il))H denotes the first prolongation of the system Rgl). In Figure 4.3
we visualise the effects of Theorem 4.26 as a path through a grid. A prolongation
from order ¢ to order g+r goes upwards r steps and a projection down to ¢g+r—s
takes s diagonal steps down. The path on the left hand side,

Rg ~ Rgn ~ RY  ~ (RW),

is equivalent to the computation of R((]i)l on the right hand side.

Figure 4.3: Visualisation of Theorem 4.26.

Rg+2
R‘Tl\(nr(zlf)ﬂ _ R(21
Rq Rt(zl) Rq

For the translation into the language of natural bundles, it is convenient to
omit the labels like R, which is done in Figure 4.4. Each dot stands for a system
of PDEs. If we use the fact that R, has a 2-acyclic symbol, we indicate it by an
extra circle around the dot for R,. On the right hand side, R, still has a 2-acyclic
symbol, but we do not apply this piece of information and thus omit the circle.

Figure 4.4: Abstract visualisation of Theorem 4.26.

S

By equation (A.2), the symbol of R4y, is also 2-acyclic if the symbol of R,
is 2-acyclic and we have the following corollary:

Corollary 4.27. Let R, C J4(&) be a system of PDEs over £ such that R4,
is regular for all » < s € N. If g, is 2-acyclic and gq41 is a vector bundle, then

Rg?r = (Rf,”)w for all r < s. o

It is not necessary to check if all symbols g, are vector bundles to satisfy
the conditions of Theorem 4.26. Proposition A.6 implies that all g4, are vector
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bundles if g, is 2-acyclic and gg41 is a vector bundle. Theorem 4.26 can be
extended to multiple prolongations and projections and the next corollary gives
an example.

Corollary 4.28. Let R, C J,(€) be a system of PDEs over £. If all intermediate
PDE systems satisfy the conditions of Corollary 4.27 up to order g + s, then

773+S(Rq+s) = RSIS) = R((Il)...(l)

where we prolonged and projected s times on the right hand side. o

The visualisation in Figure 4.4 provides a pictorial way to prove corollaries
from Theorem 4.26.

Proof. We work with a recursion for r € N and apply Theorem 4.26 in each of
the following steps. We begin with:

In each step, we have used the assumption that the system denoted with the
extra circle has a 2-acyclic symbol. The circle can be seen as anchor points for
Figure 4.4. The recursive step also proves Corollary 4.27:

NN
JooN -

where the dashed line stands for an arbitrary number of prolongations. O

Obviously we can extend Theorem 4.26 to various other ways to compute
R((]r), like R,(f) = RE]"*"’)(S) if all necessary symbols are 2-acyclic and the involved
systems are regular. This has very useful consequences for natural bundles.

Translation into the Language of Natural Bundles

We will now give a translation of the previous section into the language of natural
bundles. Throughout this section we silently assume that all occurring PDE
systems of order ¢+ a regular and their symbols g,,4+1 are vector bundles. We
start with a direct interpretation of Theorem 4.26.
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Theorem 4.29. Let 7 — X be a natural II,-bundle such that symbols for
generic sections w are 2-acyclic. Let F(1) = J1(F)/ Kg“. Then the map

Jo(F) /KL — T(F))

from equation (4.2) is an embedding. o

This is already a special case of the Embedding Theorem 4.22. We reinter-
pret the visualisation of Figure 4.4 in terms of natural bundles. The equality
Rg{gl(w) = (R((Il)(W))+1 implies that J1(F (1)) contains the equations from Jo(F)
which are of order g+ 1, but there may be redundancies. This means Ja(F)/K, 3112
only embeds into J1(F(1)). In terms of pictures we say:

— N
Each dot now stands for a natural bundle. An extra circle indicates that we
have used that the symbols for generic sections of the corresponding bundle are

2-acyclic.
Projecting down to .7-" = J1(Fu))/ K q+1, we obtain the picture:

ANEINN

It suggests that the image of the embedding Jg(.7~")/K3+2 — .7-"('2) is the minimal
subbundle F5) of .7-"(’2) — F{(1) to which all sections from F restrict. The embed-
ding follows from Proposition B.17 (3) and minimality analogous to the proof of
Proposition 4.19.

For convenience, we repeat Theorem 4.22.

Theorem 4.22 (Embedding Theorem). Let 7 — X be a natural ©,-bundle
for a groupoid ©, with involutive symbol. Choose r € N such that the sym-
bols of Ryir—1(w) for generic sections w of F are 2-acyclic and define F(;) =

Jr (]:)/ngrr: ;- Then the maps from equation (4.2),

Prs  Jrpo(F)/KITT L = Jo(Fay),
are embeddings for all s € Z>. o

It is possible to construct the embedding ¢1 s step by step
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AN
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]

analogous to Corollary 4.28, but we will give a proof that provides it in a single
step. The generalisation from ;) to all bundles F;) in Corollary 4.23 can be
done in a pictorial way just as Corollaries 4.27 and 4.28. We give an example.

Example 4.30. Let F be a natural ©,-bundle and assume that
Fay = Ju(F)/KIT,
Foy € F(Fa)/EKLS,

since the generic sections of F(1) — X only have 2-acyclic symbols after prolong-
ing once. To construct F o), we apply Theorem 4.22 on F and obtain F (9 as the

image of the embedding

We like to compute the first prolongation J;(F(9)) and the embedding
J4(7)/K§I§‘ — Jl(}—(Q))'
Using Theorem 4.22 on F and F(y) yields the two diagrams:

B

Combining both diagrams, we obtain the map 3 1.

AR
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If the symbols for generic sections of F(y) — X are 2-acyclic, we only have to
project once to define the next bundle F3). o

Prolonging the Janet Sequence

We will now adapt the affine bundle version of the Janet sequence (3.43) to
the case of Rgqry1(w) and construct a curvature map x, as in Remark 3.52.
Throughout this section we fix the integrable jet groupoid ©, < II, and assume
that the symbols M, for generic sections w of 7 — X are 2-acyclic and vector
bundles. The generalisation to arbitrary symbols is rather simple. The idea for
the proof of Theorem 4.26 and the Embedding Theorem 4.22 is to embed the
exact sequence for the curvature map «, into the prolongation of sequence (3.44)
for k:

0—— R (w) —= Ryr(w) HHO S'T* ® Fy (4.6)

|

0—= (RM)4r(w) —= Ryr(w)

pr(k)
5 z J.(Fy)

Constructing x, relies on the affine version of the Janet sequence (3.43) for
Rytr41(w). If My is 2-acyclic, the above embedding (4.6) is possible. The
first step is to prolong the sequence of model vector bundles, where we adapt
Proposition A.6 for symbols of jet groupoids.

Proposition 4.31. Let ©, be a groupoid with involutive symbol Mg, such that
all Mg,,, for r € Z>( are vector bundles. Let R, C O, be a jet subgroupoid
with symbol M,. If M,y is a vector bundle over R, and M, is 2-acyclic then
for all r € N,

0 —— Mgprs1 —— M@q+r+1 — ST Fo—=85"T"®F (4.7)

is an exact sequence of vector bundles (pulled back over R,). Additionally, Mg,
is a vector bundle over R,. o

Proof. Begin with the top row of diagram (3.43) and proceed by induction on
r. If the sequence is exact for r, a diagram chase in Figure 4.5 shows that the
sequence is also exact for r+ 1. The diagram in Figure 4.5 resembles the diagram
below equation (1.6.13) in [Spe69].

To see that M, is a vector bundle, set @), as the cokernel of the last map
in the first row. As the map J1(F) — F(j) is of constant rank, dim(Q;) is also
constant. Counting dimensions, we see that

dim(/\/lq+r+1) —i—dim(Qr) = dim(./\/l@ﬁrﬂ) — dim(SH_lT* ®.7:0) —l—dim(STT* ®f1)

is constant and thus M, is a vector bundle. O
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Figure 4.5: Commutative diagram for the proof of Proposition A.6.

0 0 0

Me

Mgtri1 —— ST 2 Fy

a+r+1

O\YNJ* ®.>\NQL1>

0—=NT* @My 1 —>=NT"@Me,,, , — N T 25T 2 F

00— >w e \S@a.,rﬂlw - >w e .>\~®a+xlw

0

|

ST @ F Qr

|

NJ* ® .>\~®m+ﬂ - s T ® %%.TMNJ* ®.wuto — > T ® rm%IHmi ® .\uﬁ
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The last proposition gives rise to the exact sequence of affine bundles for
Rg4r+1(w), which starts with the prolongation of equation (3.5):

0—> Mgprp1 —>Me,, 1y —= S™HT @ Fg —= S"T* @ Fy (4.8)
| I I
| I |

v v Y
0 — Rgtr+1 —> Ogirp1 —— Jp i1 (F) —— r+1(}-)/Kgi:+l —0

b |

0 Rq-H" @q-&-r Jr(f) Jr(]:)

As in Section 3.5.3, we omit the w-dependence, double arrows and possible
pullbacks over ©4, (if there is no integrable groupoid R g4, (w).
By Lemma 3.43, the fibre of the bundle Mg, ,
and thus the translational Mg, ,-action and the Kgi:“-action on the fibre of
Jr41(F) coincide. It follows that J,41(F)/K, 31:“ is the cokernel of

.. . q+r+1
is isomorphic to €,

Pr+1(®0) 1 Ogirt1 — Jrp1 (F).

Restricting S"T* @ F1) to the cokernel H = coker(Me, ., — S™HT* ® F)
yields the exact sequence of affine bundles and finishes the preparations for the
proof of the Embedding Theorem.

0—>Mgiri1 —=Me,p —= ST @ F H 0 (4.9
| [ | \
I I | I
v v e i )

0—— Rq+r+1 I ®q+r+1 —— Jr+1(f) E—— ”‘+1(f)/Kgi7T’+ —(

0 Rq+7~ @q+7- Jr(j:) Jr (.7:)

Proof of Theorem 4.22

The case, where the symbols for generic sections w of F — X are not 2-acyclic
can be reduced to the 2-acyclic case. If the symbols become 2-acyclic after r
prolongations, replace F by J.(F) and apply Theorem 4.22 to construct the
embedding

Tt (o (F)/EGEETT = Jo(Fy)

for Fy = J1(Jp(F)) /KL, Apply Propositions B.17 (3) and 2.10 (or 3.7) on

the canonical map Jyys41(F) < Js41(Jr(F)) to obtain the desired embedding

Tras1 (F)/ KIS — Jy(Fy)-
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We now assume 2-acyclic symbols. Roughly speaking, we apply the functor J,
to the sequence (3.43) and then embed the sequence (4.8):

Jr(eq. (3.43))

"

eq. (4.8)

The result is the commutative and exact diagram in Figure 4.6, where the leading
zeros are omitted to simplify the diagram. The first three columns of diagram
(4.8) embed into J,(eq. (3.43)) because of Definition 1.24 for the groupoids and of
Proposition 1.15 (1) for the natural bundles. Since a morphism of affine bundles
is injective if and only if the corresponding morphism on the model vector bundles
is injective, the embedding follows for the top rows, too. By Proposition 1.15 (3),
the diagram commutes.

The embedding S"T™* ® F; — J,.(F1) is a consequence of Proposition 1.10 (1)
and (2). It remains to show that the map

Pip t Jrp1(F )/Kgi_:+l JT(J:(I))

from equation (4.2) is also an embedding. For this, we restrict ST ® F; to the
cokernel ‘H according to diagram (4.9):

J(T* @ Fo) Jr(F1)

-

|
|
STHIT* @ F, | : 0
1 . |
| | Y
! Jr(J1(F)) | Jr(Fy)) —=0
|
: / !
\ Y
Jr41(F) l Jr1 (F)/KHTH ———0
/Jr(]: ) l (F)
Jr(F) JT(J’”

As the morphism of model vector bundles H — J.(F7) is injective, it also
follows for ¢; ..
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(£)r (£)r e by
(£) %\ S%\ A@@Q\ A@@E\
0 Q T /(L) ; SW% % ?ﬁ@ ; EW@
\ s
0<~—o ?WZ\ A@vﬁz,ﬁ Aiw@v# m ﬁtws ‘r
m £ @ LS m 0L ® wLi+.S :%_v@x\ m TPy
| | |
0<~—r ﬁ&_v %\ (0 ®Lw¢v\ ﬁt@S\wﬁ\J ﬁtfcnw\J

"7¢ Y we109y T, Jo Jooid oY) I0] WIRISeIpP 9AIJeINWIWIO)) 9'F 9INTI]
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4.3.3 Optimisation II: Subgroupoids

In this section, we present a second possibility to optimise Vessiot’s approach. The
Embedding Theorem applies to the bundles F(;) of integrability conditions and
here we will shrink the original groupoid ©, and the bundle F before starting the
process of prolongation and projection. This is possible if we are only interested
in a closed subset of all sections of 7 — X. In many examples it is even necessary
to shrink F and ©, since the sections of interest will not be generic after a few
prolongations and projections. A strong motivation for this optimisation is the
relative equivalence problem in Section 6.1.2.

At first we show an example, where the restriction to a subset of all sections
is naturally given by the problem itself. With a slight change of notation, it was
taken from the thesis of Neut [Neu03, §2.3.1] (see also the references therein).

Example 4.32. Each second order ordinary differential equation (ODE) defines
a submanifold X of J2(R x R) by setting

y// = f(mvyvp = 3/)

Choose the coordinates (z,y,p) for X. The pullback of the standard contact
forms on Jo(R x R) to X is given by

w? =dy —pdr,  Ww=dp— f(z,y,p)dz.

Adding w! = dz completes the forms to a coframe w = (w!,w? w?)" on X.
A diffeomorphism ¢ is a contact transformation on X if the pullbacks *(w?),
©*(w?) are multiples of the contact forms. This is the case if there are functions
ai(z,y,p) such that

a4 as Qag
Pw=]0 a 0 |w.
0 as as

We further restrict to transformations with ¢*(dz) = dx.

1 0 0
Pw=10 a 0 |w. (4.10)
0 as asg

To obtain a natural bundle, we see that the matrix in equation (4.10) defines a
subgroup G; < GL; (with parameters a1, ag, az). Each coframe w is a section
of the coframe bundle bundle P; — X and thus also of the natural II;-bundle
F = P1/G. By construction of F, the condition (4.10) is satisfied if and only if
 stabilises the projection of the coframe to F.

In Section 5.3, we compute the projection P, — F, such that F has fibre
coordinates (u',...u%) and the projected coframe corresponds to the section

=1 =d=u=0 w=-p u= f(z,y,p). (4.11)

It is clearly visible that only a small subset of the sections of 7 — X corresponds
to second order ODEs. It is parametrised by the single function f(z,y,p). o
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The goal is to find a more efficient description of those problems where only
a subset 2 C I'(F) of all sections is of interest. The next proposition shows a
correspondence between factor bundles and subgroupoids @fl < 0.

Proposition 4.33. Let 7 — X be a natural ©,-bundle and Q C I'(F) be a
subset of the sections of F. The following two statements are equivalent.

(1) There exists a natural ©4-bundle 7’ and a projection
T F—F,

which is also a morphism of natural ©,-bundles such that all sections w €
project to a single section w’ of /' — X.

(2) There exists a subgroupoid @; < O, such that the subgroupoids satisfy

Rq(w) < O, Yw € Q. o

We usually assume F’ # X, since otherwise the statements are trivial.

Proof. If there exists a projection, set @; = R4(w') as the symmetry groupoid
of w'. Since 7 is a projection, each r; € Ry(w)(z,y) also satisfies

W (y)rg = m(w)(y)rg = m(w)(x) = w'(z).
If all Ry(w) € Oy for w € €, then the equations for R,(w) in Lie form (3.11)
include those for ©}. Then there are coordinates (x,u) of F such that the first

k coordinates (u!,... ,uk) correspond to the equations for @; (independent from
the chosen section w). Locally define the bundle F’ by the projection

T F —F o (z,u) — (z,ub, ... ub).
Since w’ = 7(w) is a well-defined section defining the jet groupoid O, F o=
Po,/©y is a natural bundle. 0

If we can find a factor bundle F' where all sections from Q are effectively
represented by a single section ', then it is possible to shrink ©,. At the same
time the ©4-bundle F can be replaced by a smaller @g—bundle, since several
equations are automatically satisfied. The following lemma shows how to proceed.

Lemma 4.34. Let 7 : F — F’ be a projection of ©4-bundles and let w' be
a section of 7' — X. Assume that the symmetry groupoid ©; = R,(w') is
integrable. Then the bundle F” defined by the pullback diagram

Fl——>F

LT

XL>f/

is a natural @;—bundle. o
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Proof. Since each f € ©(z,y) satisfies the symmetry equations w'(y)f = (),
the fibre 771(w'(y)) is mapped to the fibre 771(w'(x)). O

If the symmetry groupoid R4(w’) is not integrable, we prolong and project
until we obtain an integrable groupoid ©; C R,(w’) and continue as before.
Usually R4(w') is not integrable.

To shrink ©, and F for a subset Q C I'(F), the easiest choice is to find a
projection F — F'. In all cases treated in this thesis, the projection is directly
given by the problem itself.

Remark 4.35. Not all subsets Q C I'(F) are suited to shrink ©,. Consider the
IT;-bundle F = T* x x T* of two 1-forms on a three-dimensional base. Then all
sections of the form

wt = dat, w? = ul(2)da! + u?(x)d2? + udda®

induce the projection 7w : F — T* and the section w’ = dz'. Here it is possible
to shrink II, and F to T™.

However choosing the forms w! and w? with the single condition that the
coefficient of dz' coincides for both forms, does not lead to a subgroupoid of II;.
The reason is the GLj-action on the fibre F' = F,.. In the first case, GL1 acts on
the values U = {w(x)|w € Q} as a block (¢ =U or g NU = () for all g € GLy).
In the second case, the sections do not form a block. o

For an example which shows how to restrict the natural bundle F and the
original groupoid ©,, we refer to Section 5.3, where Example 4.32 is continued.
All computations are done with the MAPLE packages jets and JetGroupoids
(see Chapter 5 and Appendix D).



Chapter 5

MAPLE Examples

The current chapter is intended to give examples that illustrate the theoretical
parts in Chapters 3 and 4. The second purpose is to give an introduction to the
MAPLE packages jets, JetGroupoids and Spencer. They provide procedures
for natural bundles, jet groupoids and Spencer cohomology.

In Section 5.1, the example of a Riemannian metric on a two-dimensional base
manifold is treated in order to show basic commands of the MAPLE packages. The
first part of the example repeats all computations of Section 3.3.1 with MAPLE.
Furthermore, all mayor steps from Chapters 3 and 4 are explicitly computed.
This includes the prolongation and projection of natural bundles as well as the
Vessiot structure equations.

The example in Section 5.2 is from Olver and Pohjanpelto (see e.g. [OP07a]).
It is the first example of a natural ©,-bundle. Here, a generating set of invariants
and invariant differential operators are constructed to illustrate Section 4.2.

The last example in Section 5.3 deals with second order ODEs under point
transformations. It was calculated by Neut [Neu03] with the Cartan equivalence
method (see Section 6.2). Using Vessiot’s approach, this example shows how the
natural II,-bundle F can be reduced to a natural ©4-bundle using the optimisa-
tion from Section 4.3.3. It also serves as an example of the Vessiot equivalence
method that will be introduced in Chapter 6.

There are three MAPLE packages used in this chapter. The jets package
by Barakat and Hartjen [BarOl] contains routines for formal differential geom-
etry calculations and basic commands for jet groupoids and natural bundles.
It was extended by the author of this thesis, which led to the add-on package
JetGroupoids for natural bundle commands and the Spencer package for the
computation of Spencer cohomology.

See Appendix D for a reference of relevant commands of jets, JetGroupoids,
Spencer and a sample worksheet that can be adapted to specific problems.

125
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5.1 Riemannian Geometry

This example deals with a Riemannian metric on a two-dimensional base mani-
fold which were already introduced in Examples 3.8 and 3.3.1. To illustrate the
theoretical results from Chapters 3 and 4, the relevant computations are per-
formed with the MAPLE packages jets, JetGroupoids and Spencer. The topics
covered are:

e Construction of a natural bundle F via differential invariants (this repeats
Example 3.3.1 from Section 3.3),

e Spencer cohomology (Appendix A),

e Prolongation and projection of natural bundles and integrability conditions
(Sections 3.4 and 3.5),

e Minimal bundles (Section 4.3.1),

e Invariants on natural bundles (Section 4.2).

In each section, references to the theoretical part are given.

Calculations in MAPLE

The first part is completely analogous to Example 3.3.1, except that all compu-
tations are done with MAPLE.

Load the packages:
> with(jets): with(JetGroupoids): with(Spencer):

Define the independent and dependent variables, as well as coordinates for
the algebroid Ji(T):

[x1,x2]: dvar
[xi1,xi2]: Tvar :

[y1,y2]:
[etal,eta2]:

> ivar :
> Dvar :

The equations defining the symmetry groupoid R; = Ri(wp) of the flat metric:
> GR_g := [yll[x1]-2+y2[x1]1°2 = 1, yi1[x1]*yl[x2]+y2[x1]*y2[x2] = O,
> yi1[x2]"2+y2[x2]"2 = 1];
Gng = [y1x12 + y2x12 = 17 ylxl ylx? + y2x1 szQ = O’ y1z22 + y2x22 = 1]

The command grp2alg converts the equations for the groupoid R; into those
for the algebroid Ry by linearisation and pullback to J;(7"). The result is identical
to equation (3.14):
> T_g := grp2alg(GR_g,ivar,dvar,Tvar,"");

T-g:=[2nly =0, nlyz + 12y =0, 21242 = 0]
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Involutive Distribution on II; and Differential Invariants

To compute the involutive distribution #(R;) on Iy, we choose n? as coordinate
for the subbundle Ry of J;(T"). The other coordinates are substituted according
to the algebroid equations:

> T_g := nrsolve(T_g, [etallyl],etally2],eta2[y2]]1) [1];

T_g:=[nly; =0, nlys = —n2y1, N2y = 0]
Compute the involutive distribution #(R;) on V(II;) using the following com-
mand:
> iso :
> 1iso :

isoalg(T_g,ivar,dvar,Tvar):
subs(iso[3],iso[1]):

The output of isoalg contains vector fields generating the distribution §(R;).
The jets notation for a vector field

is as follows. A jets vector field is a list containing the summands of a vector
field. For &, the summands are ad, and b0,. Each summand ad, is written as
a list [a,[z]] containing the coefficient a and the variable z for the directional
derivative.

The involutive distribution is generated by the vector fields:

> for a in iso do print(a) od;

(L, [y1]]]
[[L, [y2]]]

[[_y2$17 [y] m]]]? [_y’?z’,?? [yl 1:2]]? [y] x1» [y'gml]L [yl 2> [ygz,?]]]
In the usual notation for vector fields, they coincide with equation (3.15):

2 2 1 1
ayl, 8y2, _ylay% — y28y% + ylay% + yzayg.

It is already known from Section 3.3.1, that R is defined by differential
invariants. Otherwise the following command computes them:
> #invtarget(T_g,ivar,dvar,Tvar,"");

We define coordinates for the natural bundle F; of metrics as well as variables
for sections. The projection ®, : Il — F, is the same as equation (3.16):
[ul1l,ul2,u22]:

[omegall, omegal2, omega22]:
ezip(uvar_g,map(lhs,GR_g));

> uvar_g :
> wvar_g
> Phi_g

Phi_g := [ull = y1 ;% + y2,,%, ul2 = yluy Yl oo + Y241 Y240, u22 = Yl ,5° + y2,,°]
It is possible to check that inv_g contains only differential invariants by ap-
plying the generators of #(R1) to inv_g. According to Lemma 3.17, all results
must be zero:
> map(b->map(a->lieapp(a,rhs(b),ivar,dvar),iso),Phi_g);

[[0, 0, 0], [0, 0, 0], [0, 0, 0]]
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The special section wy defining the flat metric on X:
> omegal := ezip(wvar_g,map(rhs,GR_g));
w0 :=[wll =1, wl2 =0, w22 = 1]

5.1.1 The Natural Bundle

Having obtained the differential invariants, we now determine the natural bundle
Fy of metrics. This illustrates Section 3.3. It is still covered by Example 3.3.1.

Computing the finite II;-action on the natural bundle F,; works exactly as in
equation (3.18)) by transforming the invariants and expressing the output by the
coordinates of F,;. The result is the same as equation (3.19):

natfin(Phi_g,ivar,dvar,uvar_g,dvar) :
eqn2ind(nat_g,ivar,dvar) ;

> nat_g
> mnat_gi :

nat_gi == [zl = yl, 22 = y2, ull = y1 ;2 ull + 2yl y2,; wl2 + u22 y2,,°,
ul2 = (Y240 Y1 ar + Y241 Ylap) ul2 + Y247 Y240 u22 + yl oy Yyl gy ull,
u22 = y1 o2 ull + 2yl 1o Y240 ul2 + y2,5° u22)

The corresponding infinitesimal J; (T)-action on F, from equation (3.17):

natinf (Phi_g,ivar,dvar,uvar_g,Dvar,""):
simplify(vec_g,symbolic);

> vec_g :
> vec_g :

vec-g 1= [[51’ [(E]H, [527 [1'2]], [72 ull gl:r] —2ul2 6211:17 [UJZH7
[—ul2 &1y — ull Elys — E247 u22 — ul2 €240, [ul2]],

[—282,0 u22 —2ul2 &l,p, [u22]]]
If the Il -action on a natural bundle is given, the infinititesimal action may
alternatively be computed by linearisation. The results are the same:

> natfin2inf(nat_g,ivar,dvar,Dvar,"");

[[517 [1’1“, [527 [332]], [_2 ull glxl —2ul? 52:217 [UZJ]]a
[—ul2 1y — ull Elyp — €247 u22 — ul2 €249, [ul2]],
[—2€2,0 u22 — 2u12 El,, [u22]]]

General Lie and Medolaghi Form

The procedure to compute the general Lie form for a section w of F; basically
plugs in the section into the equations for the IIj-action on Fy:

> GLF := LieFormG(nat_g,ivar,dvar,dvar,wvar_g):

> eqn2ind(GLF,ivar,dvar);
[yl 2 wI1(yl, y2) 4+ 2yl 45 y2,; w12(yl, y2) + w22(yl, y2) y2,,° = wil(zl, £2),
(Y200 Y1 o1 + Y241 Y149) wI2(y1, y2) + Y245 Y2up w22(y1, y2) + yl 4y Y1, wll(yl, y2)
=wl2(x1, z2),
yl 22 WIL(yl, y2) + 2yl 415 Y2, w12(y1, y2) + y2,5° w22(yl, y2) = w22(al, 12)]



5.1. RIEMANNIAN GEOMETRY 129

Use the infinitesimal action on F,; to compute the general Medolaghi form
according to Remark 3.25:

> GMF := inf2MF(vec_g,ivar,uvar_g,wvar_g,"");

GMF = 2wll&l, +2w1282,; +wllys €1 +wllype €2 =0,
wl2&l, +wll€lye + €247 w22 + w1282,0 + w12, £1 4+ w1249 £2 = 0,
28250 w22 +2w128&1 40 + w2257 £1 + wW22,0 £2 = 0]

Prolonged Actions

We given an overview over the II,|j-action on the prolongations J,(F,). Since
1,1 is transitive, we only need the GL,1-action on the fibre F' and its algebraic
prolongations F("). For a generic point f € F(), we determine the dimensions of

orbit space on F™,  F)  GL,y1 f, GLyi1, StabaL, ., (f)

and display them in a matrix:
> map(i->[codim_of_action(vec_g,i,ivar,uvar_g,Dvar,"")], [$0..3]):
> matrix(%);

0 3 3 41

0 9 9 10 1

1 18 17 18 1

2 30 28 28 0

The first line shows the action on Fj itself. There are no invariants (first

number) and the action on the three-dimensional fibre F' is transitive. However
dim(GL;) = 4 such that the stabiliser of a generic point is one-dimensional. We
observe that there is an single invariant on Jo(F,) and the GL3-action on the
third prolongation F®) becomes free. We will explicitly compute both invariant.

5.1.2 Spencer Cohomology

Before computing prolongations and projections of symmetry groupoids Ri(w),
we first determine the Spencer cohomology groups and see that the symbols of
generic sections of F, are not 2-acyclic. Symbols and Spencer cohomology are
introduced in Appendix A. See also Section 3.5.2 which treats the computation
of Spencer cohomology using natural bundles.

> IZS :=‘InvolutiveZeroSets‘:

> Scg0 := SpencerCohomology(GMF,ivar,Dvar,Tvar,IZS):
> SCohomDim(Scg0,Tvar,IZS);

0 01
0 00
The calculation is invalid on the union of zero sets of the following expressions:

> SCZeroSets(Scg0) ;
[~w122 + w1l w22, wll, w12, w22]
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The only interesting case is wia = 0, since all other assumptions are valid
for nondegenerate metrics. We repeat the computation for metrics with diagonal
entries and see that they also have a non-2-acyclic symbol.

> SpencerCohomology(subs (omegal2=0,GMF) ,ivar,Dvar,Tvar,IZS):
> SCohomDim(%,Tvar,IZS);

0 0 1

0 00

5.1.3 Prolongation and Projection

We now turn to the prolongation and projection of natural bundles which was
introduced in Section 3.4. The package JetGroupoids provides a data structure
for natural bundles which is used to compute prolongations and projections. We
create it with the following command, that basically stores the arguments in a
table:

> Fg := CreateNaturalBundle(vec_g,ivar,dvar,uvar_g,Dvar):

To determine the first prolongation Ji(Fg), we only have to give the order for
the prolongation and a name for the fibre coordinates of J(Fy) — Fy:

> J1Fg := ProlongNaturalBundle(Fg,1,uu):

Projecting back to first order shows that Ji(F,)/K? and F, are identical,
because there are no new coordinates:

> Fgl := ProjectNaturalBundle(J1Fg,v1l):
> Fgl["inv"];

[]

This effect is due to the Spencer cohomology which was not 2-acyclic for any
metric. In order to check integrability, we have to prolong twice.

Adding the Christoffel Symbols

Instead of computing Jo(F,) directly, we first use the isomorphism of Example 3.3
(1) between J; (Fg4) and the bundle Fy x x Fr for metrics and Christoffel symbols.
The advantage of this approach is that the computations are much simpler and
we have an immediate geometric interpretation of the integrability conditions.
Define the coordinates for the Christoffel symbols, where uijk stands for F; %

> uvar_Gamma := [ulll, ull2, u2i11l, u212, ul22, u222]:
> uvar := [op(uvar_g),op(uvar_Gamma)]:

The bundle Fr is constructed by the groupoid Ror of affine transformations
on X. We skip the calculation of 1 and only give the infinitesimal Jy(7)-action
on it:

> GR_Gamma:=map(a->a=0, jetcoor(2,ivar,dvar));

GR_Gamma := [yza;],wl = 0’ ylz],m? = 07 y1127z2 = 07 y'gml,xl = 07 y2w17z2 = 0’ y2m2,12 = O]

>  vec_Gamma;
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(€1, [=1]], [€2, [#2]], [—ulll E1py + Elgp w11 — 2E245 ull2 — Elyy 41, [ul11]],
[—€lap (—u212 4+ ulll) — £247 ul22 — ul12 E24p — Elyy. 4o, [ul12]],

[—2u211 €1,y + €241 (—2u212 + ulll) + u2ll 240 — E241 o1, [u211]],

[—u212 €14y — Elgp u211 + £24; (ul12 — u222) — £241 49, [u212]],

[u122 €141 — Elgp (—u222 + 2ul12) — 2ul22 240 — Elus 4o, [u122]],

[—2 €140 212 + €247 ul22 — u222 £240 — E240 42, [u222]]]

The action on the fibre product 7 = F, x x Fr is computed by concaternation
of vector fields:
> vec := [op(vec_g),op(vec_Gammal[3..-1])]:
> F := CreateNaturalBundle(vec,ivar,dvar,uvar,Dvar):

The Spencer cohomology can be computed directly for the natural bundle F
and the result shows that the symbols for all sections are involutive.

> Sc0 := SpencerCohomology(F,ivar,Dvar,Tvar,IZS):
> SCohomDim(Sc0O,Tvar,IZS);
> SCZeroSets(Sc0);
[ 0 00 ]
[]

Naive Prolongation and Projection of F

Having determined F = F, x Fr, we can start with the prolongation and pro-
jection procedure. However, prolonging to Ji(F) means computing J;(J1(Fy)),
which is considerably larger than Ja(Fy). We can still check integrability on
J1(F), but there are many conditions which are automatically satisfied for met-
rics. In the next part of this example we show how to avoid these redundancies
with minimal bundles from Section 4.3.1. But at first, we naively prolong and
project the bundle F.

> J1F := ProlongNaturalBundle(F,1,uu):
> F1 := ProjectNaturalBundle(J1F,v,kernelD):

The data structure for F() contains the fibre coordinates and the projection
Ji(F) — Fy as vP = A% (u)u,
> F1["inv"][1..6]; F1["inv"][7..10];
[Vl = ullyy, v2 = ullyze, v8 = ul2y1, V) = ul240, V5 = u22,7, V6 = u22,2]

[V7 = —ulllzo + ull2yy, v8 = —ulll e + u21241, vV9 = —ull2.e + ul22,,
010 = —u21240 + u222,]
5.1.4 Integrability Conditions

On the natural bundle F, generic sections have a 2-acyclic symbol and it is
possible to determine integrability conditions as in Section 3.5. We compute the
Vessiot structure equations on Jq) according to Theorem 3.35:
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> VSEl := VessiotStructureEquations(F1):
The first six integrability conditions are the explicit form of equation (3.2)

A 1.
ik = 59" (9rjk + 9rkj = Gykr)

and they are automatically satisfied if the Christoffel symbols correspond to the

chosen metric.
> SUBS_F1 := nrsolve(VSE1[1l..6],uvar_Gamma) [1]:
> for a in SUBS_F1 do print(a) od;

1 —u22ully; —ullgpul2+2ul2, ul2

111 = =
" 2 wl2® — ull u22
1 —u22 ull o + u22,; ul2
ull2 = — 5
2 ul2 — ull u22
1 wi2ully; —2ull ul2,; +ull ullys
w211 = — 5
2 ul2® — ull u22
w219 — 1 —ull u,?fﬂ + ull o ul2
2 ul2® — ull u22
1 w22 u22,; —2ul22ul240 + U220 ul2
ul22 = - 5
2 ul2 — ull u22
1 —2ul2ul2,0 + u22,1 ul2 + ull u22,.0
u222 = —— 5
2 ul2® — ull u22

The last four integrability conditions deal with the derivatives of the Christof-
fel symbols and depend on two arbitrary constants:

> VSE1[7..10];

[—ulllzo +ull2,; = ul22 w211 —u212 ull2 + C1ul2 + / ull u22 — ul2?_C2,
—u211 go + u212,; = —ull _C1 + (—ull2 + u222) u211 + u212 ulll — u2122,
—ull2,0 +ul22, = _C1 u22 + ul12? — ul12 u222 + (u212 —ul1l) ul22,

—u21240 + U222, = u212 ull2 — w122 u211 — _C1 ul2 + \/ ull u22 — u12? _C2]
Computing the Jacobi conditions from Section 3.5.3 shows that all equivariant
sections corresponding to an integrable groupoid satisfy Cs = 0.

> JacobiCond(VSE1l,ivar,F1["uvar"],"");
[2.C2,2_C2,2_C2]
With Cs = 0, the above equations are the constant scalar curvature condition

k k k k k k k
Rlz‘j = 8irlj — oI + F?jrri - Z’Frj = Cl(5j gii — 0; glj)7
where Rﬁ. ; stands for the Riemann curvature tensor.

5.1.5 Vector Bundle Structure of F)

We will now change the coordinates of F(;) to demonstrate that F() is a vector
bundle. By the results of Section 3.5.1, it is possible since there exist equivariant
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sections on F(1). The vector bundle structure allows to interpret the first four
coordinates of F(1) as the entries of the Riemann curvature tensor.

So far, the coordinates v® of F1y are of the form v% = AP (u)u, and we will
add an affine term BP(u) according to equation (3.34). The coordinate change

v? = AP (W)uy — AP (u)uy + BP(u)

transforms F(;y into a vector bundle. We choose B(u) = —co(u) where cg is the
equivariant section with C; = Cy = 0. A closer look at the definition of the first
four coordinates v!,...v* of F(1) shows that they are of the form &-Ffj — @Ffi
and the section ¢q consists of terms —Ffjffi + FfiF’ﬁj. Their difference is exactly
the curvature tensor.

At first we show that the J5(7') action on F(y) is affine, since the second order
terms depend on uijk only:

> Fi1["vec"][-1];

(€10 v8 + €247 9 — €1, V10 — 240 010
— w212 &1 y1 0 + E241 21 w122 4+ El o po ul1l — E244 40 ull2, [v10]]

Compute the affine term B(u) and print the last coordinate v0 = A (u)u, +
B1%(u), which is the component R3,, of the Riemann tensor:
> B := subs([_C1=0,_C2=0] ,map(-rhs,VSE1)):
> R2_212 := F1["F"]1[-1] + B[-1];

R2 212 := —ul12,0 + u222,; — w212 ull2 4+ ul22 u2il

Perform the coordinate change to obtain a vector bundle structure. The
Jo(T')-action becomes linear:
> Flv := ChangeFibreCoordinates(F1,F1["vvar"]+B):
> Filv(["vec"][-1];

[—€150 V8 4+ €241 v9 — Elgg V10 — E249 010, [v10]]

We compute the action of GLz on the fibre of F(;) to see that there must
be nine invariants. On the bundle Jy(Fy), there is a single invariant. It follows
that the canonical embeding Jo(F,) — Ji1(F) has at least codimension eight and
that at least eight integrability conditions on F(;) are automatically satisfied for
metrics.

> CodimOfAction(F1v);
9, 19, 10, 10, 0

5.1.6 Optimisation: Minimal Bundles

We have seen that the bundle F(;) was larger than necessary to check integrability
for symmetry groupoids of a metric. For the Vessiot structure equations on Fy)
the section for the metric and the bundle could be chosen independently, but we
are interested in the case where the Christoffel symbols are derived from a given
metric. This is a classical application of minimal bundles from Section 4.3.1. The
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Embedding Theorem 4.22 states, that the integrability conditions can be checked
on a minimal subbundle ]—"(’1) C F(1y which is isomorphic to Ja(F,)/K3.

By adding the Christoffel symbols, we have used geometric insight, but the
bundle J;(F) is isomorphic to Ji(J1(Fy)), where the bundle of metrics has been
prolonged twice. This is the case described in Lemma 4.14.

The procedures of the package JetGroupoids can compute the minimal bun-
dle .7-"(’1) if we tell them that the Christoffel symbols actually depend on the first
order jets of the metric. Use the internal variable SUBSvec to store how the
coordinates uijk depend on the first order jets of uij:
> SUBS_F := [[SUBS_F1,[],VSE1[1..6],uvar_gl]:
> Fa := copy(F):
> Fa["SUBSvec"] := SUBS_F:

With the extra information, the command ProlongNaturalBundle automat-
ically computes the image of the embedding Jo(Fy) — Ji(F) and the following
projection returns the minimal bundle .7-'(’1) of integrability conditions for metrics.
In this example only a single coordinate is left:

> J1Fa := ProlongNaturalBundle(Fa,1,uu):
> Fla := ProjectNaturalBundle(J1Fa,v):
> Fla["inv"];

[v=—ulllz+ ull2,.]

The Vessiot structure equations are still equivalent to the constant scalar
curvature conditions. On a two-dimensional manifold, the various symmetries
of the Riemann curvature tensor imply that there is only a single independent
component. For the integrability conditions, it was chosen as R{,,:

> VSEla := VessiotStructureEquations(Fla);

VSEla :=[—ulllze +ul12,; = uwl22u211 — u212ul12 + _C1 ul?2]
Compared with the Vessiot structure equations on F(y), the Jacobi conditions
are automatically taken into account and the spurious constant C5 does not occur
any longer.

> member (lhs(VSEla[1]) ,map(lhs,VSE1l), ’pos’):
> VSE1([pos];

—wlll e + ull2y; = ul22ul1l — w212 ul12 + _C1 ul2 +\/ull u22 — ui2?_C2

5.1.7 Invariants on Natural Bundles

To illustrate the results of Section 4.2, we compute a generating set of invariants
on J,(F) using Vessiot’s approach. At first, the invariants are computed and
then we use geometric insights to construct the invariant differential operators.
This section is also an example for the classification of symmetry groupoids from
Section 4.1.

The GLa-action on the fibre of ‘7:(/1) shows that there is a single invariant.

Since ]-"(’1) is isomorphic to Ja(F,)/K3, the invariant is identical to the single
invariant on Jo(Fy).
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> CodimOfAction(Fla);

> Invla := InvariantsOnNaturalBundle(Fla);
1, 10, 9, 10, 1
v+ ull2ull2 —ul22 u2il
Invla = | ]
ul2

We can pull back the invariant to Jo(F) and realise that it is the scalar
curvature of the metric. Due to the length of the result, the output is not printed.

> PullbackToF(Invia,Fla):

The groupoid action on the natural bundle F(,, is not yet locally free, so
another prolongation and projection is necessary. We first take the invariant on
.7:(’1) as fibre coordinate. On the bundle F (), there is a second invariant which
was predicted for J3(Fy):

> Flc := ChangeFibreCoordinates(Fla,Invia):

> J1Flc := ProlongNaturalBundle(Flc,1,uu):
> F2 = ProjectNaturalBundle(J1F1c,v2):
> F2["inv"];
> Inv2 := InvariantsOnNaturalBundle(F2);
[V21 = vy, V22 = V4]
0212 ull + v22% u22 — 2 v22 ul2 v21
Inv2 := [v, ]

ull u22 — ul2?
The second invariant is constructed by contracting the indices of the first

order jets v; of the scalar curvature with the inverse of the metric as v;v;g%.

For the classification of symmetry groupoids in Section 4.1, we compute the
Vessiot structure equations on F(9) and show that the GLy-action on the fibre of
F2) is locally free. So we have reached the generic case.

> VessiotStructureEquations(F2);
> CodimOfAction(F2);
[7)552 = 07 Vg1 = O]
2,12, 10, 10,0
To compute a generating set of invariants, we prolong and project a last time
to obtain a three-dimensional bundle:

> J1F2 := ProlongNaturalBundle(F2,1,uu):
> F3 := ProjectNaturalBundle(J1F2,v3,kernelD):
> F3["inv"];

[V31 = v21 41, V32 = V21 40, V33 = v22,2]

The bundle F(3) is not yet a vector bundle over F(5) and we add an affine
term to obtain a vector bundle atlas. Comparing the infinitesimal action on the
fibre with the action on F;, we see that the fibre is isomorphic to S2T* with new
coordinates h;;.
>  [h1l = v31-(v21*ull1+v22*u211), h12 = v32-(v21*ull2+v22*u212),
h22 = v33-(v21*ul22+v22%u222)]:

F3a := ChangeFibreCoordinates(F3,%):
F3a["vec"][-3..-1];

vV VvV VvV
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[ hil €1y — h12 €1y — hi2 €249 — h22 €24, [h12]),
(2610 h12 — 222 €249, [h22]]]

Invariant Differential Operators

In this particular example, it is very convenient to determine the invariant dif-
ferential operators by geometry. Denote the invariants on Fy) by (v,w). The
contraction w = v;v;¢" of the indices of first order jets in v with the inverse of the
metric yields an invariant. Analogously, this follows for w; w; g/, since we have
again produced a scalar. From this we build two invariant differential operators
by setting

D1 =vig"D;j,  Dy=w;g?D;.
Applying them to v and w produces only two of the three invariants on F(3),
namely v; w; g and w; w; g*/. However the above choice of coordinates h;; of
JF(3) makes it easy to compute the last invariant as g" hiji:
> gg := matrix([[ull,u12], [ul2,u22]]):

> hh := matrix([[h11,h12],[h12,h22]]):
> Inv31l := simplify(trace(inverse(gg)&*hh));

—u22 h1l +2ul2 h12 — ull h22

) —ul2? + ull u22
We check if g"/w;; is an invariant.

Invsl := —

> simplify(ldjet(F3a["vec"],Inv31l,ivar,F3a["uvar"],Dvar));
0

It follows that v and ¢ hi; are a generating set of invariants with respect to
the invariant differential operators D1 and D-.

5.2 Invariants for Lie Pseudogroup Actions on a Man-
ifold

In this section, we treat the first example of a natural bundle F, on which a
subgroupoid ©1 < II; acts. The goal is to find a generating set for the invariants
on J.(F) for all r € N as presented in Section 4.2. The example is a simple yet
instructive example from a series of papers by Olver and Pohjanpelto [OP07a],
[OPO7Db], [OP] and [OPO08].

Olver and Pohjanpelto primarily deal with a Lie pseudogroup action on a
manifold M. A Lie pseudogroup G can be defined as the local solutions of a suit-
able jet groupoid G(9 < TI,(M x M) (see [OP07b, Def. 3.1]). The pseudogroup
G under consideration contains the transformations ¢ : R? — R3 of the following
form:

Opre(xt, z?)

y' =1, v =el@ha?) = flah)e’ +gah), U=ut =g
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It consists of the solutions of the groupoid G C II; (M, M) for M = R? defined
by the equations

Yoo =yp =0, y—yh=0, y2=0, 2 =U—-wy, U,=1

The G-action on M extends to an action on the jet bundle J,.(M,n), which con-
sists of equivalence classes of n-dimensional submanifolds of M under r-th order
contact. In coordinates (x,u) of M, one can introduce a splitting of variables
into (z) and (u) such that G acts on submanifolds which are parametrised by
functions u(z). The goal in [OP07b] is to find a generating set for the differen-
tial invariants J,(M,n) — R and to characterise the algebra of invariants. They
apply the method of moving frames developed in [OP] for Lie pseudogroups.

We are interested in the computation of invariants using natural bundles.
The extra value of this approach is that we can not only prolong the action to
Jr(M,n), but also project to lower orders again, which leads to smaller bundles.
The Embedding Theorem 4.22 implies that we compute invariants on J,.(M,n)
on the bundles obtained.

The setting of Olver and Pohjanpelto can easily be translated into the lan-
guage of natural bundles. Locally define the manifold X and the bundle

T F=M-—X:(z,u) — (z).

An n-dimensional submanifold of M now corresponds to a section w of F — X.
The groupoid GV projects to the groupoid ©; C I, (X x X) defined by:

=0, ¥=ui (5.1)
Now ©; acts on F by setting
2
u=i+ 4 (5.2)
hn

and we regain the groupoid G(!) as the action groupoid for the ©;-action on F,
which is constructed analogous to Example 2.3 (2).

Calculations in MAPLE

Load the packages and declare the variables:

> with(jets): with(JetGroupoids): with(Spencer):
> ivar := [x1,x2]: dvar := [y1,y2]:
> Ivar := vn(phi,2): Dvar := vn(xi,2): Tvar := vn(eta,2):

The Groupoid O,

Define the jet groupoid ©; over the base X according to equation (5.1):
> Thetal := [y1[x2]=0,y2[x2]=y1[x1]];

01 := [yzzr,? =0, y2x2 = yle]
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Calculate the solutions of @1 to ensure that we are dealing with the correct
pseudogroup:

> jsolve(ind2eqn(Thetal,ivar,dvar),ivar,dvar,"");
[yl(z1, z2) = F1(z1), y2(z1, 22) = (% Fl(z1)) 22 + F2(z1)]
We determine the equations for the algebroid R; of ©1. For later prolonga-

tions and projections, we also compute their first prolongation Rs.

> R1
> R2 :

grp2alg(Thetal,ivar,dvar,Dvar);
PrepareAlgebroidRelations(R1,2,ivar,Dvar) :

R1 := [l =0, §240 = {144]

The Natural Bundle F = M

Define the natural ©;-bundle F by using equation (5.2):
> uvar := [u]:
> nat [x1=y1,x2=y2, u = u + y2[x1]/y1[x1]];
y'gz] ]
yl xl
Linearise to obtain the infinitesimal Ri-action and create the data structure
for the natural ©;-bundle F:

> vec:=natfin2inf(nat,ivar,dvar,Dvar,"");
> F:=CreateNaturalBundle(vec,ivar,dvar,uvar,Dvar, "algebroid"=R2):

vec := [[€1, [21]], [£2, [22]], [—£241, [u]]

nat := [zl =yl, 22 =y2, u=u+

Prolongation and Projection

To compute the invariants, Olver and Pohjanpelto prolong F to J3(F) and then
apply the method of moving frames. This means dealing with fourth order dif-
ferential equations. We first check the Spencer cohomology to realise that the
symbols of generic sections on F are not 2-acyclic and we have to deal with second
order equations to compute the invariants.

> IZS := ‘InvolutiveZeroSets/homalg‘:
> ScO := SpencerCohomology(F,ivar,Dvar,Tvar,IZS):
> SCohomDim(Sc0O,Tvar,IZS);

0 01
0 00
The computation is valid for all sections of F.
> SCZeroSets(Sc0);

[]

Due to the non-2-acyclic symbol, we prolong twice before projecting down to
second order equations.
> J2F := ProlongNaturalBundle(F,2,uu):
> J2F["SUBSvec"][2,1];
> F1 := ProjectNaturalBundle(J2F,v1):
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[uul = ugzy, wu2 = ugp]
Compute the Vessiot structure equations and pull them back to Jo(F). They
show that there are only very few submanifolds which have symmetries at all, as
the ©s-action on an open subset of F(y) is free.

> VSE1l := VessiotStructureEquations(F1);
> PullbackToF(VSE1,F1);

VSE1 := [uu2,2 = 0]

[U:rQ, z2 — O]
For a generic point f € F(y) of the fibre of (1), we determine the dimensions
of the following manifolds:

orbit space on Fiyy, F(y), orbit G1f, Gi, Stabg,(f)

> CodimOfAction(F1);
0,4,4,4,0
Since the stabiliser of a generic point is zero-dimensional (last number), the
O2-action is free on an open subset of F(qy. So the invariant differential operators
may be computed at this step, even if no invariants (first number) are present.
Since an invariant coframe is a first order object, and the Embedding Theorem
4.22 provides the isomorphism of natural bundles

11 Jo(F)/KS — Fay,

the pullback of an invariant coframe on F(l) is invariant on J,>2(F) as well.
The computation is done by projecting F(q) to first order and then applying
the moving frames approach of [OP]. Note that the projection to first order is
two-dimensional with coordinates (u,v!).

[u=0, vi=1]:
InvariantDifferentialOperators(F1,gP,nat,Thetal,dvar);

1 U 1
NGTR [z1]], [ N [z2]]], [0, [z1], [\/H’ [z2]]]]

The output is a list of two differential operators in jets notation. It is
similar to the notation for vector fields explained in Section 5.1, except that
partial derivatives are replaced by total derivatives. So the entry [a, [b]] stands
for aDy. In the example, the invariant differential operators are:

> gP
> 1ID :

ID = |

1 1
Dl = ﬁ(Dxl — U_DxQ), DQ =——Do.

Their pullback to Jo(F) yields the same operators as [OP07b, eq. (4.21)]:

> PullbackToF(ID,F1);
1 U 1

[Hma [21]], [—m7 [z2]]}, ([0, [=1]], [\/ﬁ’ [z2]]]]
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Generating set of Invariants

We prolong and project another time to obtain a generating set of invariants on
the original natural bundle F.
> J1F1 := ProlongNaturalBundle(F1,1,uuu):
> F2  := ProjectNaturalBundle(J1F1,v2):
> F2["inv"];
[V21 = v1 41, V22 = v142]

The action on F(;) was already free, so all new coordinates correspond to
invariants. Since the number of invariants on F(y) is equal to the dimension of
the base manifold, we have obtained a generating set for J,(F).

> Inv2 := InvariantsOnNaturalBundle(F2);
I 2._[ v22 v21 — 2 vl uu,@—v??u]
e =L B 01 G372

Using the Embedding Theorem 4.22 again, the invariants can be pulled back
to J3(F), where they match exactly [OP07b, eq. (4.20)]:
> PullbackToF (Inv2,F2);

Uz2, 22,22 Uzl a2, 22 +2 Ug2, 2 Uz + Uz 22, 22 u]
Uz2, 12(3/2) ’ Ug2, 22 (3/2)

Change the fibre coordinates of F,) to obtain a vector bundle. The Vessiot
structure equations on F(g) state that the symmetry groupoids are integrable if
and only if the invariants are constant.
> F2a  := ChangeFibreCoordinates(F2,Inv2):

> VSE2a := VessiotStructureEquations(F2a);
pulge vlgr —2vl wu2 —vlgpu
VSEQCL = [W = ,Cg, o (3/2) = 701]

To check the invariant differential operators, the invariants on the bundle 3,
are computed. We obtain three new invariants, where the last one does not seem
to be an invariant derivative of the generating set above.

> J1F2a := ProlongNaturalBundle(F2a,1,uuu):
> F3 ProjectNaturalBundle(J1F2a,v3):
> Inv3 := InvariantsOnNaturalBundle(F3):

> subs(F3["inv"],Inv3);

02150 V2151 —uv2ls V22451 — uv2l 4y + v21 40 u? + 2u /vl |
Vol Vol ’ Vol

We verify that the last invariant is also obtained by invariant differentiation.
Each of the invariant differential operators D; is a map

[v21, v22,

D; : CF(Fy) — C(J1(Fa)))-

The procedure ProlongNaturalBundle does not compute the full bundle Ji (F(2))
but the image of the embedding

11 Ja(F)/KS = Ji(Fa),
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since it is the minimal subbundle where all sections coming from F restrict to.
See Section 4.3.1 for more details. The equations defining the subbundle im (2 1)
include:

> F3["SUBSvec"][1,2,1];

02240 = 21 51 — w2l 5o — 201

Applying D; to v22 yields an invariant on Ji(F(2)) and with the help ot the
above equation, we restrict it to im(p21). The result coincides with the last
invariant on F(3).
> appmt(ID[1],v22,ivar,F3["uvar"]);
> subs(F3["SUBSvec"][1,2,1],%);

02241 — w2240
Vol
02221 — u (V21 21 — w2l 40 — 2/ v1)
Vol

The approach via natural bundles improves the calculation of invariant dif-
ferential operators and generating sets of invariants. Due to the Embedding The-
orem, the invariant differential operators can be computed on a two-dimensional
factor bundle on F(;) and the generating set of invariants on F(3) which has a
six-dimensional fibre. The method of Olver and Pohjanpelto involves the ten-
dimensional bundle J3(F). The possibilty to project the bundles to lower orders
does not restrict the methods to compute the invariants. The reader is free to
use the package JetGroupoids which integrates an involutive distribution or to
apply the method of moving frames, since the ©z-action on F(y) is small enough
to be computed explicitly.

5.3 Second Order ODEs under Point Transformations

We continue Example 4.32 with MAPLE and compare it with Neut’s approach
via Cartan’s equivalence method [Neu03, §2]. We slightly change the notation
of Proposition 4.33 and Lemma 4.34. For brevity, the original II;-bundle will be
called F1,, whereas we denote the restricted bundle by F. The example is nearly
small enough to proceed with Fy,, but there are problems:

e The sections representing second order ODEs become non-generic on the
first bundle of integrability conditions. All further prolongations and pro-
jections must be done with extreme care, since the simple coordinate change
(vt 0% ) = (u'v! + 02, 0v%,. ) on the fibre of ;) may hide a nontrivial
equation — if i € {2,3,4} and v?> = 0 for second order ODEs. Another
possibility is to restrict the bundles ;) with Proposition 4.33 is presented

in Example 6.14.

e Due to non-2-acyclic symbols, we have to prolong twice to check integra-
bility in the last step. The computation of all equivariant sections involves
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solving an inhomogenous linear PDE system with 350 equations. It was
not possible to solve it with MAPLE 11. On the restricted bundle, the
equivariant sections are easily computed.

Calculations in MAPLE

> with(JetGroupoids): with(jets): with(Spencer):

> ivar := [x,y,pl: dvar := [X,Y,P]: divar := [dx, dy, dpl:
> Ivar := vn(phi,3): Dvar := vn(xi,3):

Construct the Natural Bundle

Define the coframe (w!,w?,w3) containing the contact forms:

> w0 := [dx, dy - p*dx, dp - f(x,y,p)*dx];
w0 := [dx, dy — p dz, dp — {(z, y, p) dz]
To obtain the bundle Fi;;, = P1/G1, we define a groupoid with structure
group G and check if it coincides with the matrix in equation (4.10).
> GR := [X[x]=1, X[yl=0, X[pl=0, Y[x]=0, Y[p]=0, P[x]=0];

> Jac := matrix(3,3,jetcoor(1l, ivar, dvar)):
> subs(GR,evalm(Jac));

GR:=[X,=1,X,=0,X,=0,Y,=0,Y,=0, P, =0]

1 0 O
0Y, O
0 P, P
We construct the map ® : P, — Fyy, for coordinates (u',...u°, f) of .
> T := grp2alg(GR,ivar,dvar,Dvar,""):
> Phi := invtarget(T,ivar,dvar,Dvar,""):
> uvar := [ul, u2, u3, u4, ub, fJl:
> Phi := ezip(uvar,Phi);
Y, Y, P.Y,-Y,P
Pi=[ul =Xy, u2 =Xy, u8 =Xp, uf =L, ub ==, f="2 1
o ot vt P Yy ¢ g / Y%fZ"}@}}]

The above coframe w is a section of P, and we determine the sections w =
®(w) of Fiy, representing second order odes. The bundle Fij; was chosen such
that the last coordinate of it represents the differential equation f(x,y,p).

> ww := map(a->map(b->coeff(a,b),divar),w0):
> ww := evalm(Jac) = matrix(ww);
> omega := subs(ww,Phi);
X: Xy X, 1 0 0
ww:=| Y, Y, Y, |= —p 1 0
Px Py PP —f(.:l:‘7 yvp> 01

wi=[ul =1, u2=0,u3=0,uf =0, us =—p, f=1(z,y, p)]
Prepare the Il -action on Fiy, for the invariant coframes. Due to the size, we
surpress the output.

> mnat := natfin(Phi,ivar,dvar,uvar,dvar,""):
> mnat := eqn2ind(nat,ivar,dvar):
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Compute the infinitesimal Ji(T')-action and set up the data structure for the
natural bundle Fiy,:

natinf (Phi,ivar,dvar,uvar,Dvar,"");
CreateNaturalBundle(vec,ivar,dvar,uvar,Dvar):

vec := [[€1, [2]], [€2, [y]], [€3, [P]], [—ul €1p — u2 €2, — u €3, [ul]],

[—ul &1y —u2 &2y — u3 €3y, [u2]], [~ul §1, — u2 §2, — ud 3, [us]],

[uf ub €1y + ud €2y + uf? €3, — ub €1, — €2, — ud €3, [uf]],

[u5? Ely 4+ ud €2y 4+ ud uf £3y — ub {1, — £2, — u4 €34, [ud]],

[—€Lo £+ £ (f uf +u5) €L, — F2EL, + €3, — €3, (Fuf + u5) + £ 3, [f]]

> vec
> F_Pil :

Restrict the Groupoid and the Natural Bundle

The first five components of the section are the same for all second order odes
and the map

7 Fn, — Fo(xut, 6 f) = (xut L ud)

defines a new natural bundle F’ where all sections w defining second order odes
are identical. To prove that 7’ is well-defined, we observe that the algebroid
action on the first five coordinates does not depend on f:

> getinds(vec[1l..-2],uvar,"");
[ul, u2, u3, u4, us]

All sections for second order odes project to the section w’ on F’, such that
Proposition 4.33 is applicable:
> omegall..-2];

[ul =1, u2 =0, u3 =0, uf =0, us = —p]

The equations for the symmetry algebroid R;(w') are not yet integrable. The
command PrepareAlgebroidRelations computes a Janet basis for R;(w’) and
completes it to an integrable algebroid ge,. Additionally, it chooses coordinates
for R3(w’) and computes all equations determining the subbundle R3(w') C J3(T).

> GMF := inf2MF(vec,ivar,uvar,uvar,""):
> Rl jsubs (omega,GMF[1..-2],ivar,uvar);
> R3 := PrepareAlgebroidRelations(R1,3,ivar,Dvar):

RI1 := [glx =0, gly =0, glp =0, _pflp +§2p =0, _p2 gly +p£2y —p&ly +82, -3 = 0]
For the later calculation of invariant differential operators, also the integrable
symmetry groupoid ©3 = R3(w’) is necesssary:

> GLF := LieFormG(nat,ivar,dvar,Ivar,uvar)[1..-2]:

> Theta3 := PrepareGroupoidRelations(GLF,omega,3,ivar,dvar,uvar) :
We restrict the infinitesimal .J; (T')-action to ge, according to Proposition 4.33

and then pull back Fi1, to the one-dimensional bundle F according to Lemma

4.34. The infinitesimal action becomes quite simple:
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\

F := RestrictNaturalBundle(F_Pil,omegall..-2],uvar[-1..-1],
> "algebroid"=R3):
> F["vec"];

(€1, [2]], [€2, [W]], (€3, [p]], [€32 + P &3y + fE€3p, [f]]]
The finite ©;-action on F is also short enough to be displayed:

> mnatl := [op(nat[1..3]),nat[-1]]:
> natl := subs(subs(ezip(ivar,dvar),omegall..-2]),natl):
> mnatl := subs(Theta3,natl);

fP,—P.,P,—PP,+(P—pP,)P,
P)?

natl :=z=X,y=Y,p=P, f=

]

Prolongation and Projection

The first step of prolongation and projection yields a one-dimensional bundle
F(1)y — F, buth the Vessiot structure equations show that there cannot be inte-
grable symmetry groupoids. Lemma 3.40 implies that F(;) is no vector bundle.

> JIF := ProlongNaturalBundle(F,1,uu):

> F1 := ProjectNaturalBundle(J1F,v1):

> Fi["inv"];

(vl =[]

> VessiotStructureEquations(F1);

Warning, system is inconsistent

It turns out that the symbols for generic sections on F(;) are not 2-acyclic.
Nevertheless we prolong only once to obtain the same case distinction as in
[Neu03, §2.6.1]. If we would have prolonged twice directly, we would have missed
this case distinction, which sorts out nongeneric sections in the Vessiot equiva-
lence method (see Chapter 6 and especially Figure 6.2).
> J1F1 := ProlongNaturalBundle(F1,1,uu):
> F2 ProjectNaturalBundle(J1F1,v2):

The only coordinate of F(3) can be chosen as an invariant. If the invariant is
constant for a choice of f(z,y,p), the projection is surjective, but the symmetry
groupoid is not necessarily integrable.
> Inv2 := InvariantsOnNaturalBundle(F2):
> F2a := ChangeFibreCoordinates(F2,Inv2):
> F2a["inv"];
> VSE2a :=VessiotStructureEquations(F2a,"");

v1?
(V2 =-2f,+vi,+pvly,+ fovl,— —]

2
VSE2a := [v2 = _C1]
Pulling back the Vessiot structure equations to Jo(F) yields exactly the same
invariant as the torsion coefficient T21’3 in [Neu03, eq. (2.59)].

> PullbackToF(VSE2a,F2a);

2 fy+ faup + 2 Fyop + f fop = 5 fo? = O
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The Case of Constant v2:

First consider the case where v? = ¢ is constant. We restrict F» to a bundle

which is isomorphic to F(1) and prolong twice. Before projecting again, we show
the first order jets occurring as coordinates of the subbundle of Ja(Fy)..)-
> F2z := RestrictNaturalBundle(F2a, [v2=c]):
> J2F2z := ProlongNaturalBundle(F2z,2,w):
> J2F2z["SUBSvec"][2,1];
(w1 = fz, w2 = f, w3 = vl,, wj = vl

Again, there is only a single coordinate v3 of F(3),- and we compute the
Vessiot structure equations. Using Theorem 6.10, we recover [Neu03, Thm 10],
which states that a second order equation y,, = f(z,y,p = y.) is equivalent to
Yz if and only if v = 0 and fppp = O
> F3z := ProjectNaturalBundle(J2F2z,v3):

> VSE3z := VessiotStructureEquations(F3z);
> PullbackToF(VSE3z,F3z);

VSE3z := [wf, = 0]

[fp.p.p = 0]
The Ga-action on F3) . is locally free and the next step of prolongation and

projection yields a generating set of invariants for the system of pdes on Ja(F)
defined by v? = const. In this case, Theorem 4.12 has to be used in the generalised
version [KLO06, Thm 16].

> CodimOfAction(F3z);

0,7,7,7,0
> J1F3z := ProlongNaturalBundle(F3z,1,uu):
> Fiz = ProjectNaturalBundle (J1F3z,v4):
> Invdz := InvariantsOnNaturalBundle(F4z):
> F4za := ChangeFibreCoordinates(F4z,Inv4z):
> F4za["inv"];
> VSE4z := VessiotStructureEquations(F4za,"");
v8 12v8,+2v3wj + v3,vl
[v41 = —als, 042 = 5 — 41 vp v
038 (3/2) 2 03 (3/2)

VSE4z :=[v41 = _C1, v42 = _C2]
Compute invariant differential operators D; on F(3) .:

> gp := [f=0, v1=0, v3=1, P=0]:
> 1IDz := InvariantDifferentialOperators(F3z,gp,natl,Theta3,dvar);

1z = (1. 1]}, . Bl 11 Bl (. Bl [ B - )

Applying D1 = D, +pDy+ f D) to the first invariant v41 on F3) ., we obtain
—v42. Tt shows that the algebra of invariants is generated by v41.

> appmt(IDz[1], v41, ivar, F4za["uvar"]);
> PushToNB(%, F4za);

vl +puil, + fofl,
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The Case of Nonconstant v?:

In the case of a nonconstant invariant v, we prolong F(1) twice. Using the usual
prolongation procedure, the coordinate v? would be replaced by vl. We skip the
computations containing the coordinate change.

> J2F1 := ProlongNaturalBundle(F1,2,w):
> J2F1["SUBSvec"][2,1];

v1?
(W2 ==2f, +vly+pvly+ fol,— - wl = fg, w2 = fy, w3 = vly, wj = vl
Project down and compute the Vessiot structure equations:

> F3 := ProjectNaturalBundle(J2F1,v3,kernelD):
> F3["inv"];
> VSE3 := VessiotStructureEquations(F3);

(V31 = V24, V32 = V2, V33 = V2, V34 = W),

VSES := [v2, = F5(v2), v2y =0, v2, =0, w{, = 0]
The invariants on F3):
> Inv3 := InvariantsOnNaturalBundle(F3);

v33 vl +2v32 v33
2Vt Voo
The invariant differential operators for the case of v? # 0 coincides with the
one computed before, up to renaming the variables.
> gP := [f=0, v1=0, v34=1, P=0]:
> ID := InvariantDifferentialOperators(F3,gP,natl,Theta3,dvar);

1 vl 1

= (1L (e, I ), 1, Bl (s Wl G 21, (e, )

It is easy to check that the invariants on F(3) are v? and D;v?. Another
prolongation and projection yields eight new invariants, of which six are invariant
derivatives from those on F(3). The pullback of the remaining two invariants
coincides with the case v2 = const. Here v? and

Inv3 = [v2, v31 + v32p+ fv33,

w

v3dp Soorw
0342 Sopp

generate the algebra of invariants. They are not directly comparable to [Neu03,
§2.10.1] since the invariants there were computed on a prolonged G-structure,
such that the base manifold is no longer X.



Chapter 6

The Vessiot Equivalence
Method

‘The goal of the method of equivalence is to find necessary and suf-
ficient conditions in order that “geometric objects” be “equivalent”.
The word equivalent here usually ends up meaning that the geomet-
ric objects are mapped onto each other by a class of diffeomorphisms
characterized as the set of solutions of a system of differential equa-
tions.’

— R. Gardner [Gar89, Lecture 1]

Intended for Cartan’s successful equivalence method, this introduction exactly
describes the goal of the Vessiot equivalence method to be developed in this
chapter. Both methods are closely connected and for comparison, also Cartan’s
method is introduced. In Vessiot’s context, a geometric object has a well-defined
meaning as a section of a natural ©4-bundle 7 — X. The jet groupoid O,
specifies the class of diffeomorphisms to be used. Reading Vessiot’s texts shows
that he also had the question of equivalence in mind.

‘Les systeémes [...] s’offrent d’eux-mémes quand on cherche a re-
connaitre si deux groupes (G) et (G') donnés par leurs équations de
définition, sont semblantes, et & déterminer les transformations qui
changent ces deux groupes I'un par 'autre.’

— E. Vessiot [Ves03, §IX]

Here (G) and (G’) stand for the symmetry groupoids Ry(w) and Ry(w') of
two geometric objects. For simplicity, Vessiot restricts to transitive groupoids.
A modernised version of Vessiot’s equivalence problem has been formulated by
Pommaret [Pom78, §7.5], again for the transitive case only. However it is not
solved: “As the study of such a problem is out of our scope |[...]” [Pom78, above
Ex. 7.5.3]. In a later book, the introduction to the equivalence problem reads as
follows.

147
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‘The purpose of this part is to give a complete treatment of the
formal aspect of the famous equivalence problem stated by Cartan at
the beginning of this century. The solution we give of this problem
is so simple that it is difficult to understand why it was never given
before. [...] because otherwise the mathematical content can be
found almost completely in [Pom83, Ch. 2] and even in [Pom78].’

— J. F. Pommaret [Pom83, Ch. 4.C]

Based on the work of Pommaret and Vessiot, the Vessiot equivalence method
will be presented in this chapter. As it depends on the Projection Theorem
3.35, the results are new and cover more cases than Pommaret [Pom83]. The
Vessiot equivalence method is presented in detail in Section 6.1. An introduction
of Cartan’s equivalence method and a comparison of both methods follows in
Section 6.2. Finally, examples are presented in Section 6.3.

6.1 The Equivalence Problem

In this section, necessary and sufficient conditions for the equivalence of geomet-
ric objects on natural bundles are given and the Vessiot equivalence method is
developed. The basic idea is to modify Vessiot’s approach for the symmetries of
geometric objects such that equivalence can be decided. This section is based on
Chapters 3 and 4. The criteria for equivalence are new contributions in this thesis
as they do not occur in the work of Pommaret or Vessiot ([Pom78], [Pom83] and
[Ves03]).

At first we consider the equivalence of geometric objects under all diffeomor-
phisms in Section 6.1.1, which corresponds to II;-bundles. We use natural bundle
functors for an efficient formulation. A typical example is the equivalence of met-
rics, where the calculations in Section 5.1 only have to be interpreted properly.

Based on these results, it is possible to treat the relative equivalence problem
in Section 6.1.2. Here geometric objects are compared under a certain subset of
all diffeomorphisms and it is possible to work with natural ©,-bundles. Typical
applications are ODEs under point or contact transformations as presented in
Sections 5.3 and 6.3.

As the Vessiot equivalence method takes same steps for both the full and the
relative problem, we will summarise the practical work with the Vessiot equiva-
lence method in Section 6.1.3.

6.1.1 The Full Equivalence Problem

We start with an approach to the equivalence problem that uses natural bundle
functors defined in Section 3.2 (see [KMS93]). It allows to compare geometric
objects over different base manifolds X and Y under all diffeomorphisms ¢ : X —
Y. In Section 6.2 we show that this definition coincides with the definition of
equivalence in the context of Cartan’s equivalence method (see e.g. [Gar89]).
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Definition 6.1. Let F be a natural bundle functor and X, Y be two n-dimensio-
nal manifolds. Two geometric objects w on F(X) and w’ on F(Y') are equivalent
if there exists a diffeomorphism ¢ : X — Y such that:

Fle @' (W) = w. (6.1)

Two objects w and w’ are locally equivalent, if there are open neighbourhoods
UC X and V CY and a local diffeomorphism ¢ : U — V satisfying equation
(6.1). In both cases ¢ is called a (local) equivalence between w and w'. o

The following commutative diagram illustrates the equivalence condition (6.1).

Fx) 2L 7 v)

4, I

X Y

We follow Vessiot’s suggestion [Ves03, §9.1] for the obvious way to check equiva-
lence between w and w’ and modify the symmetry equations (3.11) for w.

Assume for simplification that X = Y. Instead of asking for the symmetry
groupoid R4(w) under the II,-action on F(X), we reformulate the equivalence
condition (6.1) for f, € Iy(z,y) as

W (y) fq = w(x). (6.2)

Dropping the assumption X = Y, we need a right multiplication with elements
of the bundle II;(X,Y) C Jy(X xY) of ¢g-jets of diffeomorphisms between X and
Y. It is obtained by modifying the associated maps from Lemma 3.11:

FY) xy Lg(X,Y) — F(X) : (u, fg = Jo(p) (@) = ufy = Flo™H)(w).

Interpreting (6.2) for elements f, € II,(X,Y"), it determines a system of PDEs
S(w,w’) on II,(X,Y). Analogous to the sequence (3.5) for R,(w), the system
Sy(w,w’) is defined by the sequence

D
II,(X,Y) 2

00— Sy(w,w) —

F(X). (6.3)

Setting the source and target map as the projections s = pry and ¢t = pry, the
map P, is:

D (X, Y) — F(X) 3fq’_>wl(3/)fqv y = t(fy)-

The condition @,/ (f;) = w(s(fy)) is identical to the equivalence condition (6.1)
by the definition of the right multiplication and the fact that y = ¢(f;) = ¢(z) for
fq = Jq()(x). In the case of w = w’ we recover the symmetry equations (3.11).
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Formal Equivalence Criterion

Just as formal integrability implies the existence of a formal power series solution,
we call geometric objects formally equivalent if Sq(w,w’) has a formal power
series solution. If it converges, we have established local equivalence between
the objects. The following criterion tests integrability of Sy(w,w’) in the first
condition and then checks if there are solutions with the second condition.

Theorem 6.2. Two geometric objects w on F(X) and w’ on F(Y) are formally
equivalent if w : X — F(X) and ' : Y — F(Y) are generic sections and the
following conditions hold:

(1) Both symmetry groupoids R,(w) and R4(w’) have 2-acyclic symbols and
are formally integrable with the same equivariant section ¢ : F — Fy).
Here F(y) is constructed according to Proposition 3.30.

(2) There exist points z € X and y € Y such that all invariants on F coincide
P (@) =¢'(w), i=1....k o

Here, the invariants and the equivariant section are considered as zero order
natural operators according to Definition 3.13. Using Theorem 3.15, we can speak
of invariants on F and the same equivariant section on both F)(X) — F(X)
and F(1y(Y) — F(Y), because it is completely determined by the GL,-equivariant
map on the fibres

F — Fuy=FWY /K.

Analogously, the invariants v are determined by GL4-equivariant maps F' — R.

Proof. Since w and w' are generic, there is a coordinate system of F(X), around
w(z) where the first k coordinates are the invariants ¢/* and the GL,-action on the
remaining coordinates is transitive on a neighbourhood of w(z). The analogous
statement is valid for F(Y'), around w(y).

Condition (2) implies that there exists an f; € II,(X,Y") with

W' (y) fq = w(®). (6.4)

The integrability conditions for R,(w) and R4(w’) together with the equivariance
of ¢ lead to:

IGiW) W) fe = cW'(y)fy
= C(w/(wfq)
(w(z))

= I(j1(w)()).

Because I(j1(w')(y)) = jl(w’)(y)KgH, it follows that there exists an element
fo+1 € g1 (X, Y) with 7rg+1(fq+1) = f, that satisfies

(W) (H) for1 = 1 (w)(x). (6.5)

~—

o)
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The groupoid R,(w’) has a 2-acyclic symbol, so Sy(w,w’) defined by equation
(6.4) also has a 2-acyclic symbol (in coordinates, only the right hand sides of
equation (6.4) change). Then formal integrability follows from Equation (6.5). o

Remark 6.3. The condition that w and w’ are generic sections ensures that both
conditions of Theorem 6.2 can decide equivalence properly. We construct a simple
example where this condition is violated. Choose F = T* x x T™* and two sets of
1-forms as sections of F — X:

wl =dat, w?=ds!, ol =dat, &% = da?.
The Vessiot structure equations on Fjy = F X x N> T* xx N> T* are
dw? :C’1w1/\w2, dw? = Cyw! A W?.

Both symmetry groupoids are integrable with the equivariant section F — F(y)
corresponding to C1 = Cs = 0. However, the sets of 1-forms cannot be equivalent,
since (w',w?) restricts to the diagonal subbundle T* of F — X, while (&', &?) is

generic. o

Remark 6.4. In examples with invariants on F, it is sometimes possible to
choose different equivariant sections to decide the integrability of R4(w). The
condition for equivalence is satisfied, if we can find an equivariant section c :
F — F) that works for both w and w'. o

Example 6.5. To demonstrate the use of Theorem 6.2, we take up the exam-
ple of a Riemannian metric on a two-dimensional base from Section 5.1. The
action on the bundle J;(F,) of metrics and Christoffel symbols is transitive, so
condition (2) of Theorem 6.2 is trivially satisfied. Two metrics (with correspond-
ing Christoffel symbols) are equivalent if they have the same constant scalar
curvature, since this is the only integrability condition on the minimal bundle
1 = (F) K.

If the scalar curvature is constant, but different for two metrics, they cannot
be equivalent. If the curvature is nonconstant, Theorem 6.2 does not say anything
about equivalence and we have to prolong and project. o

The Nonintegrable Situation

Theorem 6.2 assumes that both symmetry groupoids are formally integrable. In
general, this is not the case and we have to complete them to integrability before
equivalence can be checked. Since the natural bundle functors are completely
determined by the fibres (see Theorem 3.12), we can translate each bundle of
a series of prolongations and projections (see Section 4.1) into natural bundle
functors F(;). The next proposition states that the equivalence of w and w' can
be tested on F(;). The complete Vessiot equivalence method will follow in Section
6.1.3.
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Proposition 6.6. Two geometric objects w on F(X) and w’ on F(Y) are equiv-
alent if and only if one of the following conditions hold:

(1) jr(w) on (J, o F)(X) and j.(w') on (J, o F)(Y) are equivalent.

(2) jr(w)KEIL on F/(X) and jr(w)KI{L on F/(Y) for 0 < s < r are equivalent.
Here F is defined by the fibre F(") /K gi; where F is the fibre of the natural
bundle functor F of order q. o

Proof. We Proceed analogous to the prolongation and projection of symmetry
groupoids. Applying J, to Equation (6.3) and using the canonical embedding,
we obtain:

0 —— Sgr(w, ") —— Ty (X, V) =% (J; 0 F)(X)

| |

0—— Sé:_;s) (w,w) —Tl1s(X,Y)

— < F(X)

A diffeomorphism ¢ : X — Y solves Equation (6.3) if and only if it is a solution
of Sg4r(w,w’) and of S(g:,s) (w,) for all 0 < s < 7. O

6.1.2 The Relative Equivalence Problem

In many situations it is convenient to restrict the possible diffeomorphisms for
equivalences and to work with a relative situation. Typical examples deal with
the equivalence of

e hypersurfaces on a manifold X under isometries,
e differential equations under contact or point transformations or
e linear partial differential operators under gauge transformations.

The first task is classical and leads to the curvature in the case of surfaces on
R? (see e.g. [IL03, Ch. 1]). Differential equations were one of the main reasons
for Lie and Cartan to consider equivalence problems. We have already seen an
example in Section 5.3 and more examples follow in Section 6.3. In Chapter 7 we
deal with linear partial differential operators and their factorisation.

The solution to the relative equivalence problem does not differ too much
from the functorial approach, so we keep the proofs as short as possible. We
start with a functorial definition of the relative situation.

Definition 6.7. Let Q € T'(G(X)) and Q' € I'(G(Y)) be equivalent geometric
objects for a natural bundle functor G. Let F be another natural bundle functor.
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Two geometric objects w € T'(F(X)), ' € T(F(Y)) are equivalent relative to
and ' if and only if there exists a diffeomorphism ¢ : X — Y such that:

Fle™)@" (W) =w and Gl (" (Q)) = (6.6)

Two objects w and W’ are locally equivalent relative to Q and €, if there are
open neighbourhoods U C X and V C Y and a local diffeomorphism ¢ : U — V
satisfying (6.6). o

If F and G are the fibres determining F and G, the relative problem can be
solved by constructing the functor ‘H with fibre F' x G. It reduces the relative
problem to the equivalence of (w,Q) and («', ).

With the following definition, we can give a more efficient solution for the
relative equivalence problem. Additionally, it allows us to treat geometric objects
on which only a subgroupoid ©, < I, acts. Examples are found in Section 5.2
and Chapter 7.

Definition 6.8. Let F be a natural ©4,-bundle. Then two geometric objects w,
W' on F are (locally) equivalent under (solutions of) Oy if there exists a (local)
solution ¢ of ©4 such that

-1
e (W) = w. (6.7)
o
The equivalence of geometric objects on natural ©,-bundles is an efficient
alternative to relative equivalence problems. The next proposition shows how to
proceed.

Proposition 6.9. Using the notation of Definition 6.7, let ¢ : X — Y be an
equivalence between Q and €. Assume that the symmetry groupoid O, = Ry(2)
is integrable. Then w and ' are equivalent relative to Q and ' if and only if the
geometric objects

w and & = ¢ H(p*W))

on the ©4,-bundle F(X) are equivalent under ©,. o

Proof. Let 7 be a solution of ©, and an equivalence between w and @’'. By
construction, ¢ o 1) is an equivalence between 2 and ©’. Additionally, we have

W) = T (W [ < (’))])
v (! [ wN])
= (pou)! {(goow( ]

The converse direction follows with an analogous computation for an equivalence
X between (w, Q) and (&', ). 0

In many examples of relative equivalence problems the geometric objects 2
and € are identical, which reduces the equivalence ¢ to the identity map. These
examples can be simplified with Proposition 6.9 right away.
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Equivalence Criteria

Again, we can construct a system of PDEs S;(w,w’) for the equivalences, which
is defined by the exact sequence

D

w

——=F (6.8)

wos

0

Sq(w,w’)

O,

The check of formal equivalence is analogous to Theorem 6.2. The proofs are
identical except that we have to trivialise F around (z,w(z)), since there might
be invariants on the base, if ©, is intransitive.

Theorem 6.10. Two geometric objects w, w’ on the natural ©,-bundle F — X

are formally equivalent if w, w’ are generic sections and the following conditions
hold:

(1) Both symmetry groupoids R4(w) and Rg(w') have 2-acyclic symbols and
are formally integrable with the same equivariant section ¢ : ' — F(1). The
bundle F (1) is constructed according to Proposition 3.30.

(2) There exist points x,y € X such that all invariants on F coincide
V() =4 W), i=1...k o

It is also possible to treat geometric objects with non-integrable symmetry
groupoids and the proof is a direct translation from Proposition 6.6.

Proposition 6.11. Two geometric objects w, w’ on the natural ©4-bundle F are
equivalent if and only if one of the following conditions hold:

(1) jr(w) and jr(w') on J.(F) are equivalent.

(2) jr(w)Kgig and jr(w’)Kgig on F' for 0 < s < r are equivalent. Here F' is
defined by the fibre F(")/KZI] where F is the fibre of F. o

6.1.3 The Vessiot Equivalence Method in Practice

In this section, the equivalence criteria from the previous two sections are com-
bined to develop the Vessiot equivalence method that decides formal equivalence
for two geometric objects w and w’. The method is identical for the full and the
relative equivalence problem and we will formulate it with natural bundles. The
translation into the functorial language is immediate.

The key idea is to use Proposition 6.6 (or 6.11) and prolong and project
until the symmetry groupoids become integrable. Then the Equivalence Theorem
6.2 (or 6.10) decides whether the objects are equivalent or not. We will again
formulate the procedure with flowcharts, as in Chapter 4.

Figure 6.1 shows how to decide equivalence of two geometric objects w, w’.
It is the direct analogue to Figure 6.3 for Cartan’s method (see [Gar89, Fig. 6]).
We perform the following steps (for the notation see Section 4.3.1).
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In the SPMP step compute the Spencer cohomology, Prolongation, Minimal
bundles and Projection (Details are given in Figure 6.2). If the objects re-
strict to different subbundles of F(; 1) — F{;), they cannot be equivalent.

Compute the Vessiot structure equations on F(; ;1) and the invariants on
im(p;s;.,—1), where @; 4, ., is defined in Equation (4.2).

Check if the symmetry groupoids of js,,,-1(w(;)) and jsi+1_1(wgi)) are in-
tegrable. If only one is integrable, they cannot be equivalent. If both are
nonintegrable, proceed with another loop.

If js;1—1(wg)) and j, +1_1(w£i)) are integrable and satisfy the conditions of
the Equivalence Theorem 6.2 (or 6.10), they are equivalent, otherwise not.

Figure 6.1: The Vessiot equivalence method

l}", w,w,i:=0
Natural bundle

/
Favns Fa @ i
Wit1): sy l
t=1 SPMP step: F(it1), different )
/ ——— > not equivalent
W(i+1)» W(it1) bundles

|

Vessiot structure
equations, invariants 1

l

none only one

integrable? not equivalent

same c,

compatible 1?7 not equivalent

equivalent
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Remark 6.12. The Vessiot equivalence method combines the completion of sym-
metry groupoids to formal integrability from Section 4.1 with the computation of
a generating set of invariants from Section 4.2. If the groupoid action on the bun-
dle F;) becomes free, but the equivalence could not yet be tested, we recommend
to use invariant differential operators to compute the prolongation and projection
and Remark 4.2 for the Vessiot structure equations. This is more efficient than
computing further prolongations and projections with natural bundles. o

The SPMP Step

The process of computing the Spencer cohomology, the minimal subbundle of the
prolongation Js(F(;)) and the projection is nearly identical to the classification
of symmetry groupoids in Section 4.1 and Figure 4.2. The only difference is that
we restrict the minimal bundle im(y; 5) to the smallest subbundle containing the
geometric objects to compare. Due to the similarity of Figures 4.2 and 6.2, we
only comment the new steps of Figure 6.2.

e To check if the sections js, , (w(;)) and js, (wzi)) are generic on the minimal
bundle im(y; s, ), we compute the ranks of the algebroid action at a generic
point of im(¢; s,,,) and for the prolonged sections at a generic point of X.

If all three coicide, we take the left turn an proceed with the projection.
If only one section is generic, the geometric objects cannot be equivalent,
since equivalence implies isomorphic symmetry groupoids. If the ranks for
both sections are different, the symmetry groupoids cannot be isomorphic.

e The ranks calculated above give the dimensions of the subbundles to which
the sections restrict. Compute them (see Example 6.14) and check if they
are identical. If not, the above discussion on symmetry groupoids implies
that the symbols cannot be equivalent.

e Proceed with the subbundle of im(¢; s,,,) and project to F; 1.

Remark 6.13. The computation of subbundles for nongeneric sections is a hard
step, because it depends on a suitable choice of coordinates to identify subbundles.

In the example of second order ODE under point transformations in Section
5.3, the prolongation and projection without 2-acyclic symbol reveals possible
nongeneric sections. o

Here is one example where a subbundle for nongeneric sections can be found.

Example 6.14. The first steps in Example 4.32 on second order ODEs can be
computed with ITy-bundles, but all sections for ODEs become nongeneric. Instead
of testing for subbundles on J; (Fi1, ), we compute the first bundle of integrability
conditions F(1y = J1(F1,)/K? and check here. The fibre coordinates are:

1.2 1 2 3 1 3_,3 .2 4 _ 5 4 54 4.5
V= Uy — Uy, pr VT = Uy Uy U= Uy — Uy U, — U Uy
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Figure 6.2: SPMP-step for the Vessiot equivalence method
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Plugging in the section from Equation (4.11), we obtain
vt=0? =03 =0, o'=-1. (6.9)

On the ten-dimensional fibre F{y), a generic orbit has dimension nine, but all
sections from equation (4.11) restrict to a seven-dimensional subbundle of F(;)y —
F. This can be computed with the JetGroupoids command

CodimOfAction(F1,0, i->[1,0,0,0,-p,f, 0,0,0,11[i]);

by using the section (4.11) and the values for v* from equation (6.9) to define the
generic point. The result is independent from the function f(x,y,p).

On F(y), all but the last Vessiot structure equations, vt = 0, are satisfied for
second order ODEs. This gives a hint for the construction of a suitable subbundle.
There exists a projection of natural vector bundles

Fay— ~7:(/1) s (u, vt 0?03 0t = (w0t 02 0?)

omitting the last coordinate. All ODEs restrict to the zero section of .7-"(/1) - F,

so that Proposition 4.33 yields a smaller IT;-bundle with fibre coordinate v*. All
sections for second order ODEs restrict to this minimal bundle.

It is possible to continue the calculations from Section 5.3 with the above
subbundle of F(;y — F, but the computations become lengthy and inefficient.
The coordinate expressions are larger by a factor of at least ten and computing
the second prolongation takes longer than the whole worksheet in Section 5.3. ¢

6.2 Cartan’s Equivalence Method

The Vessiot equivalence method is an alternative to the well-known Cartan equiv-
alence method [Car08, Car10] and this section is intended to compare both ap-
proaches. It turns out that they are dual to each other, just as exterior differential
systems provide a dual description of PDE systems.

Cartan’s method tests the equivalence of G-structures, which are introduced
in Section 6.2.1. The following Section 6.2.2 presents the practical algorithm to
decide equivalence of G-structures. There exists a large number of excellent intro-
ductory texts to the Cartan equivalence method, among them Gardner [Gar89],
Ivey and Landsberg [ILO03], Olver [Olv95], Sternberg [Ste64] and Stormark [Sto00].
Therefore most proofs are left out and the point of view is heavily biased towards
the comparison with Vessiot’s approach.

In Section 6.2.3,the comparison between both equivalence methods is com-
pleted by interpreting Sternberg’s intrinsic structure function of a G-structure in
the language of natural bundles and geometric objects. It is worth mentioning
the thesis of Neut [Neu03], who implemented Cartan’s equivalence method in
MAPLE. Experiments with his packages gave valuable ideas for the comparison.
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6.2.1 (G-Structures

The primary theoretical object for the Cartan equivalence method are G-structu-
res. This section deals with the theoretical part of Cartan’s equivalence method
while the practical work is briefly presented in Section 6.2.2. Here, G-structures,
equivalence of G-structures and their canonical forms are introduced. In each
step, the connection to the Vessiot equivalence method is indicated.

G-structures are very useful to prove that Cartan’s and Vessiot’s notion of
equivalence are ‘equivalent’. References for the next definition are [KN63, p. 288|
and [Ste64, Def. VII.2.1].

Definition 6.15. Let 7 : P — X be a principal H-bundle and G < H a closed
Lie subgroup. A G-reduction is a subbundle of P — X which is a principal
G-bundle.

A G-structure G is a G-reduction of the frame bundle P! = P'(X), which is
a principal GLj-bundle (thus G < GLj). If the group G = {e} is trivial, then G
is called e-structure. o

The definition only covers first order G-structures, which are widely treated
in the literature. Sample references to textbooks are [Kob72], [Ste64]. It is also
possible to define with higher order G-structures, which are then G-reductions of
the higher order frame bundles P?. The only reference found is [Yan92, Ch. VI].

We turn to the correspondence between G-structures and jet groupoids, which
is a consequence of the following classical theorem (see e.g. [KN63, p. 57-58]).

Theorem 6.16. Let 7 : P — X be a principal H-bundle and G < H a closed
Lie subgroup. There is a pairwise bijective correspondence between:

(1) A G-reduction Q — P,
(2) A global section w : X — P/G,
(3) A H-equivariant map @ : P — H/G with &(pg) = g~ 1@(p). o
The first two statements of Theorem 6.16 give rise to an exact sequence. In
the case of G-structures, it is

pr
0—=¢—=p —=P'/G. (6.10)

The similarity with an exact sequence (3.5) defining jet groupoids R4(w) is no
coincidence as we will see in the following corollary which establishes a corre-
spondence between G-structures and groupoids.

Corollary 6.17. Every G-structure G on X defines a natural bundle F of order
1 and a section w : X — F such that R (w) = Gauge(G). We call w the geometric
object corresponding to G. Conversely, each transitive groupoid R < II; specifies
a G = R1(zo, xp)-structure. o
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Proof. Given a G-structure, the natural bundle F = P!/G and the section
w are constructed from the equivalence of (1) and (2) in Theorem 6.16. Since
Pl = TIy(20,—) for 79 € X, it follows that G = Ry(w)(zo,—). As Rq(w) is
transitive, Proposition 2.9 implies R (w) = Gauge(G).

The converse direction follows from restricting the sequence (3.5) to IT; (xg, —)
and Theorem 6.16. O

Equivalence of G-structures

We now define the equivalence of G-structures (cf. [Neu03, Def. 24], [Ste64, Def.
VII.2.2/3]) and show that it coincides with the equivalence of the corresponding
geometric objects from Definitions 6.1.

Definition 6.18. Two G-structures G — X and G — Y are equivalent if there
exists a diffeomorphism ¢ : X — Y whose lift to the natural bundles ¢ : P}(X) —
PI(Y) satisfies ¢(G) = G. G and G are called locally equivalent if there are
neighbourhoods U of z € X and V of y € Y such that G|y is equivalent to
g‘\v. An invariant on G is a function ¢ : G — R with ¢*¢ = 1 for all ¢ with
o(G) =6. o

Note that each frame bundle P!(X) is a natural bundle with fibre GL;. De-
note the corresponding bundle functor again by P'. Then the lift ¢ is nothing
else than P!(yp). This is the key idea for the next theorem.

Theorem 6.19. Let G and G be G-structures on n-dimensional manifolds X and
Y. G and G are equivalent if and only if their corresponding geometric objects w
and w are equivalent. o

Proof. Consider the exact sequences (6.10) for G and G. By Theorem 3.12, both
bundles P}(X)/G and P(Y)/G are the values of a natural bundle functor F
with fibre ' = GL; /G. Each ¢ : X — Y lifts to the commutative diagram

0 G PYX) — == F(X) (6.11)
lpl(@ lf«a)
0 G PAY) ——= F(Y)

built from the exact sequences (6.10). ¢ is an equivalence if and only if P!(y)
restricts to a morphism G — G. The condition for the equivalence is on the fibres:

Gow) = P (9)(G:) VaeX.

Because both G-structures are kernels, G = ker,(pr) and G = kerg(pr), and
because of the commutativity of diagram (6.11), this is equivalent to:

(oY) =pr(Gpw) = (proP'(¢))(G:)
= (F(p)opr)(Gs) VzeX
= Flp)(w(x)).
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Applying F(o~1), we obtain the equivalence condition (6.1) for w and @. 0

At this point, we know theoretically that both equivalence methods can decide
the same problems. In Corollary 6.17 we have seen, that only first order natural
bundles with a transitive GLi-action on the fibres corresponds to G-structures.
The advantage of Vessiot’s method is that both the intransitive case and higher
order structures are automatically included.

The Canonical Form of a G-structure

In practice, Cartan’s equivalence problems are not given as a G-structure but
by a coframe on a manifold X and the structure group G. The link between
G-structures G and the coframe is the canonical form on G. In [Ste64, page 309],
Sternberg gives a global and intrinsic definition of the canonical form. For the
presentation, we follow Neut [Neu03, §2.2.3].

Some preparations are needed to construct the canonincal form. Fix an n-
dimensional manifold X, the frame bundle 7 : P! — X and an n-dimensional
vector space V with distinguished basis. Then each p € P! defines a basis of
T, P! (for 7(p) = z) and induces an isomorphism p : V — TJ.

Definition 6.20. The canonical form or soldering form 6 on P! is the map
0:TP' -V :(p,vpy) — (p~ ' om)(vp), v, € T,P".
The canonical form on a G-structure G is the restriction of 6 to G. o

If the right action with ¢ € GL; on P! is denoted by R, then it satisfies
RY0 = g~ '0. With the above definition, @ is a horizontal V-valued 1-form on P!
(or on G). Using the fixed basis of V, 6 splits into n horizontal 1-forms 6% on P?.
The canonical form also allows to test the equivalence of G-structures.

Proposition 6.21. [Neu03, Prop. 2] Two G-structures G and g with canonical
forms 0 and 6 are equivalent by a diffeomorphism ¢ if and only if ¢*(6) =6. <

Proof. The diagram (6.12) commutes if and only if the lower triangle commutes.

(6.12)

\/
/\

The lower triangle commutes if and only if ¢(G) = G. 0
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The proposition reduces the equivalence of G-structures to their canonical
forms. On an open subset of X, we decompose the canonical form of a G-
structure G into a coframe and a group parameter. This reduces the equivalence
of G-structures to the equivalence of coframes modulo a given group.

On an open subset U C X, we can trivialise a G-structure G by giving a local
section 0 : X — G. For z € U, o(x) € Pl is a frame and each p € G, differs from
o(x) by an element of G. The trivialisation is thus:

Glo = UxG:p— (z=m(p),g),  whereo(x)=py.

To recover the canonical form 6 on the trivialisation, we consider the coframe
w € I'(P1), which is dual to 0. Then we set

0:UxG— Py:(z,9)— g w(z). (6.13)

In order to get a V-valued 1-form as in Definition 6.20, we have to pull back the
coframe bundle P; C (T*)" along the projection 7 : G — X to (T"G)™. On the
open subset U, G is completely determined by the group G and the coframe w.

Example 6.22. To illustrate the construction of the canonical form from a
coframe, we consider the second order ODEs from Example 4.32. They were
originally formulated in the language of G-structures (cf. [Neu03, §2.3.3]). The
structure group G < GLj is

1 0 0
G:{ 0 a1 O |ai€]R,a1a3750}
0 as as

and the coframe defining G is

wt=dz, Ww?=dy—pdr, w=dp— f(zx,y,p)dz. (6.14)

Setting w = (w!,w? W) and 6 = g - w, we obtain the canonical form on G. o

Equation (6.13) is very convenient for the comparison between Cartan’s and
Vessiot’s equivalence method. We consider 8 as a bundle morphism 6 : G — P;
into the coframe bundle. This allows to work with natural bundles that have a
right groupoid action:

pr
Ogagigﬂngzﬂm. (6.15)
The projection of 8 to F is G-independent by construction and thus 6 (or even

the coframe w) induces the section of F — X defining G.

Remark 6.23. The exact sequence (6.15) provides a transition between Cartan’s
and Vessiot’s equivalence method. The main object is the projection

pr: P —F=P/G.
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Starting with a G-strucure G, we obtain a section of 7 — X by projecting the
coframe to F. The map pr is the restriction of Equation (3.7) from II; to P;.

If Ry (w) defined by the section w of F = P, /G — X is transitive, we obtain a
G-structure by finding a coframe that projects to w. The coframe is not unique,
since the G-dependence has been factored out on F. o

Example 6.24. In Example 6.22, the coframe 6 for second order ODEs has
been constructed. To illustrate Remark 6.23, we explicitly construct a section
on a natural bundle from the coframe. Using MAPLE, this was already done in
Section 5.3. For fibre coordinates y; of Py, the coframe (6.14) is given by:

yi ys v 1 0 0
yi ys yi | = —aip a; 0
vyl us —agp —azf a2 a3

Using Equation (3.7) to compute the projection Py — F, we obtain

3,2 2,3
1 1 2 1 3 1 4_ Y 5 _ U1 6 _ Y1Y2 — Y1y
Y3 Ya Y2Us — Y23

=1, W?=ud=ut=0, o’ =—p, u6:f(:c,y,p)

of 7 — X. For each choice of the function f, it represents a second order ODE.
As expected the section is independent from the group parameters a;. o

6.2.2 Cartan’s Equivalence Method at Work

To decide the local equivalence between two G-structures with Cartan’s equiv-
alence method, they are considered as exterior differential systems which are
completed to integrability. In the course of this algorithm, the structure group
G is subsequently replaced by smaller groups until we end up with e-structures.

Cartan’s equivalence method is presented using the flowchart in Figure 6.3,
which is adapted from [Gar89]. The most important construction is the structure
function developed by Sternberg [Ste64], which is needed for the comparison with
Vessiot’s equivalence method in Section 6.2.3.

The Cartan equivalence method is formulated with exterior differential forms,
which is an alternative description for PDE systems. Note that there is a third
way to formulated PDE systems using vector fields. This approach via so-called
Vessiot distributions is presented by Fesser [Fes07]. In the work of Vinogradov
[Vin01], the distributions are called Cartan distribution.
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Figure 6.3: The Cartan equivalence method
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Exterior Differential Systems

Cartan’s equivalence method is formulated with exterior differential systems.
They are an alternative language for PDE systems, as defined in Section 1.3.
We follow the treatment of Ivey and Landsberg [IL03] which is very convenient
for readers familiar with PDE systems. Several standard references to exterior
differential systems are [BCGT91], [Car45], [Gri83] and [Yan92].

On a manifold Y, we consider the space QF(Y) = D(A"T*) of differential
k-forms and the algebra Q*(Y) = @,QF(Y) of differential forms. A differential
ideal is an ideal Z < Q*(Y') with dZ C 7.

Definition 6.25. [IL03] An exterior differential system (eds) with indepen-
dence condition on Y is a differential ideal Z C Q*(Y) and a nonzero n-form
Q0.

A linear Pfaffian system (I,.J) is an exterior differential system Z which is
generated by the set of 1-forms I = {#%|1 < a < s} and Q = w! A--- Aw" for
w' € QYY) such that

d#* =0 mod J = {6% u'}. (6.17)

An integral manifold of the eds Z is an immersed submanifold f : M — Y such
that f*(#) =0 for all € 7 and f*(2) # 0. ©
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For the remainder of this section we fix a linear Pfaffian system (I,.J) on Y.

Remark 6.26. From each system of PDEs R, C J,(€) it is possible to construct
a linear Pfaffian system. Use the coordiates (z,y) for £ and (z,y,yq) for J,(€)
and define the standard contact forms

0, = dyj, — yj11,d2’,  0<|u <q—1.

By abuse of notation denote the pullback of % to R4 again by 92. Then I = {9;}
defines a linear Pfaffian system on R, with independence condition 2 = dz' A

.-+ Adz". Integral manifolds are in one-to-one correspondence with solutions of
Ry o

Example 6.27. On the bundle £ = R? x R with coordinates (z,y;u) consider
the system Ry C J1(€) defined by

Uy :A(x,y,u), Uy = B(xayvu)' (618)
We have the single contact form du — u, dxz — u, dy, whose pullback to R; is
0 =du— A(z,y,u)dx — B(x,y,u)dy.

The independence condition €2 = dz A dy # 0 completes the Pfaffian system. We
check condition (6.17) on df:

df = (Ay — By)dx Ndy + Aydx N du+ Bydy Ndu =0 mod {6,dx,dy}.
Due to 2, all integral manifolds are parametrised as

f:R? >Ry (z,y) — (z,y,u(x,y)).

The pullback of 6 along f substitutes du = u,dx + uydy
F5(0) = (ug — A)dz + (u, — B)dy = 0.

By the independence condition, the condition for integral manifolds is equivalent
to the original PDE system (6.18). o

Remark 6.28. The construction of an exterior differential system to check the
equivalence of two G-structures G — X and G — Y differs slightly from Remark
6.26. Assume that G and G are locally given by the group G and their coframes
w and . This is the starting point of Figure 6.3.

Following Remark 6.26, we consider the PDE system S;(w, ) for the equiv-
alence constructed in equation (6.3) and pull back the standard contact forms
from IT; (X, Y’). This is equivalent to the linear Pfaffian system

@'(y) —gie!(x), WA AWTEO
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with the matrix (g;) € G. In shorter notation, we write

@(y) — g w(w).

However it is more convenient to work on the manifold G x G with the symmetrised
Pfaffian system

0—0=g-w(y) —g- wx), OL A~ AO" A0, (6.19)

The symmetrised system allows to perform all computations for the canonical
forms 0 and 6 separately. Therefore Figure 6.3 treats only one side. o

Structure Equations

So far, we have only considered the algebraic consequences of the linear Pfaffian
system (I,.J). We will now recall the steps corresponding to the prolongation
and projection of PDE systems. The basic observation is that if f: M — Y is
an integral submanifold, then f*(#°) = 0 also implies f*(d#*) = 0. By condition
(6.17), there are functions AZ; and T}; on Y such that df® has the form

do™ = AT A Wl + Tﬁ;wj AwF mod I. (6.20)

The forms 7€, 1 < ¢ < r, are a complement of J such that K = {% ', 7¢}
is locally a basis of T*Y. The functions Tf;, T]‘»’;C = T, ,%, are called torsion
coefficients and the summand Tﬁfwj A wF apparent torsion, because it depends

on the arbitrary choice of 7€ for the complement.

Example 6.29. In Example 6.27, the complement to {6, dz,dy} is empty and
the structure equation depends on a single nonzero torsion coefficient

df = (Ay — B, + AyB — B,A)dx Ndy mod I.

Taking df mod I means replacing du = Adx + Bdy. The torsion coefficient is the
compatibility condition obtained by taking cross derivatives in (6.18). o

Remark 6.30. For the Cartan equivalence method, we take up the symmetrised
system (6.19) and compute the exterior derivatives of the coframes 6 and @ sep-
arately.

dd=d(g-w)=dgg ' NO+TONG (6.21)

1

Here dg g~ is the right invariant Maurer-Cartan form (see [Gar89, Lecture 2])

TG — g="TaG: (g,0) = (dgg")(v).

Select a basis of forms 7¢, 1 < € < r = dim(G), among the entries of dg g~ . Then
we find elements Aij € g in the Lie algebra g of G such that (dg g*1)§ = Aijﬂe
and the structure equations have the form

o' = ALy N7+ T 67 N O". (6.22)
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The torsion coeflicients depend on the coordinates of G only. Analogous to 0, we
also compute the structure equations for #, where the Lie algebra elements Azj
reoccur

df" = AL 7 N7+ T}, 67 A 6. (6.23)

Here, the torsion coefficients T' depend on G only. In the picture of linear Pfaffian
systems, the structure equations for § — 6 are

A" —0') = AL(n° = 7F)N + (T, — Tj)6? A6F mod I. (6.24)

J
<

Example 6.31. Continuing Example 6.22, we compute the Maurer-Cartan form
and define the forms 7€ by the following equation.

-1

0 0 0 0 0 0 1 0 0
0 8 0 |:=dggt=1]0 dag O 0 ai 0
0 71'2 7'('3 0 dag da3 0 a2 as

With these forms 7€, the structure equations are
ot = 0,

de? = 7wl A6? + TZO'AN0? + TZ0Y A6, (6.25)
o3 = A2 + AP + THOUAN? + TN

The values of the torsion coeflicients are

2 2
2 a 9 a1 s _ Jyag — fpagsaz — a3 5 _ G2+ fpas
ITHh=——, Tiz=—, Tih= ;o Toy = ——.
as as aias as <o

The torsion coefficients in the structure equations still depend on the choice
of the forms 7€. The next goal is to eliminate this dependence.

Torsion and the Structure Function

Following Ivey and Landsberg [IL03, §5.5], we construct the torsion map, which
is a map

7Y — HZ(A) 1y (T35 (y) Opo @ W' A W] (6.26)
into a suitable Spencer cohomology group, where the dependence on the forms 7€
has been factored out. This allows to formulate the well-known Cartan-Kéhler
Theorem for the existence of integral manifolds. On a G-structure, 7 induces the
structure function ¢ : G — HZ(A) developed by Sternberg [Ste64, p. 316f]. It will
be of interest in Section 6.2.3 for the comparison with Vessiot’s approach.

Define families of vector spaces over Y by setting for each y € Y

VE={(J/T)y) = W'ly), W= (1) =(6°,).
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Then evaluate the coefficients A®

the tableau

; of the structure equations (6.20) at y and define

A=Ay = (A% ®wI|1<e<r)CWRV" (6.27)

The Spencer -map from Appendix A can also be defined for the families of vector
spaces V* and W instead of the bundles 7% and F. The restriction of § to A
yields the skew-symmetrisation map

2
J:AQV = Wa NV (6.28)

Now the torsion of a linear Pfaffian system is an element of the Spencer coho-
mology group

2 2 * *
H§(A) =W \V*/§(Ac V")
by taking the residue classes

[T] = [T{0pe ® w' Aw] € H(A).

It can be seen as follows. The only way to modify the apparent torsion is to
redefine the forms 7€ as 7 = 7¢ + A{w’. This takes the apparent torsion to

T3 =TS + (AZNS — ASXS). (6.29)

€j M €i\]

A simple calculation (adding the dpa ®w’ and w’) shows that the additional terms
for Tl‘j‘ are exactly the image of the Spencer d-map (6.28).

Setting Ag = W, A = A and A; = A® as the i-th prolongation of A (see
Definition B.10), we can compute Spencer cohomology groups for the tableau A,
since the analogue of Lemma A.4 holds. This allows to formulate the Cartan-
Kéhler-Theorem for linear Pfaffian system (cf. [IL0O3, Thm. 5.5.6]).

Theorem 6.32 (Cartan-Kéahler). Let (I,.J) be a linear Pfaffian system on Y,
let x € Y and let U be a neighbourhood containing x such that for all y € U,

(1) the torsion vanishes [T], = 0, and
(2) the tableau A, is involutive.

Then there exist integral manifolds of dimension n = dim(J/I), through z that
depend on s; functions of | variables. o

Here s; is the highest nonvanishing Cartan character (see e.g. [IL03, §4.5],
[Pom78, §3.2]), which was not introduced since d-regular coordinates could be
avoided for the computation of all Spencer cohomology groups in Appendix A.

Remark 6.33. The condition [T, = 0 in the Cartan-Kéhler Theorem is the
obstruction to finding an appropriate integral manifold. Let (z%,y%, p¢) be coor-
dinates of Y such that w’ = da?, 8% = dy® and 7€ = dp°. By the independence
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condition, every integral submanifold f can be given by functions y® = f%(x) =0
and p¢ = f¢(z). This implies f*7¢ = 9;f¢(z)w’ and

0= fH(d0%) = ASF*(r) Aw' + TG wi AW
= (A0~ A% O+ T N

As there are no other conditions on the first order derivatives of f¢(x), this is
solvable if and only if the torsion vanishes. o

For the Cartan equivalence method we consider the coframes @ and 6 sepa-
rately again. In the structure equation 6.22, the torsion coefficients also depend
on the choice of 7€ and we can construct a structure function (see [Ste64, p. 316f])
analogous to the torsion map.

Definition 6.34. The structure function of a G-structure G is the G-equivariant
map

¢:G — Hi(A) : (x,9) = [T}, (x, 9) Op: © 67 N 6F]. (6.30)

with A = g; and H2(A) =V @ NV*/6(g1 @ V*). o

Theorem 6.35. [Ste64, Thm. VIL.2.1] Let G and G be G-structures with struc-
ture functions ¢ and ¢. If G and G are equivalent by ¢, then ¢*(¢) = c. o

The structure function is used for the reduction of G to a G’-structure G’ C G
for a suitable subgroup G’ < G in the normalisation step. In Section 6.2.3, we
give an interpretation of the structure function as a section of a natural bundle.

Absorption of Torsion

To compute the Spencer cohomology group HZ(A) of a linear Pfaffian system,
we choose a complement C of §(A ® V*) such that

Wa NVi=CasAeV)

and identify C' with HZ(A). Due to the condition [T'] = 0 in the Cartan-Kéhler
Theorem, the complement C' is chosen such that a maximal number of torsion
coefficients is zero. This process, called absorption of torsion, is done by redefining
the forms 7€ such that a maximal number of torsion coefficients vanishes. The
remaining torsion coefficients are called essential (cf. [Gar89, Lecture 3)).

Example 6.36. In Remark 6.30 we have seen that the torsion coefficients T;k
depend only on G while Tj’k depends on G. We can thus absorb the torsion of df
and df separately. Equation (6.24) shows that the coefficient T}, can be absorbed
if and only if T;k can be absorbed.
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For Example 6.31 it is done by the redefinition of 7’ as
Horl TR, RonoThe, P =rd - Thel

Omitting the tilde on the forms 7, the structure equations with absorbed torsion
contain only a single essential torsion coefficient T% = aj /as3.

aot = 0,
do?> = min6? + TZ0M A6, (6.31)
d9® = mA0? + TN

Here HZ(A) is four-dimensional with basis 9y ® 0 A 67 and 9g2 @ 01 A 6% and the
structure function is determined by the torsion coefficients Té =0and T]. o

Normalisation

After having absorbed the torsion in the structure equations, there might still be
essential torsion coefficients T75. In this case, an integral manifold f : M — Y
must also satisfy f *(Tz‘;) = 0. We can thus turn to the closed submanifold Y’ C Y
defined by T;7 = 0 and pull back the Pfaffian system (I,.J). By construction,
integral manifolds on Y’ are in one-to-one correpondence with integral manifolds
of (I,J) on Y. In the picture of PDE systems Y = R,, the essential torsion
coefficients define Y/ = ’R,(Jl) obtained by a single prolongation and projection.
For Cartan’s equivalence method, we continue with the symmetrised Pfaffian

system from Remark 6.30. Having absorbed the torsion in (6.24), the condition
(1) of the Cartan-K&hler Theorem reads

7 N
ke — T =0.

If the torsion is nonzero, we give a positive answer to the question ‘Normalisation
possible?’ in Figure 6.3 and restrict to a submanifold of G x G by setting

i i __
Tj, = constyy, = Ty,

since T and T depend on disjoint sets of coordinates. This is the normalisation
step (cf. [Neu03, §2.6]). On the submanifold of G x G, we find integral manifolds
if and only if there are integral manifolds on G x G.

Equivalently, we can choose an element 0 # w € H2(A) N im(c) and locally
define the submanifold and the reduction of the group

G = {pegleclp) =w}, (6.32)
G' = {geG|Vvpe G, clpg) = cp)}
and proceed analogously with G. In Figure 6.3, this step corresponds to the arrow

‘change group and coframe’. Unfortunately, G’ is not necessarily a G’-structure.
Gardner [Gar89, Lecture 4] gives a necessary condition for this.
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Definition 6.37. A G-structure G is of first order constant type if the image of
the structure function ¢ is a single G-orbit on V @ A?V*/8(g1 @ V*). o

Proposition 6.38. Let G be a G-structure with structure function ¢ and G’ as
in Equation (6.32). If G is of first order constant type then G’ is a G'-structure.o

For a proof see [Gar89, p. 38| or [Neu03, Prop 5.

The problem that might occur is that an essential torsion coefficient does not
depend on the group parameters and is thus an invariant of the problem. About
the treatment of these problems, Gardner writes in [Gar89, p. 37]:

If an equivalence problem is not of first order constant type, [...].
Cartan actually indicates how this case might be handled, but the
added complexity in exposition prohibits the consideration of this
difficulty in any generality.

In [Olv95, p. 366f], Olver indicates how to handle equivalence problems of
nonconstant type and gives examples (e.g. by Gardner and Shadwick). The
Vessiot equivalence method treats equivalence problems of constant and noncon-
stant type with exactly the same methods. The only difference is that the Vessiot
structure equations depend on invariants in the nonconstant case.

Example 6.39. Continue Example 6.36 and normalise the torsion coefficient
T% = Z—; = 1 to eliminate a;. The original G-structure is of first order constant
type and we can continue with another loop through Figure 6.3 (normalisation
T3, = 0, eliminating az). We obtain the structure equations with absorbed torsion

ot = 0,
do? = mAe? + 91 A 63,
93 = w03 + T30'A62

The essential torsion coefficient is the invariant, we have found in Section 4.3.3.

1, 1, 1

1 1
3
T, = _pr + §fy - Efxp - ipfpy - Effpp'
The corresponding tableau is not involutive (see [Neu03, §2.7.1]), such that a
prolongation becomes necessary. If Tf, is nonconstant, the G-structure is not of

first order constant type. Nevertheless, the results in [Neu03, §2.8.1] are correct.o

Prolongation

If all torsion is zero, but the tableau A for (I,J) on Y is not involutive, we have
to prolong the linear Pfaffian system. Here, we follow [Neu03, §1.6] in a form
that is comparable to the prolongation of PDE systems from Section 1.3. For
simplicity the torsion [T is assumed to be zero.
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Use the coordinates (z°,y®, p¢) for Y defined in Remark 6.33. The indepen-
dence condition € locally induces a projection 7 : Y — X to a manifold X with
coordinates (). Define the prolongation Y’ := J1(Y') with additional coordinates
(v, p5). The standard contact forms on J;(Y") are

6% = dy® — yda', 7€ = dp® — pSdx’.

Set I' = (6*,6% 7€) and J' = (I',w'). The prolongation of PDE system Ry C
Jq(€) was defined as J1(Rq) N Jg+1(E), so we have to find a subbundle of Y — Y.
First set y®* = 0, since integral manifolds satisfy f*(6%) = 0 and thus f*(dy® —

yf‘dmi) = yiada;i £ 0. Then eliminate the torsion by solving
Ao~ = (A%;pS — T{)w' Aw’  mod I' =0 (6.33)

for a maximal number of p§. An integral manifold must now satisfy f*(7¢) = 0.
Writing down the equations for the prolongation of the linear Pfaffian system on
the trivial equation R, = J,(€) shows that the restriction of Y’ is equivalent to
the intersection with Jy41(€) for PDE systems.

For the prolongation of a G-structure G, we compute J1(G), add the forms
¢ = dp° —pgdxi and obtain a GM-structure G — G by solving equation (6.33).
On G x G, it is the same as the above prolongation (see [Neu03, §2.5]).

Example 6.40. The prolongation for Example 6.39 is done by adding 6* = 73.
We obtain an e-structure and structure equations

gl = 0,
ae?> = 04 NO> + o' A 63,
de® = 0*NG3 + T 0N A6,

with T3, as in Example 6.39 and

— fyp+fxpp+pfypp+3fpfpp+ffppp T4 :_fppp
2a3 ’ 2 2a2°

4
Tl 2

Neut shows that a generating set of invariants on the e-structure is given by T%,
and Ty5. This does not coincide with the invariants computed in Section 4.3.3,
since we are working over the base G with coordinates (z,y,p, as) instead of X
which has the coordinates (z,y,p) as in the case of natural bundles. o

Equivalence Conditions

For the equivalence condition, we choose the presentation of Stormark [Sto00],
which comes closest to Theorem 6.2 from Vessiot’s approach.

Having reduced the structure group of a G-structure G to the identity group
G’ = e by several loops in Figure 6.3, all torsion coefficients T;k are essential and
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therefore invariants. Additionally, we have obtained invariant coframes 6 = w and
0 = @. Compute the dual invariant differential operators D; and D; according to
Definition 4.6. There exists an m € N, such that the derived invariants

ety (@) =Dy Dy, Th (), 1<l <n

contain a maximal number p € N of independent invariants I'(x), ..., I”(z). Use
the same choice I'(Z), ..., I?(z) for the reduction of G.

Theorem 6.41. [Sto00, Thm. 15.1.2] Necessary and sufficient conditions for
local equivalence are that all the equations

Thtrt @) =Thp (), a=0,....m+1

are consequences of the equations I*(z) = I*(z) fori = 1,...,p. Or put somewhat
differently: expressing Tj?k,ll,...,la and T;k,h,...,lu as functions of I and I respectively,
these functions have to coincide. o

If there are no invariants (p = 0), we have to compare the constants T}, to
decide equivalence, since all invariant derivatives are zero.

Example 6.42. In Example 6.40, the invariants T}, and Ty, are both zero for
the equation y,, = f(x,y,p) = 0. Any second order ODE is equivalent to 5, = 0
if and only if T3, = Ty5 = 0 (see [Neu03, Thm. 10]). o

6.2.3 Comparison Between Cartan’s and Vessiot’s Method

In this section, we finish the comparison of the Cartan equivalence method and
Vessiot’s approach. They stand in duality to each other, since Cartan’s method
is formulated by linear Pfaffian systems and Vessiot’s method with PDE systems.
As a result, the following table of translations between both methods is obtained.

Cartan ‘ Vessiot

G-structure G natural bundle F,

coframe 6 geometric object w
structure equations

absorption of torsion prolongation and projection
normalisation

coframe + structure function | geometric object on F(y)

prolongation prolongation

Equivalence conditions Vessiot structure equations

The first correspondence is classical and was proved in Corollary 6.17. Al-
though no direct translation was found in the literature, it seems to be known
that the structure equations etc. correspond to prolongation and projection on
the PDE system side.
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In this section we concentrate on the next point and show that the canonical
form and the structure function together define a section of the bundle F(y)
of integrability conditions. This result is a new interpretation of the torsion 7
and the curvature map x from Section 3.5.4. As a corollary, we obtain that
the normalisation corresponds to the projection of PDE systems. In Vessiot’s
approach, no choice of constants is necessary.

In contrast to Cartan’s method, where a generating set of invariants is com-
puted in order to decide equivalence, the Vessiot structure equations allow to test
equivalence before. For given geometric objects, this may avoid prolongation and
projection steps. In the general situation, we obtain a finer classification.

Interpreting Coframe and Structure Function

Assume that a G-structure G with canonical form 6 and the corresponding geo-
metric object w on the natural bundle F are given. In order to show that coframe
and structure function of G determine the section I(ji(w)) on the bundle of inte-
grability conditions F(;) — X, we use a well-known correspondence between PDE
systems and linear Pfaffian systems. Analogous to Section 3.5.4, it is possible to
define a curvature map x for each PDE system R, C J,(&) (see [Gol67b, Prop.
8.3] and [Pom?78, §2.4]). Let (I,.J) be the linear Pfaffian system corresponding
to Ry. Then under mild assumptions, the curvature x is identical to the torsion
7 from equation (6.26). See [Mal05, §I1.3, App. B.1] for a proof.

Equation 3.45 shows that one half of the curvature map x consists of the
section I(j1(w)). In the same sense, the structure function of a G-structure G is
one half of the torsion map on G x g.

Although it may be hidden, this section was strongly inspired by the book of
Malgrange [Mal05, §11.3/4], especially by the correspondence between curvature
and torsion. Additional sources were the book of Ivey and Landsberg [IL03, §5.7]
and the MAPLE packages of Neut [Neu03].

We need the following preparational lemma.

Lemma 6.43. The bundle .J;(P;)/K? is isomorphic to Py x x (/T*)". o

Proof. The GLj-action on the fibre of Pj is free (and transitive), such that the
GLg-action on Ji(Py) is also free. We have dim(K?) = dim(Ily — I1;) = n (":1)

by Proposition 1.6, such that dim(J;(P)/K? — Pl)': nd — n("zl) =n (%)
The dimension of NT* is (%) and for coordinates uj of Py (W' = ujdz’), the

projection J1(Py) — P; xx (NT*)™ is given by (u;,u; B) (u;,uzk — u}’”) 0

The next theorem gives a direct interpretation of Sternberg’s structure func-
tion in the context of the Vessiot equivalence method.

Theorem 6.44. Let G be a G-structure with canonical form 6 and let w be the
geometric object on the natural bundle F = P; /G corresponding to G. Then the
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structure function ¢ and the canonical form 6 define a morphism
¢:G— Fuy: (z,9) — (x,0(z,g),c(x,g)). (6.34)

which coincides with the section I(ji(w)) : X — F(;). Here I is the projection
I:Jl(f)ﬁf(l)zjl(f)/f(%. <&

Proof. With A and V* as in Definition 6.34, Lemma 3.43 implies M; = ¢} =
g1 = Aand Mo = T* = V*. By Lemma 3.41, F(;) is a vector bundle that
coincides with the Janet bundle F; from Equation (3.37). Theorem 3.53 implies
that F1 = H3(M;) = RT* @ T/6(gy ® T*), which is isomorphic to HZ(A) (for
appropriate pullbacks). So ¢ is well-defined. To see that ¢ coincides with the
section I(j1(w)), we apply the exact functor J; to the sequence (6.15) and obtain

p1(0)

0— J1(9) J1(Pr) e J1(F) (6.35)
i L
71(6) — PPy sy (P === F

The bottom row is constructed by factoring out the K?-action on Ji(P;) and
J1(F) and using Lemma 6.43. By Proposition B.17 and Theorem 3.15, the dia-
gram commutes. So the map J1(G) — F(1), which is the composition pro(, df),
coincides with I(j;(w)).

An explicit construction shows that it is the map ¢. With coordinates (z, p)
of G choose fibre coordinates p§ of J;(G) such that the total derivative on G is

Dy = 0y + (g)ipf e, 0 = (gw)jda’.
Then d#f is
d9' = 7°A Dyt +da’ A D0
= AL NG+ AL 07 A OF TS 07 A OF

= AL TONGT 4 (Th + AL pf, — AL p5) 09 N 6.

€

The dependence on Aij € g1 is obtained by comparing

Opel’ = (Opegi)w’ = ((Opeg)g™")5 07 = AL; 67

with Equation (6.22). The map (6, df) in diagram (6.35) is
2 . , . .
J1(G) = Prxx (NT*)" = (w0, 95) = (x, 0, (T}, + Api, — AGp§)6? 1 6%).
Because the map G — F factors over X, i.e. does not depend on p€, the com-

position of (6, df) with the projection to F(1 is independent from p® and p§ and
thus coincides with ¢. 0O
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The following corollary connects the prolongation and projection with the
normalisation step for G-structures.

Corollary 6.45. Let G, 0, F and w be as in Theorem 6.44. Choose w €
HE(A)Nim(c) and define G’ by Equation (6.32). Prolong and project the symme-
try groupoid R;(w) to obtain Rgl)(w). If Rgl)(w) is transitive there is an 29 € X

such that G’ & Rgl)(w)(aﬁo, —). Otherwise, G is not of first order constant type.o

Proof. Since w € im(c), there exists an zop € X such that I(ji(w)(zo))
(xo,w(xp), w) by Theorem 6.44. By the proof of Corollary 6.17, we have G
Ri(w)(zp,—) and G’ = Rgl)(w)(mo,—) follows. If Rgl)(w) is intransitive, GL
acts intransitively on the fibre Fy of F(y), but transitively on the fibre of 7. g

11l

For smaller examples, Theorem 6.44 can be checked explicitly.

Example 6.46. We will follow the proof of Theorem 6.44 and compute the sec-
tion I(j1(w)) of F(1y — X using the coframe 6 and the structure function c¢ for
the Example 6.36 of second order ODEs. The starting point is the exact sequence
0 — G — P; — F which was calculated in Example 6.24. We construct the bun-
dles and the maps in diagram (6.35). The bundle coordinates as well as standard
maps are summarised in the following table.

Py (iL', y;:‘)a . '

Ji(Pr) (@, ¥j» Ui = Dryj),

Pl XX (/\ZT*)n (Iv yé'v w;k:y§7k_y;‘§7j)7

F (z, u® = ®*(y1)), Equation (6.16),
J1(F) (x, u*, uf* = Diju®),

Fa) (z, u®, v = AP(u)uy), Example 6.14.

The references point to places where the maps have been computed. The projec-
tion P x x (NT*)" — F() is given by

2,2 2.2 2,2
1 1 2 1 3 1 4 Y3 Wiy — Y5 Wi3 + Yi Wag
v :w12, v :wlg, v :w237 v = (y2)2
2

It is obtained by composing the map Ji(P1) — J1(F) (uf = D;®*(y1)) with the
projection to F(1y and then expressing y;k by w;k, Instead of the coordinates

w;'-k, which correspond to the 2-form Qf = wjkdazj A dz¥, it is more convenient to
choose the fibre coordinates T;k that correspond directly to the torsion coefficients
Q= T;kej A 0%). In these coordinates the map P, x x (NT*)" — F1) reads

1 1 1 1 2 1 1

v =Ti3as + Thsarasf(z,y,p) + Tis a1, v® =Tj3a3 — Tyzarasp,
3 1 4 2 a3

v :T23(lla3, vo= — 13 -

a
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To obtain the map ¢, we plug in the torsion coefficients from Equation (6.25).

a
Tiy = T3 = Ty3 = 0, T = =
as
Since ¢ does not depend on the fibre coordinates of G — X, we can use the
simplified torsion coefficients from the absorbed structure equations (6.31). As

expected, we recover Equation (6.9):
1)1:1)2:1)3:0, vt = —1.

There is a caveat, which might lead to confusions. In the absorbed structure
equations (6.31), we only see a single essential torsion coefficient T123, but the
fibre of F{yy is four-dimensional. Theorem 6.44 implies that the space Hg(A) of
torsion coefficients is isomorphic to the fibre of F;) — F. In fact, the torsion
coefficients lek are also essential, because they cannot be absorbed. They just
happen to be zero in this example. It corresponds to the fact that we could find
a one-dimensional subbundle of F(;) — F to which all sections for second order
ODES restrict (see Example 6.14). o

6.3 Examples

In this section, we present two examples of third and fourth order ODEs of the
form

yl‘wil? = f(.%', ya y$7 yw:l?)u
Yzxzx = f(xyyyymaymmyyzmm)

under contact transformations for the direct comparison between Cartans’s and
Vessiot’s equivalence method. With Cartan’s equivalence method, the examples
have been calculated by Neut [Neu03]. The examples show the limits of both
approaches, which can be summarised as follows.

The computations with Cartan’s equivalence method cannot be used to decide
equivalence of generic third or fourth order ODEs, since the invariants given in
[Neu03] still depend on the fibre coordinates of the initial G-structure.

Nevertheless it is possible to give necessary and sufficient conditions for the
equivalence to

Yrzx = 0 or Yrzx = Y

in the case of third order ODEs. For fourth order ODEs, the equivalence to
Yrzze = 0 can be tested.

With the Vessiot equivalence method only the equivalence of third order ODEs
to Yz = 0 can be tested. In all other cases, the computations become too large.
On the other hand, it is possible to compute some of the invariants which are
needed to decide equivalence in the generic case.

For examples where the Vessiot equivalence method gives a complete solution,
we refer to Chapter 7.
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6.3.1 Third Order ODEs

Similar to Example 4.32 dealing with second order ODEs under point transfor-
mations, we now turn to third order ODEs

Yrzx = f(l‘ayvp =Yz, 4 = yzz) (636)

under contact transformations. This example has been first considered by Chern
[Che40]. In the course of computation, the so-called Wiinschmann semi-invariant
I [Wiin05] occurs and leads to a case splitting. Sato and Yoshikawa [SY98]
explicitly give conditions for the equivalence to Yz, = 0, which is a special case
of the branch with I = 0. Neut and Petitot [NP02] (see also [Neu03, Ch. 4])
compute the branch I # 0.

We take up this example in the Vessiot context and give an interpretation of
the Wiinschmann semi-invariant. Furthermore, the above computations do not
lead to a full classification of third order ODEs. We will discuss this problem
and continue the calculations until they become too large to handle with recent
computers.

For third order ODEs under contact transformations, we have the coframe

w'=dr, Ww?=dy—pdr, w®=dp—qdx, w'=dq— f(z,y,p,q)dz

on X = J3(R x R) and the structure group

X, X, X, 0
0 Y, 0 0
G = y
0O P, P, 0
0 Qy Q@ Qq

Here (z,y,p,q) and (X, Y, P, Q) are coordinates of X. In other words, the natural
bundle is 7' = P; /G, where G is defined by the equations

Yx:x:QCE:}/;):Xq:Yq:PqZO

The bundle F has a seven-dimensional fibre with coordinates (u', ..., u®, f). We
are interested in sections w of the form

u1:u2:u3:u4:0, u5=—p, u6=—q, f:f($7y7paQ)-

As in Section 4.3.3, we have a projection to the natural bundle F” with coor-

dinates (u',...,u%) and all sections of interest project to a single section w” of

F" — X. Tts symmetry algebroid g C J1(T) is defined by
o=+ & —pE — 26, §=6=6=0, &=6-pg -,

& = —& 26 +pE, — 206, & =6p, & =6 —q€, —Ep— a6,
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We use Proposition 4.33 to define F with single coordinate (f). The infinitesimal
g-action on F is given by the vector field

L =80+ 80, + &0, + 0, + (2f&) — fE + F&a+ & +pEy + a))05

The first three prolongations and projections produce the following bundles F(;) C
J1(Fi—1))/ K} and their corresponding fibre coordinates

.7:(1) st = fq,
Foy + v :vglj —I—pv; +qv11,+f11; — 3 fps

4
Fy - v3 = o2 —i—pvs + qvg + fvg +6f, — 4t f, — §(v1)3 + 2002

On F(1) — F and F(g) — F(1), there are no equivariant sections, but on F(3) the
Vessiot structure equations are

4
v3 =02 +pv§ + qvf) + fvg +6f, — 40l f, — §(U1)3 +20'0? = 0.

Plugging in the values of v' and v2, we realise that v3 = I is exactly the
Wiinschmann semi-invariant [Neu03, eq. (4.5)]. If the Vessiot structure equa-
tions are satisfied, the symmetry groupoids are not necessarily integrable, since
the symbols for generic sections of F(5) — X are not 2-acyclic. The advantage
of computing F(3) is that we can identify a natural subbundle of .J; (.7-"(2)) — Fa)
for third order ODEs which become nongeneric in the next step. Detecting this
bundle on J(F(z)) is nearly impossible.

In the following, we distinguish the cases I = v3 = 0 and v3 # 0 before
continuing the computations as displayed in the following diagram. Each arrow
stands for a prolongation and projection.

F(ay ——=F(5)
v3=0
F F) F(2) F(3)
v3#£0
Fay,: —=F(5),: — F(6),2

The Case v =0

The equation v3 = 0 defines a subbundle of F(3) — F(2) which is isomorphic to
F(2)- Computing a single prolongation and then projecting will not yield any new
integrability conditions, so we compute the minimal bundle

Fiay.. € J2(F) /K
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to which all sections from F — X with v = 0 restrict. For the first prolongation,
the coordinates are

w' = fa wzzfya wngpv
w4:11;, ’11)5:1);, ’11}6:’1);,
w7:v§, wd :vf,, w? :vg.
The fibre coordinates of Fy ., are
1 6 2 9 3 8 4 415
b = wy, b” = wy, b:wq+2wq—§qu

and there are no equivariant sections on F4) . — J1(F(2)). From here on, the
symbols are 2-acyclic such that single prolongations are sufficient. The prolon-
gation in [Neu03] is necessary, because the Cartan equivalence method relies on
involutive symbols. The next bundle F(5) . has a five-dimensional fibre

4 8
1_ g1 2 _ ;2 4 _ 32 1 11 6,5
c = by, c” = by, C—bp+2by—§vbp—§wwq
1 2 1 4 8 4 2
5 _ 13 2 1,2 2\ 1 6,5 1, 6 5\, 5 6,8
¢ = bp—gby—k(g(v) — 3V )bp—gw wp+(§vw — 3w )wq—gw w,
4
& = bi+pb2+qb§’,—4w6w§+2w§—gwgvl
4 2 4
+ (§(v1)2 — §v2 + gfw(j)wg’ —w) 4w,

The Vessiot structure equations on F(z) . are

=0,
2 = 4w,
4 1 1
3 613 67,2 5 .91
= Z(wb) 2 “(4
c g(w) 3wb+3(w+w)b,
&= —zvl(w6)3 + 2w5(w6)2 + i(vlb2 — 156%)w® — 1192w5
27 3 18 3
1
+ ﬁ(9w8 — 6w? — 4wv — wuh)d!,
4 1
& = —§f(w6)3 + §(6w8 + fb? = 3w — 4o w®)w® + 4(w’)?
1 1 1
- §(3w9 —4fbhw® + §(—6w2 — fw? + 4'w?)bt — w? — §v1b3.

Plugging in the zero section f = 0, we are dealing with the case v> = 0 and
the Vessiot equivalence equations are satisfied. Since there are no invariants on
F(4),2> Theorem 6.10 and Proposition 6.11 then imply that all geometric objects
on F with v® = 0 that satisfy the above Vessiot structure equations are eqivalent.
In [Neu03], the conditions for the equivalence to f = 0 are the following.
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Theorem 6.47. [Neu03, Thm 11] A third order ODE (6.36) is equivalent to
f = 0 under contact transformations if and only if fyqq = 0 and the semi-
invariant v3 = 0 vanishes for f(z,v,p,q). o

Expressing the first two Vessiot structure equations by jets of f, we obtain

quqq = 07 fmqqqq +pfyqqqq + prqqqq + 3quqqqq + fquqqq =0.

These two equations are in accordance with Theorem 6.47, but the remaining
three equations could not be interpreted this easily. It was not possible to find a
simple counterexample and we suppose that these eqations are differential con-
sequences of fyqqq = 0 and v3 = 0. Checks by Lange-Hegermann with an experi-
mental version of the differential Thomas algorithm did not terminate.

The Generic Case (with v3 = 0)

Due to the prolongation performed in [Neu03], the expression I° = é;qg%“; is called
invariant but still depends on the coordinates a; and ag of the fibre of %che original
G-structure. With this invariant, it is not possible to decide equivalence between
generic third order ODEs with v3 = 0, but the algorithm presented in [Neu03]
terminates here.

Remembering that the Cartan equivalence method was defined by linear Pfaf-
fian systems on the cartesian product G x G’ of two G-structures, we can apply
the Cartan algorithm for linear Pfaffian systems presented in [IL03, Ch. 5]. The
invariant I° is one of the nonzero essential torsion coefficients which must be
set constant in order to shrink G x G’. Equivalence may be decided on these
subbundles, but the computations become quite large.

Using Vessiot’s approach, we are not finished after the construction of F .
and the generic case with v = 0 is obtained by further prolongations and pro-
jections. At first we turn F(5) into a vector bundle by changing the coordinates
c* such that all Vessiot structure equations are of the form ¢ = 0. The single
invariant on F(5) has the form

8
e (& = )(eH
(12vlcle? — 9(c?)? — 8(vlel)? + 1202(c)2 — 36¢c?)

5
3

Computing the bundle F) . by another prolongation and projection, the ©2-
action becomes locally free and there are twelve invariants. Since five of them
must be I>7 and its four invariant derivatives, we have seven new invariants. It
was only possible to compute a single one

790301 +7(c')?w® — 601071) + 2051}101 + 60502
() (¢ + fe2)s |

The invariants have been computed with the JetGroupoids standard proce-
dure InvariantsOnNaturalBundle, which internally uses the MAPLE command

6,z
1" =
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pdsolve. Since this command improves from version to version, it is possible
that a newer version (12 or higher) of MAPLE is capable of finding all invariants
on F, .. It is likely that the invariants on F(g) . form a generating set.
The Case v # 0
For the case v? # 0, we prolong F(2) twice. The minimal subbundle

Fay € Jo(F)) /K5 — Fa

to which all sections from F — X with v3 = 0 restrict has the coordinates

1 2 3
w :fa:7 w :fy7 w :fpa
’LU4:U;, w5:v;, wﬁzv;,
w’ =02 wd = vz, w? = vg, wl® = vg.

for the first prolongation. The fibre of F4) is given by

—
¢ wéo,

S = 6w§ - 4vlw§ + w; —|—pw2 + qwg + fwg,
& = 6w; —4 1w; +w! + pw; + qw; + fw;,
& = 2w;1 —4/3v1w;;’ —i—wg,

P wZ + pws + qwg,

o= 6w§ - 4vlw2 + w; —|—pw§ + qwg + fwg.

There are neither invariants nor equivariant sections on F4) and the ©z-action is
not yet free. Another prolongation and projection yields the bundle F(5) with a
16-dimensional fibre and 15 invariants. The PDE system for equivariant sections
on F(5 — F(4) has solutions, but it contains 300 equations and the computa-
tions did not terminate. Here, Cartan’s equivalence method is more efficient. In
[Neu03, Thm. 12], necessary and sufficient conditions for the equivalence to the
equation Yy, = Yy are given.

It was only possible to compute seven of the fifteen invariants on F5). Using
the coordinates

1 .
1 3 2 3 3,1 3 3 3 3
d=vy, d :vp—iv vg, d° =, +puy +quy,

the smallest one has the form
(3d} v® — 2(d%)%)(v%)5
(f(d1)? —3v3d? — 2vtw3dt 4 dld?)?
and all other invariants can be obtained from [Lor08a]. The coordinates d’ already
indicate that they were not computed on F(5) but on the bundle obtained by

prolonging and projection F(3) twice (ignoring the fact that the symbols do not
have 2-acyclic symbols). For brevity, we do not express it in coordinates of Fs).

I =
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6.3.2 Fourth Order ODEs

The example of fourth order ODEs under contact transformations is similar to
both Example 4.32 and the third order ODEs in Section 6.3.1. With Cartan’s
equivalence method it has been calculated in [Neu03, Ch. 5]. We keep the
introduction to this example short. The fourth order ODE is defined by

Yzxxx = f(%yyp =Yz, 4 = Yzz, T = yacmac)

and leads to the coframe

wl' =dz, w?=dy—pdr, w®=dp— qdz, wh =dg—rdx

w5 = dT' - f(f]f, y7p7Q7T)dx
on X = J4(R x R). The structure group is determined by the matrix

X, X, X, 0 0
0 Y, 0 0 0
G=|0 P, P, 0 0
0 Qy Q Q 0
0 R, R, R, R,

Analogous to the previous section, we compute the natural bundle P;/G and re-
strict IT; to a groupoid ©;. The corresponding algebroid action on the subbundle
F of Pi/G — X with coordinate (f) is given by the vector field

L =0, + €0, + 20, + €20, + €20, + (2f& — f& +p&) + a& + 1€ + €2)0.

The first prolongation and projection yields the natural bundle F,y = J1(F)/K 2
with coordinates

1 2
vo= fr, V7= fq.

There are no equivariant sections on F(;) — F and have to prolong and project
further to check equivalence. Computing the Spencer cohomology for generic
sections on F(;) — X shows that the symbols are not 2-acyclic and we have to
prolong twice. The dimensions of the Spencer cohomology groups are

003751
0 00O0O0O O
So the bundle F(5) is the minimal subbundle of J(F 1))/ K35 — mcF 1y to which

all sections from F — X restrict. It has the coordinates

1 _ 2 __ 3 _
w —f:v, w _fya w _fpa
UJ4:’U31€, U)5 :U;, w6:v11,, w7:v;, ’LUSZ’U},,
’LU9 = Uazc, ’w10 = ’U;, ’LU11 = Uz, wlz = Ug
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for the Ji(F(1))-part. We have omitted vZ = f,r, since it coincides with U; = for
on the minimal subbundle. The coordinates for the highest order fibre are

l=wt v =wd b=uwb v =w? V=wl, °=ud
R
¥ o= wg + pwg + qwg + rw}o,
1 2
v = wé —|—pwg =+ qwg =+ grwil =+ grwéz,
1 2
b0 = w? + wiop + 5w$1q + ng}f,
bt = wi + pwg + qwf) + rw?,
b2 = wg + pwgl,o + qwzl,o + rwéo + fwl® — 4w12),
b3 = W —|—pwg + qwg + rwg + fw? — 4w;,
2 2 4
14 _ 10 6 1,11 11 1,12
b= = FWr —2wp+1—511wT +w, +vaq7
1 2
bto = —4w1?; + gwilf—l—wg +w;0p+wll,1q+w;1r+ 3fw;2,
2 4
pto = 5w%1r +w) +w,'p 4wyt + 510;27“.

Again, there are no equivariant sections on Fg) — J1 (.7-"(1), but the ©s-action is
free. It was possible to compute all five invariants on F(3). The smallest one has

the form
9 n

I2 =
RO

with numerator

n = 15[-84v> — 9(v")? + 36w"r + 36qu’ + 36w°p + 36w* + 56 fw®] (b°)*
+ 150 [66°0" + 6b* — 126 + (wBv! + 2rb° + 2b + 2¢b* + 2pb*)w®] B
4+ 60(w®)?b° 4 180(b°)2 + 5(w®)*
and the factor d of the denominator

d = 5(')? —10(=20? + 3pw® + fuw® + 3rw” + 3w* + 3quw’)v’
+ 206" + 20w w! + 40w — 40w? — 40pw'® — 16rgh” + 40¢ f1°
+  20pwiw? + 20pb® 4 407 fb° — 20(—2b" + w” — 2pb?) f + 206172
4+ 20(w® — 2w'? + wPv? + b0 + 20(w® — 2w + b + wBw?)q 4 200° £2.
For obvious reasons, we do not plug in the coordinates v*, w’ and b* to pull back
the invariant to J3(F). The remaining four invariants are available at [Lor08a].
To decide the equivalence of fourth order ODEs, the bundle F(3) must be

computed, but even the first prolongation of F(3) did not finish. Also for fourth
order ODEs, Cartan’s equivalence method is more efficient.



Chapter 7

Application to Linear Partial
Differential Operators

When solving a linear partial differential equation
Lu = (a,(2)9"u() = 0,

a factorisation of the linear partial differential operator (LPDO) L = L Ly will
reduce the search for a solution to its factors L; and Lo. If the operator is
completely factorisable, solutions can be found by quadratures. The factorisation
of LPDOs has been of interest recently. Grigoriev and Schwarz [GS04] give an
algorithm for separable LPDOs similar to Hensel lifting, Tsarev [Tsa00] considers
the problem in connection with Darboux integrability. For bivariate operators,
Beals and Kartashova [BKO05],[Kar06] show how to separate a first order factor
from the operator. Shemyakova and Winkler [SWO07b] tackle the problem by
introducing the notion of obstacles to a factorisation.

The connection between factorisations of LPDOs and equivalence problems
are gauge transformations of the operator L

L g 'Ly,

where ¢ is an invertible function. Gauge transformations preserve factorisations
L = LyLo, so the conditions for factorisation can be formulated by invariants.
Shemyakova and Winkler [SW07a] present a generating set of invariants for a
third order operator on the plane to express the factorisation conditions [SWO08].
More systematically, Mansfield and Shemyakova [MS08] compute the invariants
for relevant third order LPDOs on the plane via moving frames.

With a straightforward modification, the Vessiot equivalence method can be
applied to compute generating sets of invariants for LPDOs under gauge transfor-
mations. Vessiot’s method allows to compute examples of order three and four,
which are considerably larger than in [MS08]. Instead of using moving frames to
compute invariants, we integrate the vector fields of the algebroid action on the

185
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natural bundles. In this way, we can avoid the prolongation of finite transforma-
tions which become rather large.

The present work was initiated by a talk of Winkler in january 2008 at RWTH
Aachen and a visit to RISC at Hagenberg in may 2008. The examples of LPDOs
under gauge transformations stimulated the development of Vessiot’s methods
already presented in the previous chapters. Actually, they provided the first ex-
amples of natural ©,-bundles and led to the realisation that all proofs in Chapter
3, originally done for full jet groupoids Il,, are valid for subgroupoids ©,.

The chapter is structured as follows. In Section 7.1 we introduce the neces-
sary notation for LPDOs and show how to apply Vessiot’s equivalence method.
In Section 7.2, we compute generating sets of invariants for LPDOs, especially
fourth order ones. For selected LPDOs we give conditions for the existence of a
factorisation in terms of invariants.

7.1 LPDOs and Vessiot’s Equivalence Method

In this section we describe how to apply Vessiot’s equivalence method to LPDOs
under gauge transformations. After introducing LPDOs, we construct groupoids
of gauge transformations and natural bundles for LPDOs. The only difficulty
is that natural bundles are designed to continue diffeomorphisms on the base
manifold to the whole bundle, but gauge transformations are not induced by
base transformations.

7.1.1 Linear Partial Differential Operators

Let K be a field with n commuting derivations 04, ..., Jd, and consider the dif-
ferential algebra D = K(01,...,0,). A standard example is the field of rational
functions K = k(z!,...,2") with ground field & of characteristic zero and the
partial derivatives 0, as derivations. Having fibre bundles in mind, we think
of K as smooth functions on a manifold X. Elements of D are linear partial
differential operators (LPDOs) of the form

L =a,0", p € (Z=0)", |p| <gq, a, € K.

The order of L is the maximum ord(L) = max{|u||a, # 0}. The symbol of L is
the polynomial sym(L) € K[X1,..., X"] of the form

sym(L) = a, X", || = ord(L).

In this chapter, we consider factorisations L = L1 ... Ly for L; € D, 1 <i<keN
where each factor has at least order one (ord(L;) > 1). Then a necessary condition
for the existence of a factorisation is that the symbol also factorises:

sym(L) = sym(Lq) - - - sym(Ly).

A factorisation L = Ly - -- Ly, is called of type (S1) ... (Sk) if sym(L;) = S;.
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Definition 7.1. The automorphism D — D : L + g 'Lg for g € K* is called
gauge transformation. K* are the units of K. o

Gauge transformations can also be seen as a right K*-action on D. Obviously,
the symbol of a LPDO stays invariant under gauge transformations. The simple
calculation

(97" Lg)u =g~ ' L(gu)

shows that solving the PDE for the gauge transformed operator is equivalent to
solving the equation for the transformed function gu. Concerning the factori-
sation of an operator, the associative law of D implies the following important

property.

Lemma 7.2. A factorisation L = L --- Ly is gauge invariant:
9 Lg=(9"'L19)- (97 Lag)--- (¢ 'Lrg),  Vge K" o

Since a factorisation of an LPDO is gauge invariant, also the conditions for
the existence of a factorisation must be invariant. This is the reason why one is
interested in the invariants for LPDOs under gauge transformations.

Example 7.3. A classical example of LPDOs was considered by Laplace. He
studied the second order operator

L = 0,0y + a0, + b0y + ¢

with parameters a,b,c € K depending on x and y. It has the symbol sym(L) =
XY and factorisations are of the form L = Li1Ly or L = Lol for

Ly =0, +d, L2:8y+e, d,e € K.

Both possible factorisations imply d = b and e = a and L has a factorisation of
the first type if and only if the first Laplace invariant h vanishes

h:=L—1I11Ly=a,; —c+ ab.

The second factorisation is possible if and only the second Laplace invariant is
Z€ero

k:=L— LyL, = b, —c+ ab.

The Laplace invariants {h, k} are a generating set of invariants with respect to
gauge transformations of L given by

9 'Lg = 0,0, + <a+gy) By + <b+%> 0, + <c—|—agx+ng+g$y).
g g 9 9 g

Comparing the coefficients of the derivatives of L and ¢g~'Lg, a simple calculation
shows that h and k are invariant. o
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7.1.2 Modifications of Vessiot’s Approach

In order to deal with LPDOs under gauge transformations, Vessiot’s approach
must be slightly adapted. Before going into details, we give an outline for the
necessary modifications. The requirements are as follows.

e Let X C R” be a manifold with coordinates (z) = (z!,...2"). Then a
LPDO of order ¢ has the form

L=a,@)?",  |ul<q apeC®(X) (7.1)

where 0,: is the partial derivative with respect to the coordinate x’ and
oH = 8;; “. All coefficients are smooth functions on X.

e Gauge transformations are defined on the fibre bundle ¥ = X x R with
coordinates (z,u). Here u plays the role of the solution function. A gauge
transformation is diffeomorphism Y — Y with

=

T =z, = gu, g € C(X). (7.2)
The first point implies that LPDOs are sections of the bundle F — X with coordi-
nates (x,a, | |p¢| < ¢) and coordinate changes induced by gauge transformations.
But the second point requires a natural ©,-bundle 7 — Y over the larger base
manifold Y in order to apply Vessiot’s approach. Here ©, is the groupoid of
gauge transformations.

The key observation to solve this problem is that gauge transformations re-
spect the bundle structure of 7 : Y — X. We can thus take the pullback

F =7*(F) (7.3)

as natural ©,-bundle over Y. By construction of the coordinate changes on F,
gauge transformations lift to F. For the prolongation and projection, we will
replace J,.(F) — F by the subbundle 7*(J,(F)) containing only z-jets.

Groupoids of Bundle Morphisms

The situation of LPDOs under gauge transformations can be generalised. Let
m:Y — X be a fibre bundle and 7 — Y a natural ©4-bundle. We ask for
conditions under which there are well-defined sections w : Y — F that depend
on X only, namely that w(y) = w(y’) for all y,y' € Y with n(y) = «n(y/). If
this is established, we ask for groupoids ©, that act on the subbundle J, x(F) of
Jr(F) — F where we have taken only jets with respect to the coordinates of X.
They are described in the following definition.

Definition 7.4. Let 7 : Y — X be a fibre bundle. A groupoid G C II,(Y x Y)
is called groupoid of bundle morphisms if all g € G are g-jets of (local) bundle
morphisms ¢ : Y — Y over some morphism ¢ : X — X. o
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Choose two coordinate systems (z,u) and (Z,4) of Y such that (z) and ()
are coordinates for X. Then II; ; defined by the equations &, = 0 is the largest
groupoid of bundle morphisms, which follows directly from equation (1.1). All
groupoids of bundle morphisms 6, are subgroupoids of the prolongation Il » of
IT; » to order gq.

Example 7.5. On Y = X x R, the groupoids of gauge transformations ©, C
I1, -, defined by the prolongation of

=, Uiy = U, i=1,...,n, (7.4)

are groupoids of bundle morphisms. Solutions of ©, coincide with equation (7.2)

iz, u) = 2, u(z,u) = g(x) u, g(x) #0.

The groupoid of gauge transformations should not be confused with the gauge
groupoid Gauge(P) of a principal bundle P. O, is not transitive.

Alternatively, one may add transformations of the base X. The groupoid O,
of gauge and base transformations is defined by the equations

~

Ty =0, Uy = U.

On linear partial differential operators, it corresponds to transformations of the
independent variables combined with gauge transformations.

i(w,u) = @(x)’ &(x,u) = g(ﬂ?) u, g(x) # 0. <o

The next lemma deals with X-dependent sections on a natural bundle and
shows that the pullback of equation (7.3) is the only possible idea.

Lemma 7.6. Let 7 : Y — X be a fibre bundle. A fibre bundle 7 — Y has
well-defined sections w that depend only on X if and only if F is isomorphic to
the pullback 7*(F) of a bundle F — X. o

Proof. For coordinates (z,u,a) and (Z,u,a) of F a coordinate change is of the
form

T=p(x), a=¢x,u), a=x(z,u,a).
In coordinates (Z, @, @), an X-dependent section w is given by a* = w*(&). Pulling
back w with the coordinate change we obtain

X (x,u,a) = w(p(2),

which has to be solved for a” in order to find w in coordinates (z,u,a). The
transformed section depends on u if and only if x does. Assume x = x(z,a).
Then the projection

F — F:(z,u,a) — (z,a)

gives a well-defined bundle F — X such that F = 7*(F). The converse is trivial,
as the transition functions of F are of the form & = ¢(z), a = x(z, a). O
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Example 7.7. For the Laplace example 7.3, the bundle of LPDOs F — X = R2
has the coordinates (z,y,a,b,c) and the coordinate changes in Vessiot notation

a=a+2, p=b+%8 copq gy Ty Iy (7.5)
g g 9 9 g

Choose two coordinate systems (z,y,u) and (Z,y,u) for the bundle Y = X x R.
Then the pullback F = 7*(F) is performed by adding the coordinate u and the
base transformations

=z, y=vy, o= g(z,y)u. (7.6)

The last step is to recover the action of the groupoid O3 of gauge transformations
on F. It is given by

~ A~ ~ ~

=+ b=b+ 2 c=eq oy lrgy D (7.7)
u u u u u

since equation (7.6) implies @, /0 = g,/g and so on.

In [MS08], the function g(z,y) is replaced by exp(g(z,y)) to avoid fractions
in equation (7.5). This is impossible for the groupoid action, but for practical
computations we use the infinitesimal algebroid action. Here the replacement
only changes the vector fields by a factor and all computations are identical. <

In the remainder of this section, we fix a groupoid of bundle morphisms
©, < Il for a bundle 7 : ¥ — X and a natural ©4,-bundle F = W*(f)
Let (z,u,a) and (&, 4,a) be coordinate systems of F. If no confusion arises, we
suppress all indices of (z,u,a) = (z*,u’,a®). Under the assumption that ©, acts
on F via admissible coordinate changes of F, we can replace the prolongation
J.(F) — F by the subbundle 7*(.J,(F) where only z-jets appear.

Let ¢ : Y — Y be a bundle morphism over ¢ : X — X which is a local
solution of ©,. Then ©, acts via admissible coordinate changes if the lift of ¢ to

the bundle F
T=p), =19 u), a=a(p(x), (@ ,u),pq(x), vq(x,u)).
depends on the derivatives of ¢ and ¥ up to order ¢, but all u-derivatives cancel
Ou @a(p(), ¢ (x, 1), pq(), (2, u)) = 0. (7.8)

This has important consequences for the prolongation of the ©4-action on F. The
O©4-action on F is given by

a=Py(x,u, 2,0, Lq,Ug)

for (z,u,Z,q,Zq,1q) € Og. We use Remark 1.13 to prolong the action to Ji(F).
Equation (7.8) implies
@y = Du®4 (3,0, Gg, tg) = (5 +anii) 0aPa(d, 4, &g, Ug). (7.9)

=0
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Remark 7.8. If F is a natural I, r-bundle, equation (7.8) implies that the de-
pendence on 9 and 1), must vanish completely, as they depend arbitrarily on u.
For subgroupoids ©, C Il », the situation may be different.

The general form of an LPDO (7.1) implies that the action depends only on
n+1

combinations %‘ for u € (Z>o) with pnp41 = 0. The calculation

7 i 02 ul ua?

D, <u“> e BB By,
using the defining equations (7.4) for ©, shows that equation (7.8) holds for gauge
transformations of LPDOs. o

So far, we have constructed the groupoid of gauge transformations and suit-
able natural bundles for LPDOs. Equation (7.9) is the key observation to elimi-
nate the additional u-jets in the prolongation of F.

Theorem 7.9. Let F = 7*(F) be an affine natural ©,-bundle such that the
groupoid of bundle morphisms ©, acts via admissible coordinate changes. Then
there is an exact sequence of natural ©,,-bundles

0 — 1*(J(F)) — Jo(F) —= G, —0.

The vector bundles G, have coordinates (z,u,a,a,|p = v + 1, |v| < ), where
each jet contains at least one u-‘derivative’. o

Proof. Compute the ©4,-action on G,. Each coordinate of G, transforms as
g1, = Dyg1, Pa(2,0, g, Ug) = Dy(Gg Uy 05Pa). (7.10)

Since F is an affine natural ©,-bundle, 9;®; is independent from & and thus G,
is a natural vector bundle. By construction, the map J,(F) — G, is a morphism
of natural bundles and the preimage of the zero section of G, — F is 7*(J,(F)).0

For simplicity, we denote the subbundle 7*(.J,.(F)) of J,.(F) — F by J, x(F),
indicating that only the jets with respect to X are coordinates.

Remark 7.10. If in Theorem 7.9 the assumption that F is an affine bundle is
dropped, there is still an embedding of natural ©,4,-bundles J, x (F) — J,.(F).0

Proof. Equation (7.10) shows that setting a,11, = 0 for 0 < |v| < r defines
a subbundle, since after applying D,, each summand on the right hand side
contains at least one factor @41, with 4-‘derivative’. O

We have completed the theoretical preparations to treat LPDOs under gauge
transformations. For practical computations with jets and JetGroupoids in
Section 7.2, we define the PDE system a,, = 0 on J;(F) and restrict to the
prolongations of this system.
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Example 7.11. The bundle G; from Theorem 7.9 can be explicitly determined
for the Laplace example 7.7. The fibre of J;(F) has nine coordinates (az, ..., cy)
and the fibre of G; has the coordinates (ay, by, ¢,,) and the ©1-action is

U U
~ Y A A A
Ay = Du(a+ = ):aﬁuu:aﬁfa
U u
~ U
bu = bﬁ77
u
LU Uy 2 U
bu = Cﬂ*—l—aﬂf—l—bﬂfy.
u u u
The ©z-action on Ji(F) is given by
. L Ugy U — Uy . L Uy U — Uy
ax:aX+aﬁux+T, ay:ay+aauy+T,

and for the restriction to J, x(F), we have to set a; = 0. Alternatively, we can

compute Ji(F) and add the base coordinate u. ©

To compute a generating set of invariants for LPDOs under gauge transfor-
mations, we have the following simple, but useful lemma.
Lemma 7.12. Let ©¢ be the groupoid of gauge transformations on the bundle
Y — X with coordinates (z,u). Let F = n*(F) be a natural ©,-bundle and
¥ Jpx(F) — R an invariant. Then D, is also an invariant on Jy41 x(F). ©

Proof. Treat 1) as a coordinate. Since it is invariant, the ©44-action on 1 is
Y = 1. Its prolongation to Jy41, x(F) is computed by setting 15 = 0 in

Uyi = Dyith = 35 &7, + b Uy

By equation (7.4), we obtain ¢, = 1/AJ$L O

7.2 Examples

The last section shows that Vessiot’s approach to geometric structures also applies
to LPDOs and that it is possible to compute generating sets of invariants. In this
section, we present several examples of LPDOs and their invariants. In Section
7.2.1, the trivial Laplace example is used to present the MAPLE worksheet. The
relevant examples start in Section 7.2.2 with LPDOs of third order on the plane.
They were already computed by Mansfield and Shemyakova [MS08] (see also
[SWO07a]) using moving frames. A comparison shows that moving frames produces
eventually smaller generating sets, while Vessiot’s approach detects the minimal
order for generating sets of invariants.

The remaining examples are new results, including the full third order LPDO
on the plane at the end of Section 7.2.2. To illustrate that Vessiot’s approach
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is not limited to two-dimensional base manifolds we treat an example of a third
order operator on a three-dimensional base. It was proposed by Kartashova
[Kar06, Ex. 6], who concentrated on LPDOs on the plane.

Furthermore, in Section 7.2.4 we continue the work of Mansfield and She-
myakova [MS08] to fourth order LPDOs on the plane. We compute generating
sets of invariants for all operators with completely factorisable symbol. The cal-
culations and invariants are considerably larger than for third order LPDOs.

All results in this chapter are computed as in Section 7.2.1. Due to the size
of most results and to avoid the risk of typos, all relevant worksheets and com-
putational results are available in electronical form [Lor08a]. It is recommended
to use MAPLE 11 (or newer) to compute the worksheets.

7.2.1 The Laplace Example with MAPLE

The Laplace example is not only useful for the illustration of the theory, but also
for the calculations with jets and JetGroupoids. All higher order LPDOs in the
next sections were computed by modifications of the following worksheet. Basi-
cally, only the definition of the original LPDO and the number of prolongations
and projections has to be adapted.
> with(jets): with(JetGroupoids):

Define all necessary variables and the groupoid ©; of gauge transformations.
> ivar := [x,y,u]: dvar := [X,Y,U]:

> Ivar:=vn(phi,3): Dvar:=vn(xi,3):
> GR := [X[x]=1,X[y]=0,X[ul=0,Y[x]=0,Y[yl=1,Y[ul=0,U[ul=U/ul;

U
GR:=[X,=1,X,=0,X,=0,Y,=0,Y,=1,Y=0,U, = —]
u

Compute the algebroid R; of ©1 and its first prolongation Ry. To treat
operators of order k, the algebroid Ry is necessary.

> Rl := grp2alg(GR,ivar,dvar,Dvar);
> R2 := PrepareAlgebroidRelations(R1,2,ivar,Dvar):
3
R1:=1[{1,=0,81,=0,£81,=0,82,=0,82,=0,£2,=0,§3, = %]

Gauge Transformation of the Differential Operator

Define the second order hyperbolic operator L = 0,0, + a100; + ao10y + aoo:
> dop := [[1,[X,Y]],[a, [X]], [b, Y]], [c,[11];
dop = [[1, [X, Y], [a, [X]], [b, [Y]] [e, []]]

The jets package contains the command cchdop that performs coordinate
changes of differential operators. The transformation tr shows that the base itself
is not changed, but the operator is conjugated with the function g = ¢3(z,y).
> tr := [X=x, Y=y]:

> chdop := cchdop(tr, [1/phi3(x,y),1/phi3(x,y)],dop,ivar[1..2]):
> chdop := eqn2ind(chdop,ivar[1l..2],Ivar);
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chdop =
(L, [z, yl], [

$3y + aP3

¢34 + b o3
@3 ’

D3,y +aP3, +bP3y + cP3
@3 ’

), | S

[, [ 1]

Creating the Natural Bundle

The gauge transformed operator defines the natural bundle F which is necessary
for further computations. We determine the fibre coordinates, the gauge groupoid
action on F and the vector fields of the infinitesimal action on F.

> uvar := map(a->if type(al[l],symbol) then a[l] fi,dop);

wvar := [a, b, c|
> mnat := ezip(uvar,map(a->a[1],chdop[2..-1]1)):
> nat := [x=x, y=y, u=u*phi3, op(nat)];
3 ++0b
nat:=r=xz,y=y,u=uep3, a = ¢3y;3a<;5 , b= ¢3 ;_3 ¢3,
o $3z,y +aP3; +bP3, + c¢3]
= 3
> vec := natfin2inf(nat,ivar,Ivar,Dvar,"")[3..-1];
&3 &3, €34,y +ak3, +bE3
vec = [[537 [U’H7 [_Ty7 [CLH, [_77 [b]L [_ L y7 [C]H

We set up the data structure for the natural bundle F. In the second step,
we add the information that the coefficients of L do not depend on w.

> F:=CreateNaturalBundle(vec,ivar,dvar,uvar,Dvar,"algebroid"=R2):
> F["SUBSvec"] := [[[],[alu]l=0,b[ul=0,c[ul=0], [],uvar]l]:

Prolongation and Projection

To compute a generating set of invariants, we proceed as in Section 4.2 and
perform the usual steps of prolongation and projection. The computation of
invariants for higher order LPDOs is identical to the procedure below, except
that more steps of prolongation and projection are necessary.
> JIF := ProlongNaturalBundle(F,1,uu):
> F1 := ProjectNaturalBundle(J1F,v,kernelD):
> F1["inv"];
[v] = agz, V2 = ay, V3 = by, v4 = by

The ©2-action on F(y) is free and we compute the first order invariants. They

are easily identified as the Laplace invariants h and k.

> CodimOfAction(F1);
> Invl := InvariantsOnNaturalBundle(F1,"nobase");

2,7,5,50
Invl :=[vl —c+ab, v4 —c+ ab
For higher order LPDOs it is crucial to change the fibre coordinates of F;
such that all invariants are among the coordinates. It simplifies the computations
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significantly and helps to identify higher order invariants as derivatives of the
previous ones. For better readability, we denote the coordinates for the Laplace
invariants by h and k in this example.
> cFla := CompleteFibreCoordinates(Invi,F1["vvar"]):
> cFla := ezip([h,k,v2,v3],cFla);
> Fla ChangeFibreCoordinates(F1,cFla):

cFla:=[h=vl —c+ab, k=v}f —c+ab, v2 =102, vV3 = 03]

Since gauge transformations do not change the coordinates x and y, it follows
that the total derivatives D, v and Dy of an invariant v are again invariants.
To find small generating sets of invariants, it is convenient to choose a maximal
number of coordinates of F(;;1) as jets of invariants. To do this, we replace the
usual internal jets routine that picks out the coordinates of im(¢;s) C Js(F3))
by a version that prefers the jets of invariants.
> ‘jets/get_vars_to_eliminate_method‘ := ‘JetGroupoids/getSolveVarLin‘:

> J1F1 := ProlongNaturalBundle(Fla,1,uu):
> unassign(’‘jets/get_vars_to_eliminate_method‘’);

The projection shows that all new coordinates are jets of h and k and thus
invariants. As the action on F(1) was already free, {h,k} is a generating set.
> F2 := ProjectNaturalBundle(J1F1,w,kernelD):
> F2["inv"];

(Wl = hy, w2 = hy, w8 = ky, wj = ky)

For larger examples, we may have to compute F(3) and further bundles. If
not explicitly indicated, all examples in this chapter are computed by choosing
invariants as coordinates and then picking jets of invariants as coordinates for
the prolongation. No further modifications are necessary.

7.2.2 Third Order LPDOs on the Plane

In this section, we present generating sets of invariants for third order LPDOs on
the plane computed with Vessiot’s approach. Except for the full operator

Le = aspds 4 a21020y + a120:0; + ag3d; (7.11)
+ ag00% + a110,0y + a023§ + a100; + ap10y + ago,

the results are already computed in [MS08] with moving frames. We use their
results for a detailed comparison of both methods, first giving an overview and
then explicit results.

Table 7.1 summarises the number of invariants for each order that are con-
tained in a generating set. In two cases (symbols XY (pX + ¢Y) and X XY),
moving frames produces a smaller generating set. In all but the first example,
Vessiot’s method produces invariants of smaller order, since the invariants are
computed after each step of prolongation and projection. No third order invari-
ants are needed for generating sets. For the operator with symbol X3, there is a
case splitting explained later on.
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Table 7.1: Number of invariants for third order LPDOs on the plane

[MSO08] Vessiot
Symbol, order |0 1 2 3 |total |0 1 2| total
XY (pX+qY)|3 3 1 0] 7 [[3 4 1] 8
X3 2 2 1 0] 5 |2 3 0] 5
X3, (a) 2 0 2 0] 4 ||2 1 1] 4
X3, (b) 1 10 1| 3 |1 1 1| 3
X3, (c) 0 1 1 0 2 |0 2 0] 2
X2y 1 3 1 0| 5 1 5 0| 6
full T 5 4 1] 10

The computation of invariants in Vessiot’s approach is done by integrating
the involutive distribution that generates the algebroid action on the natural
bundle. This involves solving linear PDE systems and so far, we rely on the
MAPLE command pdsolve, which may produce larger output than necessary.
Additionally, the invariants depend heavily on the choice of coordinates in the
CompleteFibreCoordinates step in Section 7.2.1.

In future, it would be interesting to combine Vessiot’s approach of prolon-
gation and projection with moving frames to have both small expressions and
invariants of low order. For this, the formulae for the groupoid action on F;) is
explicitly needed. Since the groupoids of gauge transformations are rather small,
it is possible to obtain the action.

We will now explicitly give the invariants for the third order LPDOs from
Table 7.1 and express the invariants from [MSO08] in terms of the invariants found
here. For this, we use the MAPLE package Janetq by Robertz, which is a modified
version of the Janet [BCGT03] package for quasilinear PDEs. If the expressions
become too large to be displayed, see [Lor08a] for electronic versions.

Invariants for LPDOs with Symbol XY (pX + ¢Y)
The hyperbolic operator
L= pagay + qaxc‘); + az()a,% + anaxay + aogag + a108x + a018y -+ aqo,
has the trivial zero order invariants p and ¢. Other invariants are
I} = 2a0p” — pgar + 2q°as,
I = 2(a11y —2a10)¢° + (a3) — 2a112p + dag1p — 2qya11 — dapap,)q>

+  2(gepair — 2a11page + 2q,paos + 2pragep)q — 4qzao2p? + 417 ags,
—721 = (ap1 — all,x)q2 + (@02,2p — ao2a11 + gza11 + 2pza02)q + a32p — 3¢zpap2,
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I = (2a02y +a11z — 2a01)¢* + (2a02a11 — gza11 — 24,002 — 2p2ao2)q
+  2qupagz — 2adyp.

The generating set of invariants consists of two additional large invariants I}
and I? (see [Lor08a]). Here, the results from [MS08, Thm 5.2] and [SW07a]
consists of less invariants, which are also considerably smaller. It turns out that
the second order invariant I? is not needed to express the second order invariant
from [MSO08].

Invariants for LPDOs with Symbol X3

The full operator with symbol X? is of the form
LXB = (92 + a208g + an&r&y + aogag + a100; + amay + ago-

Computing a generating set of invariants on the corresponding natural bundle
Fxs yields two zero order invariant coordinates a;; and age as well as

It = 2(a3) + 3ag,. — 3ai0)ao2 + (3ao1 — agoa11)an,

.721 = 6(3ap2a01,2 — 2a32a207y — 3ap1a02,2) + (3a01 — anago)a%l (7.12)
+  2(a3ga02 — 3ap2a10 + 3a02.4a20)a11 — 6a11 402020,

= 2(3a20 ya11 + 27ao1,y + 18a10» — 54ago + 2[9a19 — 203, — 6a20.2]a20)a02

+  27(ap1 — 2a02,y)a01 + 3(a11a20 + 2a11 2 + 6ap2,y — 18ap1)azoain
— 18aq1 yag2a20 — 18a11 2a01.

The invariants from [MS08, eq. (13)] (mind the typos) can be expressed as

1 1 1
Jo10 — _ I a1 _ Iy — ITan
6&02’ r 18(102
1 1 2 71 1 1
IaOO = —6]1736@02 + a11[2 - 0/11]1 + 6@02,37[1 - I3a02

Depending on the values of a1 and age, the operators with symbol X3 split
into several cases. Setting one of the invariants to zero yields a natural subbundle
F' C Fxs — X. The above invariants can be restricted to F’, but they may
become trivial. In the case of aj; = 0, the invariants {agz, I3, I3, I3 }4,,—0 are still
a generating set of invariants. They can be read off equation (7.12) by omitting
trailing summands that contain ai;.

Invariants for LPDOs with Symbol X3, Case (a)

For the subbundle Fxs, C Fys — X defined by agpz = 0, the dimension of
the ©s-orbits drops and the invariants have to be computed separately, since



198 CHAPTER 7. LINEAR PARTIAL DIFFERENTIAL OPERATORS

we are dealing with a subbundle of Fxs containing only nongeneric orbits. The
coordinate a1 and the following invariants are a generating set.

I = ap— 3020011
1 2 3
Iy = 6a11a20,y + (9010,1 + 3a20a20,2 + a3 — 27@00)@11 (7.13)
+ 3(3a20,z —3a10 + a%o)an,x + 9(30,10 — 3&20@ — ago)am
I = 9a%,a20y + (9a20 42 + a3y + Yasoazo » — 27ago)air
+ 9(3a10 — 3&20793 — ago)am.
Restricting the first invariant I{ from equation (7.12) to Fys ,, the order drops
by one and we obtain IYa;;. All other invariants only reproduce I and a1;. The
comparison with [MSO08, eq. (14)] yields
I — I} ao _ 17

9a11 ’ 27a11 '

aop1 __ 70 a0 __
I - Ilv Ia: -

Invariants for LPDOs with Symbol X3, Case (b)
The subbundle Fxs j, C Fxs with ag2 = a1 = 0 corresponds to the operator
LX3,b = 8;)’ + agoag + alo&c + a018y + ano-

The restriction of the invariants from equation (7.13) only yields ap; and I}, but
the complete generating set requires an additional second order invariant.
Il = agq.—a0+ gaéo,
I = 9(a1040 — 34004 + a01a20,y + @10,2020) @01 (7.14)
2
+ (6a%y — 3aipasn. — 4ajgaio — 6a20a20 20 — 2a30a20,2 + gaéo)am

3
— (9a10x — 27ago + 9azpaio — 6azna,s — 2a5)a01 .-

Compared with [MSO08, eq. (15)], the third order part of the invariant 7% is only
due to the summand containing Illym in

90 = 1, I8 =9I yao1. — It + 3(2(11)% — 311 ., )ao1-

Invariants for LPDOs with Symbol X3, Case (c)
Finally, for the operator with ags = a11 = ag1 = 0,
Lys .= 92 + as002 + a100s + ago,

the invariant algebra is generated in first order by

1 2
1 2 1 3
Ii = ax —ao + 3%20; I5 = a10,x — 3ago + azaio — 30200200 — gla0.
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The comparison with [MS08, eq. (16)] yields 1410 = —I and 20 = —%(If—l—lix).
In the last line of equation (7.14), we find the invariant 911 as coefficient of agy 4.
There may be more connections between the invariants for the operators with
symbol X3.
Invariants for LPDOs with Symbol X?Y
The operator

L2y = aiay + azoag + an&qﬁy + a028§ + a190; + amay + ago

has the coordinate ags and five first order invariants as a generating set.

1 1 1
I; = a2, — -aio0+ -aai,
2 2
I = 2 4 L
2 = Q11,2 — 2a01 + 4az0a02 + iau’
I, =
3 = Qi1,y — Q10 + a20011,
1 2
I, = a10,0 + 2a020a20,y — 2a00 + (a10 — a20,¢)a11 + (+2a01 — 2a02a20 — i1 — @11,z )a20,
1 1
Is = ao1,y — ao2a20,y — aoo + (@01 — ao2a20 — 2a02,y)a20 + 5((110 — a11,y — A20011)a11

The comparison with [MS08, eq. (18)] yields

1
I =13 —2If, 1% =-2[], I = —5121, 190 = —4]]  —2I}.

Since the invariants from [MS08] are a generating set and I} does not occur
in the above expressions, also {ago,]ll, I21,I§, Ii} represents a generating set of
invariants.

Factorisation of Type (X)(X)(Y)

The invariants of LPDOs under gauge transformations were computed in order
to express conditions for the factorisation in terms of these invariants. For the
hyperbolic operator with symbol XY (pX +qY), this was done in [SW08]. We will
give a simple example for the factorisation of L x2y- of type (X)(X)(Y'). Basically,
we use the first order operators

L1 =0y +boo, Lo=0;+coo, Lz=0y+do
with unknown parameters bgg, cgp and dgg and compute

LiLoLy = 020, + dood? + (boo + co0) 020,
+  (doo,z + doo(boo + c00))0x + (boocoo + o0,z)0y
+  [doozz + doo,z(boo + coo) + doo(boocoo + c00,2)] -

Comparing the coefficients with L2y in decreasing order, we fix the parameters

doo = az0, boo = a11 — coo.
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Plugging this into L LoL3, we obtain the partial Ricatti equation (see [GS04])
(@11 — coo)coo + €00,z = Go1
for the last coefficient and the two conditions for the existence of a factorisation
211 = 2as0 , + agoar; — aip = 0, apz = 0,

which are both invariants. For all following factorisation conditions, we apply
the strategy of determining parameters from the coefficients of derivatives in
decreasing order. For fourth order operators, there are cases, where this strategy
breaks down.

Invariants for the Full Third Order LPDO

For the full third order LPDO from equation (7.11), the invariants become rather
large, so we display only the zero order ones

a30, a21, a2, ao3,

0 2 2
I7 = ag1a12011 — 2a02a5; — 2a7,a20 + 6agsaziazp + 6apeasoaiz — 9ag3aszpai-

For the remaining five invariants see [Lor08a]. MAPLE was unable to compute
the last, second order invariant I? with pdsolve, but using an ad hoc version of
moving frames, it was possible to calculate it.

It would be interesting to find relations between the algebra of invariants for
the full operator and some more restricted ones. For example, setting ajo = ¢
and agy = agg = 0, as; = p, one obtains the nontrivial zero order invariant for
the symbol XY (pX + ¢Y).

The full third order operator served as a test whether generating sets for
fourth order operators are computable in reasonable time, since most fourth order
operators contain the full third order one as special case.

7.2.3 A Third Order LPDO in Dimension Three

The computation of invariants for LPDOs under gauge transformations using
Vessiot’s method is not limited to operators on the plane. In this section, we
compute the invariants for an LPDO on a three-dimensional manifold. The oper-
ator was mentioned in [Kar06, Ex. 6] as an example for problems that may arise
in dimension three. It is of the form

L=03+0)+0—30,0,0. + Z ajr, O 05 0%
0<itj+h<2

and the symbol has the unique factorisation

X34 Y3423 - 3XYZ=(X+Y +2)(X*+Y*+ 2 - XY - XZ -Y2).
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We give both a generating set of invariants as well as the conditions for factori-
sation. The zero order invariants are

0 0 0
I7 = ap20 + a101, I3 = ao11 + a0, I3 = ago2 + ai1o-

The first order invariants are

n
I
I
I
I3
I
I;

1 15 2 9
a101,2 — 110, — Q001 — = @0114101 + @110 — *130110,

3 3 3

1 5 2 o 1
a101,y + @010 — A110,z — gaml + §a101f1 + ganoaon,
101,z — 4110,y
ao11,z + @100 — @110,y + galloalol — gaou + §a01112,

1 15 2 9
aop1l,y — @110,z — G001 — §a011a101 + §a110 - gfsano,

aop11,z — A110,x,

1 1 2 5
aoo1,z + @100,y + @010, — 5A101Q100 — 5 A110a010 + 5 13G110,x

3 3 3
2 2 2 1 2
gfgano,y + gfgauo,z + gfgaom — gaonaom - g.’:’}

2

0 2 0
912 a101a011 + 3a01112,y

1 2
5(0011,1 + @100 — @110,y)a101 + §a10111,z +

§a011(a011,y — a110,z — a001) + *aon(alol,m — 110,z — (1001) - §12(1110

3

1 1 4
gano[é + gfg,zauo + gallO(alol,y + ao10 — a110,2) + §a1101§13,

1 2 5 2 5
apo1,y + @100,z + @010,z — galloaloo — gaouaow + 3 20110,z + gl3a110,y
2 9 2 o 1 2
—I1ai10,- + zaoco1li — Zaoo1a101 — = a101(@101,2 — G110,z — Q001)

3 3 3 3

1 2 0 1

gaml(aou,y — a110,> — aoo1) + §a101[1,x + §a011(a101,y + ao10 — @110,2)
2 0o, 2 0 2 1 229 2o

§ao11a101[1 + 51101112,z — 50011[6 — §a11011

1 1 4 2
§a110[§ + gauo(aou,m + a100 — a110,y) + 51?[:?0«110 + gauofg,yv

2 1 1 1 2 2
§a101(1?)2 — 301100001 — 2100011 + galoofg + §a011(]g)2 — 3010100110110
1 0 1 0 2 3 2 3
§a101a11012 — 3aoo0 + @100,« + ao10,y + @001,z + §a01111 aiio + %o + %01
1 o 42 0 102 49 o, 1 1 0 1o
gaomh - §a101f1 - gfsauo - §a01112 + 50011]3 + galoﬂl,y - §I1 4110,
2 1 1 2 1
gaonfg,x - gfgano,y — gfgano,z - 50101(0101,y + ao10 — a110,z) + §a101fé
2 . 1 1
§a11013,z + gauo(aon,y — ai10,> — Goo1) + §a110(a101,x — @110,z — @001)

1
=ao11(@o11,z + @100 — A110,y) — 5 A010G101-

3 3
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Factorisation

Since the symbol of L has a unique factorisation, there are two possible factori-
sations of L with operators

Ly = 9, +0,+0, +r,
Ly = 03+0,+07—0,0y—0,0:—0y0.+ a0, +b0y+c0. +d

depending on the parameters {a, b, ¢, d,r}. For both factorisations L = Lq Ly and
L = Lol they are chosen as

3a = 2az00 — ao20 + a110,
3b = —aggo + 2ap20 + a110,
3¢ = —ag00 + 2a020 + @101 — 2a110,
3r = a0 + aop20 — a110,
1
2 2 2
3d = 3 (—2a500 — a200a020 + a200a110 + Aga0 — 20200110 + T10)

—  2a200,y + @020,y — @110,y — 20200,z + @020,> — A110,> — 20200,z
+  ap20,z — @110, + 3a100-

The first factorisation L = LjLs is possible if and only if the following five
invariants vanish.

D10 =0R—-13 = [ +L+1; = I{+I5+ I =0,

0 = I% + 181 + IS% - I?,xx - 21?,my - 2‘[?,:& - I?,yy - QIg,yz - I?,zz
4

- 21?(1?,x + I?,y +I?,z) - 9

(17)°.
The conditions for the second factorisation L = LoLq are slightly larger
N-I0 =1 -1 =0,

N+ —L—13-210 421, = Il + I} — Iy — Ig — 210 , + 2}, = 0,

0 = I71 + 181 - I91 + Ill,:c + Ill,y - 121,30 - I?},a: - Ii,z + Ii,a: - 21?,1’x + 2I10,CCZ

1 1
3 gy’

* 3 9

(9I] — 4Ly +5I; — 1417, + 417, + 417 )17 +

7.2.4 Fourth Order LPDOs on the Plane

Having successfully computed the invariants for the full third order LPDO, we
proceed to fourth order LPDOs, because the complexity of invariants can be
managed. In fact, we could compute generating sets of invariants for operators
with completely factorisable symbol, as shown in Table 7.2. Up to the knowledge
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of the author, these results are new. Since they are considerably larger than for
order three, we refer to [Lor08a] for most results.

For the operator with symbol X?Y 2, the expressions are small enough and we
give both the invariants as well as conditions for the factorisation. They promise
new insights for the search of factorisations, as the procedure used for third
order operators is not directly applicable. As the focus of this thesis lies in the
application of Vessiot’s equivalence method to find generating sets of invariants,
we only sketch this part.

Table 7.2: Number of invariants for fourth order LPDOs on the plane

Symbol, order 3 4

S | I O O RGN S |

1

e}

X3 (pX +qY)

X2Y (pX + qY)

X2 (pX +qY) (rX + sY)
XY (pX +qY)(rX+sY)
XY (pX?+qY?)

Ny
—~
~
S~—
Tt O O i O W B W W NN WWwWOyUo

S © © © 3

In Table 7.2, the number of invariants contained in generating sets for various
fourth order LPDOs are displayed. The leading coefficients of the operators have
not been normalised to one. This allows to search for connections between the
invariants for third and fourth order operators. For example, the operator

Lys = a408§ + Z Qi 6; 85

0<i+j<3

contains the coeflicient a49. Normalising the first order coefficient only decreases
the number of zero order invariants by one. The only exception to this convention
are the subcases (a)-(f) for the symbol X*. They correspond to the following
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subsequent restrictions of L4 with aqg = 1.

X1 2 (a) <2 () < (o) - (d)

a21=0
a12=0

(e) (f)

Restricting the generating set for the full operator with symbol X* to case (f)
reproduces the generating set of invariants obtained from direct computation.
The zero and first order invariants of case X* also coincide with case (e), but the
second order ones differ.

With one exception, the generating sets contain invariants of maximal order
two, similar to third order operators. Without this fact, the computations would
have been too large to carry out. Again, the invariants were calculated by inte-
grating the vector fields of the infinitesimal action on the natural bundles F;).
We expect this to be more efficient than moving frames, since the finite groupoid
actions on J,(F) quickly become too large to compute.

Fourth Order LPDO with Symbol X?Y?

The smallest example in Table 7.2 is the operator with symbol X2Y? and we
will give the explicit form of a generating set of invariants for this operator. The
results of Table 7.2 show that only first order jets of the coefficients of

Lx2y2 = ago 6§ 85 + E Qjj 8;5 823
0<i+5<3

are needed. The zero order invariants are simply the coordinates as2, asg and
ap3. For smaller expressions, we normalise L2 y2 by setting ase = 1 in the first

order invariants that complete the generating set.

Il = 2a21. — a1 + azas,

I, = 2a21, —4ax + 6asoai2 + a3,

I} = 2a12. —4ao2 + ais + 6aozaz,

I, = 2012,y — a11 + ai12a21,

I3 = 4dasos — 2a10 + 2a12a20 — 6ag2a30 — 6ai2a30,c — I{az1 + 9agzazoaz:

Ié = 2a11,0 — a21]§ — 4ao1 + 12ap3a20 + a12a11 — a12[11 — 18a12a03a30,

Il = 2a11,y — a2li + ai1as1 — 18agsasoaz — 4ao + 12a02as0 — ai2l3,

181 = dag2,y — 2a01 — 6agzazo + 2a02a21 — Iiau — 6a21a03,y + 9a12a03a30,

191 = 4a10,0 — 8aoo + 4az1a01 + 4ai2aio + 2(112a21111 - (111[11 + a%llé - 2a201§

1
—  2a21a03l5 — 4a30a02,c + 8aozazo,y + 9ai2a03a3oa21 — 8az0a03a21
+  4dazpai2a02 — ai1a12621 — 3a11003a30 + 18a21a03a30,2 — 12a12a30,ya03 + 6a21a30a03,x

1 2 2
+  4dazoai2l3 — 4a12a20,0 + 6072030,z — 12002030,z — 2621011, — 2a20072,
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1 1 1 2 11
Iy = 4ao1,y — 8aoo + 4az1a01 + 4ai12a10 + 2a12a2114 + 4az1a03ls + ajals
1 1
2a0215 — a1114 4 8azoao2,z — 4ao3az20,y + 9a12a03a30a21 + 4azoaozazr — 8azoai2ao2
1
— a11612a21 — 3a11003a30 + 18a12a30a03,y + 6a12a30,y003 — 12a21a30003,2 — 2az0a1213

2 2
+  6ao03,ya31 — 12a20a03,y — 2a12611,y — 4a21a02,y — 2a02a3;

Factorisation of L y2y2

Now turn to the factorisation of Lx2y2 under the assumption of age = 1. We use
the operators

Li=0,+b, Lo=0;+c, L3:8y+d7 L4:8y—|-€.

for the factorisation. Setting the parameters {b, ¢, d, e} such that they obey the
following equations

b=apx—c, d=as —e, ¢y :agg—ca12—|—c2, ey :a20—6a21+e2
yields the partial factorisation

0 = Lxoy2— L1loLsly
= agoag + 00332 — Illaxay
1
—§(a21[11 — Ié)am — (161 + 2a12[11 + 2[11750)(93,,
—2a111} — 2a01 (11, + Ig) — 2a1215 — 213, — (I})* — ;.
As in [GS04], the conditions for the parameters include partial Ricatti equations

for c and e. A factorisation of type (X)(X)(Y)(Y) with L = Ly Lo L3Ly is possible
if and only if the following invariants are zero

agozaong%:Ié:Ié:L;:O.

For the factorisation of type (X)(Y)(X)(Y) with Ly2y2 = L1LgLoLy, the coef-
ficients are

apo — ap2a20 + G20,z + 420012, — 4102
a1p — a12a20 — 2020,z
(a20a12 + 2a20 & — a10)a12 + aoo — @p2a20 + A20 gz + A20012.2 — Q10,2
—ayo + a12a20 + 2a20

)

)

2
d = a21G11 — (1205 — 2021021 7 — A10 + A12a20 + 20204 (7.15)
— 7 )
a11 — a21a12 — 2a21 ¢
—ayo + a12a20 + 2a20,¢

—a11 + a21a12 + 2a21 ¢
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Here the the strategy to compare the coefficients of derivatives of LiLsLsL,4 in
decreasing order fixes the first two parameters and yields two conditions
b:alg—c, d:agl—e, a30:0, a03:0.

Plugging these equations into L y2y2 — L1 L3LoLy yields the operator

0 = (ag0 — ey — agie + e?)0?
+ (@11 — 21012 — ¢y — €z — 21 5)020y
+ (ag2 — ¢z — arpc+ 02)85
+  (a1g — eajnas; + ayne* — cye — 2e,a21 + 3eze — €ag1 x — €ya12 — 2€4y)0y
+  (ap1 — carzagr + azic® + cey — €xa12 — Cpa21 + cy(C — ag1) — Cagt y — €xy — Cuy)0y
+ ago — Exxy - - -

Each choice of two coefficients of the second order derivatives is not sufficient
to fix ¢ and e completely. For example choosing the equations

2 2
aga — € — ajoc + ¢ =0, a0 — €y —azie+e =0

and substituting jets of ¢, and e, in the other coefficients still leaves them c- and
e-dependent. Also eliminating the jets ¢, and e, yields conditions for ¢ and e
from equations (7.15) and the following invariant conditions for the factorisation.
0 = 20304, - 2I115, +2(I3)* — (I})*]3,
0 = —II3+2If I3 — (I1)* + {1 — 21} 11,
0 = 205, I5(1)* + 201 I (1) + 15, g (11)* = (1) 15, — 215,15, (17)?
—15,I3(11)° = 2L (I5)° + 4(11)°(I3)* + 2(L5)* (1) Li + 211 I (I5)?,
0 = =8I5(13)* — 4lgI5 I} +4l5 Iy — 815, I — 815 15 + (Ig)* — 3(11)"
+12(13 )% + 2(11)* 3.
We expect that the factorisation of other fourth order LPDOs leads to similar
situations where differential algebra is needed. This may lead to further insight
into the factorisation of LPDOs.
The third and last possible factorisation into first order coefficients is L y2y2 =

L3LyLaLy of type (Y)(X)(X)(Y). All other possible factorisations into first order

operators can be obtained by exchanging x and y.

b = ax—e,
c = a —d,

2
dy = —ag+ ag1,y +dag —d°,

—ap1 + az1a02 + 2a02,y
agiai2 — ail + 2a12,y
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During the calculation of the conditions for factorisation we have assumed that
both I} and I} are nonzero.

= 204, I — 203, 1 — I (1) = (I1)°,

= 203, I —2I3I5, +6(13)* — Iglg — (1})*L;
= 20|, -4} - I

= L(13)° = IgI7 + 11 .

o o o o
|

Thus was possible to compute all conditions for the factorisation of L y2y2 into
first order factors.
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Appendix A

Symbols and Spencer
Cohomology

In this appendix, the symbol M, of a PDE system R, is defined, which was
already used to test formal integrability in Theorem 1.28. The symbol M, con-
tains information about the highest order part of a PDE system R,. In the linear
case, it actually consists of the highest order subsystem. It is possible to check
the regularity of the prolongations R4, with the symbol.

Based on the symbol, Spencer d-sequences and Spencer cohomology are in-
troduced. They help to decide at which order ¢ + r» new lower order equations
may occur because highest order jets cancel.

There are two approaches to the computation of Spencer cohomology. The
more widely known version works directly with the Spencer sequences. Over
each point of R, the Spencer sequences are sequences of vector spaces so the
calculation is reduced to linear algebra (see e.g. [Gol67b], [Pom78] or [Spe69]). A
second, probably less familiar approach relies on commutative algebra to calculate
Spencer cohomology. It is presented in [Qui64] and more recently in [Mal05].
The advantage of the second approach is that all cohomology groups may be
determined in a finite computation without using special d-regular coordinates.

Both ways of computing Spencer cohomology are implemented in a MAPLE
package called Spencer. It was developed for this thesis and we give a short
introduction to the main functions. A sample calculation is shown in the last
part of this appendix.

Before defining the symbol, we construct a power series solution of a linear
system R, C J,(F) and show the connection to the symbol. A series solution is
computed by induction on the order ¢ + r. At each step, inhomogenous linear
equations for the jet coordinates y,4, of strict order ¢ + r must be solved. They

depend on the lower order jets y,...,yq4+r—1 already computed. The symbol
characterises the solution space for y,4, as it consists of all solutions of the
homogenous system with y = ... = y44-—1 = 0. Geometrically, the homogenous

system corresponds to the restriction to the subbundle SYT*®E of J,4,(E) — X.

209
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So the symbol is the restriction of R, to S97™ ® E. For nonlinear systems R, we
first apply the linearisation R, = V(R,).

Definition A.1. [Gol67b, Def. 7.1] The symbol M, of a nonlinear system of
PDEs R, C J,4(€) is defined as the family of subspaces:

My =V(Ry) NSIT* @r, V(E).
If R, is a linear system over F, the symbol is defined as
Mq:quSqT*@)E. o

To compute the tensor product ST ®x, V (&), first take the pullback bundles
SI1T* xx Ry and V(&) xg Ry over R, and then form the tensor product of their
fibres. If no confusion can arise, pullbacks will be omitted.

If R, is given by the equations ®*(z,y,y,) = w*(z), a = 1,...,k, then M,
is defined by restricting the equations for the vertical bundle to the highest order
jets |u| = ¢:

foLia -
Higher order symbols M, obviously depend only on R, as their defining equa-

tions are:
o

W([Ea Y, yq)&i-{—u =0, ‘/U" =4q, ’V’ =T (A2)
Y

If Ry = Ry is a linear system, the vertical derivative simply renames the highest
order jets from yL to ffL and up to a pullback both definitions of the symbol
coincide.

In Definition 1.24, the prolongation R4, was not necessarily regular, i.e. a
subbundle of J,4,(£) — X. With the help of the symbol, regularity in the highest
order component can be checked. We have the following proposition.

Proposition A.2. [Gol67b, Prop. 7.1] For a system R, C J,(€) of PDEs the
following statements are equivalent:

(1) Mgy is a vector bundle over R, and 7r3+1 : Rg+1 — Ry is surjective.
(2) Rgs1 — Ry is a subbundle of J 41(E)|r, — Ry

(3) Rgs1 — Ry is an affine subbundle of J,11(€)|r, — Ry modelled over the
vector bundle M.

If one of the assertions is fulfilled, the r-th prolongation R(441)4, of Rg+1 is the
same as the r + 1-th prolongation R, (.41 of Ry. o
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If all symbols Mgq,41 for 0 <7 < s € N are vector bundles, we can induc-
tively prove that the equivalent conditions hold if ¢ is replaced by ¢ + r. In this
case, the order of prolongations is irrelevant and we have R, 4r)+s = Rgq(r4s)-

Of course the prolongations R,y, may be regular even if the projections
31571 are not surjective. In this case the new lower order equation must be
checked separately (see the example in Section 3.4.3). We give an example for
the symbol, where its prolongation is not a vector bundle and the prolongation

cannot be regular.

s

Example A.3. We continue Example 1.25. The symbol M, satisfies the equa-
tions

gyy_u$w§ac:c = 07
5$y_5$z = 0.

The prolongation Mj is no longer a vector bundle, as the defining equations

fa:yy — Ugy faz:l:z
gyyy — Ugy éa:acy -

éxwy - 5$zz -

|
o oo o

fﬂcyy - fmy =

also contain

If upy # 1, M3 is zero-dimensional. For u,, = 1 there is a rank drop in the
equations and Rj3 is one-dimensional:

Uy = 1 = ‘S:m:x — {mmy — fmyy - é.yyy-

So M3 is only a family of vector spaces. On the open submanifold u,, # 1 of
J2(€) it is a vector bundle. o

Spencer Cohomology

Having defined the symbols My, for a PDE system R,, we proceed with the
Spencer d-sequences. If all symbols have constant rank, we obtain sequences
of vector bundles. The goal of this section is to compute their so-called Spencer
cohomology. Therefore we give explicit coordinate representations of the involved
maps.

We first define Spencer d-sequences for the trivial system R, = J,(E) with
symbols M, = S9T* @ E. The Spencer é-map is a morphism of vector bundles
over X:

+1
5 NT 8T - N Tr@s'T*,  0<s<n, qeN,
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defined by the composition

s+1

NT @57~ NT* o T @ 59717 T* @ ST (A.3)

of the canonical embedding ¢ : SIT* — T* ® S9~'T* with the exterior product.
Tensoring each A*T* ® S9T* with a vector bundle E, § gives rise to the Spencer
d-sequences:

0— ST 0FE LT 08 ' T"0E -2 ...
-1
N oSt 9 E - N'TF e ST 9 E — 0
For negative indices ¢ — r < 0 set S97"1T™* = 0. Interpreting the coordinates
of Jy(E) as Taylor coefficients, the é-map is the formal exterior derivative of
homogeneous polynomials of degree q. It follows that the sequences are exact
(see also [Spe69, p. 188]).

We derive a coordinate representation for the Spencer d-map, following [Pom78,
p. 86]. At first, we need a local basis (d¢!, ... dé") of T*. The s-fold products

dE A - N dES, i< ... <ig

are a local basis of \*T*. Let vﬁ be an element of S9T* @ F with 1 < k < m
and |u| = q. Each element of \°T* ® S9T* @ E can be written as

L . - iy ‘
wy =dEM N NdEF vy g, I=(iy,...,1is).

Applying é to w € \* ' T* @ S9H1T* @ E yields:
(Ow)l = d&" A (Sw)l = dg' Awh (A.4)
implicitly defining the maps &;. In this form it is easy to see 42 = 0:
2 k i j k

The é-sequences can be restricted to the symbols Mg, of a PDE system R,.
Due to equation (A.2), the higher order symbols depend on R, only, such that
we can work with sequences over R,,.

Lemma A.4. [Gol67b, §6] If M, is the symbol of a system R, C J,(£) of PDEs
then by setting M, = S*T* @ V() for k < q the Spencer d-sequences can be
restricted to sequences

0 — Mgyr LT Mgir—1 R /\nT* & Mgn — 0. (A.5)
o

Proof. If M, is defined by equations A’,:nl’j = 0 then M1 is defined by AZn/’jHi =
0 for 1 <7 < n, being compatible with ¢: A’,:(én)ﬁ = d& A (A‘kfnﬁﬂi) = 0. O



213

It is now possible to define Spencer cohomology and the acyclicity of symbols,
which was needed for Theorem 1.28.

Definition A.5. [Gol67b, Def. 6.1] The cohomology of the sequence (A.5)
at position A\’ T* ® M,_; is denoted by HJZ_Z = H}_i(./\/lq) and called Spencer
cohomology. M, is called involutive, if the sequences (A.5) are exact for all r > 0
and k-acyclic, if H;:(./\/lq) =0 forall j <k i>0 M,isof finite type, if
Myir =0 for some 7 > 0. o

According to Serre’s letter in the appendix of [GS64], involutive symbols
correspond to Cartan’s [Car04] notion of being in involution.

The most important properties of symbols are 2-acyclicity and involutivity.
In addition to the check of formal integrability, we give another consequence
of 2-acyclic symbols which is used in Section 4.3.1. It provides a link between
Proposition A.2 which deals with the prolongation and Theorem 4.26 which treats
the projection of PDE systems. In the linear case, the following proposition is
essentially present in [Gol67a, §4].

Proposition A.6. [Pom83, Prop. 1.A.3.30] Let Ry, C J4(€) be a system of
PDEs with symbol M,. If M, is a vector bundle over R, and M, is 2-acyclic
then Mg, is a vector bundle over R, for all » € N. o

Theorem 1.28 claims to reduce the test of formal integrability to a finite
calculation, but it relies on 2-acyclic symbols. To check a 2-acyclic symbol, there
are again infinitely many conditions. This problem can be solved in two ways. It
is known that the symbol M, becomes involutive for a sufficiently large r € N
(see [Spe62] or [EGS65]). There are finite tests for involutive symbols that rely on
special d-regular coordinates (see e.g. [GS64], [Mal05], [Pom78], [Sei02]). We will
follow a second approach mentioned in [Qui64] and [Mal05] that uses methods of
commutative algebra. It allows to compute the infinite number of cohomology
groups in a finite calculation.

Before turning to commutative algebra, we give an example showing the ex-
plicit calculation of a single Spencer d-sequence and its cohomology.

Example A.7. On £ = R? xR with coordinates (2!, 22, 23, y) consider the linear
system:

Yl 22 = 0,
Yp1 o3 =0,
R2 : Yp2 22 = 0,
Yp2 43 =0,
Yg3 23 = 0.

The symbol My is defined by:

gccl,xQ = fxl,x?’ = 512,12 = 61‘2,1‘3 = 5:):3,933 = 0.
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Suitable coordinates for My are (§,1 ,1) and for all higher order symbols M;
(€41, 41) with ¢ > 2 x'-derivatives. We compute the d-sequence starting with

My:

(0) (1) (3)
0 —> My —2=T" @ My~ NT* @ My > NT* @ T* —0. (A.6)

Choosing coordinates for the vector bundles:

My (gxl,xl,xl,x1)>
T @ M3 (Ept z101 ® dx?) 1 <4 <3,
NT* @My (E1 01 @ da? Adal) 1<i<j<3,
(

i @drt Adz? Ada?) 1<i<3,

N'T*
we can compute the map FIOR

. 0, i=1
6(£azl,x1,x1d‘r ) - { §I17xldx1 A d;pi7 = {2,3}

The d-maps may be written as matrices (in row convention):
000 000
s =(100), sW=[100], dP=[00 0
010 1 00

By direct calculation, one verifies that the sequence (A.6) is exact, which means
the Spencer cohomology groups vanish:

H)(My) = HY(M3) = H3(Mz) = 0. o

Spencer Cohomology and the Koszul Complex

In order to compute all Spencer cohomology groups, we follow an approach of
Quillen [Qui64] using a complex of graded modules over a polynomial ring. The
link to Spencer d-sequences is the observation that the dual Spencer J-sequences
are homogenous components of a Koszul complex. We follow the recent presen-
tation of Malgrange [Mal05]. For Koszul complexes (as well as an introduction
to commutative algebra) we refer to [Eis95, Ch. 17].

First we shortly introduce the Koszul complex and state properties that are
important for the Spencer cohomology. Then we dualise the Spencer §-sequence
and show that the Koszul complex is the direct sum of these dualised sequences.
As a corollary, the Spencer cohomology can be computed with the Koszul com-
plex. In the next section, we show a MAPLE package doing these computations.

The Koszul complex is a sequence of modules over a graded polynomial ring
A =k[&,...,&]. Let A; be its homogenous component of degree i and define
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the vector space V. = A1 = (£1,...,&n)k. Let M be a graded A-module. Then
the Koszul complex with respect to the sequence § = ({1,...,§,) € A™ is denoted
by Ke(&, M). Set the modules as K,(§, M) = APV @ M for 0 < p < n and zero
otherwise: B

0—=ANVeOM—t AN ly oyt —Lyeormtspy—so.
The differentials d are:
d(Eiy Ao A&y @m) =D (DTG A NG A NG, @ 6m,
i

where the elements carrying a hat are omitted. By direct computation one shows
that Ke(&, M) is independent from the choice of base £ of V.

Anal(;gous to the Spencer d-sequences we define ac}clicity of the module M,
which involves a certain order q. We will see that both definitions coincide.

Definition A.8. Let Hp,(M) = Hy(§{, M), be the homogenous part of degree
r of the Koszul homology groups. M is called g-involutive if all homology
H,,(M) = 0 vanish for r > ¢. M, is called l-acyclic for [,q € Z>¢ if all ho-
mology groups H,,(M) = 0 vanish for r > g and p < L. o

Basic properties of the Koszul complex are:

Proposition A.9. (1) The Koszul complex for M is the tensor product of
Ko(§, A) with M:
Ko(§, M) = Ko(£,A) ®4 M.

(2) The homology groups Hy(§, M) of Ke(§, M) are all annihilated by gt
§'Hy(§, M) = 0.

(3) If M is finitely generated, then Hy(&, M) is also finitely generated.

(4) If M is finitely represented, i. e. there is an exact sequence

0 N A" M 0

of finitely generated A-modules and if M, N are generated by elements of
degree < then Hyq(M) = Hy4(M) =0 for all ¢ > 1.

(5) Since Hp4(A") =0 for (p,q) # (0,0) we have Hpi1 q—1(M) = Hp 4(N).

(6) The Koszul complex decomposes into direct sums of vector spaces:

O4>/\nV®Mq4>/\n_1V®Mq+l4>”'4>MQ+714>0‘
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The first property is trivial and all other properties are proved in [Mal05,
Chap. IJ.

The remaining part of this section establishes the link between Spencer 4-
sequences and the Koszul complex. We closely follow Quillen [Qui64, §5]. First
we dualise the Spencer d-sequences. Over each point, they are sequences of vector
spaces which are isomorphic to homogenous components of a Koszul complex.

Proposition A.10. The dual sequence of the Spencer d-sequence (A.5) is:
0— NToMy 2 25T Mo 5 Myyyr — 0 (A7)

with the family of dual vector spaces My = M C ST ® E for E = V(£)*. The
dual map 6*: AT ®@ M, — AN T Mg 41 is given by:
g . o~
Gt A Atg@m) =Y (=1 T A AT A A g ® e,
j=1

where elements carrying a hat are omitted. The multiplication tym = 0*(t; @ m)
is the restriction of T ® ST @ E — SIMT ® E to T ® My — My11. It extends
to the graded vector bundle M = @M}, where each fibre M|, over r, € Ry is a
module over the graded algebra

oo
ST, =P ST, ST.=R
k=0

with z = 7l (ry). o

Proof. It is sufficient to consider the fibres over a point r, € R,. For a basis
(é1,...,&,) of T, and the dual basis (d¢?,...,d¢"™) of T the Spencer 6-map is
(&u)ﬁ = d¢t A (5iw)ﬁ. The interior product i(d¢?) is dual to multiplication with
d€', which is an antiderivation:

5*(t1/\"‘/\tq®m) = Z(—l)k+1t1/\"‘/\Ef/\"'/\tq®d£i(tk)fim
k
= D (DM A AT A Aty @ e,
k

We made use of the fact that §; is the multiplication with &;.
According to equation (A.3) in the case of s = 0, 6* is simply the multiplica-
tion
& T ®SIT — ST,
which remains unchanged by tensoring with M7. The extension to M = &M,
is trivial. Since (6*)% = (§2)* = 0, we have

tQ(tlm) — 1 (tgm) = (5*)2(t1 Nt ® m) =0

and thus the multiplication S*T'® M — M is well-defined for all k. The basis
(&1, ...,&y) of T, induces an isomorphism S®T, = k[&q, ..., &,]. 0
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According to [Mal05], M is called characteristic module. We can now finish
the connection between the Koszul complex and Spencer cohomology. It remains
to show that M is a finitely represented module such that the calculation can be
implemented on a computer algebra system.

Theorem A.11. Over each v, € Ry, the Spencer cohomology can be computed
as the homology of the Koszul complex K, (&, M):

Hf(Mq‘rq) = Hp,T(M’rq)- <&

Proof. By Proposition A.10, the Spencer d-sequences over r, are dual to the
sequences (A.5). The Koszul complex Kq(&, M;,) consists of the direct sums of
the sequences (A.7), which are then sequences of S*T-modules. We omit the
point rg.

If M, is defined by the equations

AZ’”(rq)nﬁ =0, 1<7<s,
then the homogenous component M, is defined by

ZA’“ )t ey, = 0, 1<7r<s.

Here (ey) is a basis of the fibre of the vertical bundle V(J,(£)). The higher order

symbols and components are defined by:

Mggr: A;’“(rq)nﬁ+y =0, = My,: ZA H(ry)€ter) = 0.

It follows that M is finitely represented. O

Because the module M is finitely represented, we are now able to compute all
Spencer cohomology groups with Janet or Grobner basis techniques. We show a
MAPLE implementation in the next section. The 2-acyclicity of a symbol, which
was needed in Theorem 1.28; can be read off the dimensions of the cohomology
groups.

Remark A.12. To check if a given symbol is acyclic or even involutive, we are
interested in the dimensions hY = dim(HF(M,)) rather than the cohomology
groups themselves. For better readability, it is convenient to display the dimen-
sions hY = dim(HF (M,)) in a matrix:

hg hi .. hY
Ry hy ... A% (A.8)

where the colums begin with the zero cohomology groups H? (Mg). A symbol
2-acyclic if the first three columns of the matrix are filled with zeros. If the whole
matrix is zero, the symbol is involutive. o
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Example A.13. In Example A.7, the cohomology groups H} = Hi = H3 = {0}
have been calculated. The above matrix can be filled with the results:

0
A dot stands for cohomology groups not yet calculated. As the order of the
system is ¢ = 2, the groups H? (above the line) are irrelevant. o

The MAPLE package Spencer

Both approaches to compute Spencer cohomology groups are implemented in
the MAPLE package Spencer, which will be presented in this section. It was
developed for the present thesis. A sample calculation follows in the next section.

Independent from this implementation, the Vessiot package for MAPLE V
contains a subpackage which is also called Spencer (see [ACCT03]). It will be
part of the DifferentialGeometry package of MAPLE 14 and it supports the
computation of Spencer cohomology groups using sequences of vector bundles and
the results from both packages are, up to notation, identical. The commutative
algebra version is not implemented in the Vessiot subpackage.

Basically, Spencer is an application of the homalg package for abstract ho-
mological algebra by Barakat and Robertz [BR08|. It constructs either Spencer
d-sequences or the module M together with the Koszul complex Ko(§, M) and
uses homalg to compute the cohomology groups. While the Spencer d-sequences
involve only linear algebra, the computations via Koszul complex are possible if
the following tools are provided:

e The Koszul complex K,(§, A).

e The tensor product functor — ®4 M to compute Ko(§, A) ®4 M.
e A procedure to calculate homology groups Hy(§, M).

e A procedure to calculate dim H,,,.(§, M).

To construct the Koszul complex, the package JanetOre was extended to the
exterior algebra. JanetOre was written by Robertz [Rob06], [Rob08]. The tensor
product and the homology groups are provided by homalg. All computations
over k[&1, ..., &, are done with Involutive [BCG'03], implemented by Cid and
Robertz. Spencer contains a procedure to calculate dim Hj (&, M) based on
Involutive’s Hilbert series command. If in future, homalg supports graded
modules, the last step may be automatic.
For practical work, only three main commands are of interest:

e SpencerCohomology — compute the Spencer cohomology.
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e SCohomDim — display the dimensions AP" in a matrix.
e SCZeroSets — show the restrictions where the computation is valid.

A complete list of commands is found in Appendix D.3. The output of
SpencerCohomology is usually large and contains a table with sequences and
their cohomology groups. The output is best viewed with SCohomDim, that prints
a matrix of dimensions according to Remark A.12. Theorem A.11 provides the
Spencer cohomology computation over a specific point r4 € R,. If all coordinates
for rq4 are left as parameters, SCZeroSets prints the domain of validity for the
calculation. With a special homalg interface, Involutive supports this feature.

A MaprLE Example for Spencer Cohomology

In this section, we show a sample MAPLE worksheet where Spencer is used to
compute the Spencer cohomology of a linear system of PDEs. The example is
taken from [PQO0, Ex. 3].

On the bundle £ = R3 x R with coordinates (z*, 22, 23, ) consider the second
order linear system with parameters a,b € R:

Yzl 22 =
Yzl 23 =
R2 . y‘rz,xs =
Ya3.23 — A Yzl g1 =

Ya2 22 — by:pl,:pl =

coooo

Depending on the parameters, we obtain three cases with different Spencer co-
homology.

> with(jets):

> with(JanetOre):

> with(Involutive):
> with(homalg) :

The package Spencer to calculate the Spencer cohomology:

> with(Spencer);

[KoszulComplexT, SCZeroSets, SCohomDim, SdeltaCosequence, SpencerCohomology,
SymbolModule, SymbolOf]
Declaration of independent and dependent variables:
> ivar := [x1, x2, x3]: dvar := [y]l: Dvar := [xil, xi2, xi3]:
Define the system Ro:
> R2 := [y[x1,x2]=0, y[x1,x3]=0, y[x2,x3]=0, y[x3,x3]-a*y[x1,x1]=0,
> y[x2,x2]-b*y[x1,x1]=0];

R2 = [yz1,$2 =0, Yz1,28 = 0, Yz2,28 = 0, Yz3,28 — AYzl, z1 = 0, Yz2,22 — byzl,xl = O]
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The Generic Case:

At first, the Spencer cohomology is calculated for the generic case, where no
assumption on the parameters have been made. We compute the Spencer co-
homology HP? for ¢ € {2,3} and p € {0,1,2,3} to see all cohomology groups
involving Moy and Msj:
> Sc2_1:=SpencerCohomology(R2,[2,3],[0,1,2,3],ivar,dvar):

Print the dimensions of the cohomology groups (dots mean, that nothing has
been calculated yet):

> SCohomDim(Sc2_1,ivar,dvar);

0001
0000
000
0 0
L0

The symbol Ms is not involutive, since H32(My) is one-dimensional. It is
likely that Ms is 2-acyclic. To prove it, we compute the Spencer cohomology via
Koszul complex and display their dimensions.

> IZS := ‘InvolutiveZeroSets/homalg‘:
> Sc2_1k:=SpencerCohomology(R2,ivar,dvar,Dvar,IZS):
> SCohomDim(Sc2_1k,Dvar,IZS);

00 01
00 00
The second calculation shows that Ms is 2-acyclic and Mg is involutive. If
the input of SCohomDim has been computed via Koszul complex, a trailing row
of zero means that all higher cohomology vanishes. During the calculation, both
a and b are assumed to be nonzero (as well as some combinations).
> SCZeroSets(Sc2_1k);
[b, al
The previous calculation is not valid for vanishing a or b, so these cases must
be treated separately.

The Case b = 0:

In this step, we choose a single term from the output of SCZeroSets and set it
to zero. Our first choice is b = 0.

> R2_2 := subs(b=0,R2);

R2_2 := [yacl,xQ =0, Yz1,28 = 0, Yz2,23 = 0, Yz3,28 — AYzl, x1 = 0, Y22, 22 = 0]
Compute several cohomology groups to see that Ms is not 2-acyclic:
> Sc2_2:=SpencerCohomology(R2_2,[2,3],[0,1,2,3],ivar,dvar):
> SCohomDim(Sc2_2,ivar,dvar);
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0 011
0000
0 0O
00

0

Compute the Spencer cohomology via Koszul complex and show the dimen-

sions:
> Sc2_2k:=SpencerCohomology(R2_2,ivar,dvar,Dvar,IZS):
> SCohomDim(Sc2_2k,Dvar,IZS);

0 011
0 000
The symbol Msj is involutive and the calculation is valid for a # O:

> SCZeroSets(Sc2_2k);

[a]

The Case a = 0:

This case is equivalent to b = 0 by swapping z' and 23. We expect that this
calculation is valid for b # 0.

> R2_3 := subs(a=0,R2);

R2_3 = [yzl,zQ =0, Yz1, 23 = 0, Yz2, 23 = 0, Yz3, 23 = 0, Yz2, 22 — byzl,zl = 0]
The Spencer cohomology:

> Sc2_3k:=SpencerCohomology(R2_3,ivar,dvar,Dvar,IZS):
> SCohomDim(Sc2_3k,Dvar,IZS);

0 011
0000
The domain of validity is no surprise:

> SCZeroSets(Sc2_3k);

[b]

The Case a = b =0:

Both computations for one constant being zero have used the assumption that
the second constant is nonzero. So the remaining case where both constants are
zero has to be taken into account. It has partly been treated in Example A.7.

> R2_4 := subs([a=0,b=0],R2);
R2—4 = [yxl,m,g = 07 Yz1,23 = 07 Yz2, 23 = 07 Yz3,23 = 07 Yz2, 22 = 0]
Compute the Spencer cohomology via Spencer J§-sequences:
> Sc2_4:=SpencerCohomology(R2_4,[2,3],[0,1,2,3],ivar,dvar):
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The dimensions:

> SCohomDim(Sc2_4,ivar,dvar);

0000
00 00
0 00
00
0

It is very likely that My is involutive. The computation via Koszul complex
proves it.

> Sc2_4k:=SpencerCohomology(R2_4,ivar,dvar,Dvar,IZS):
> SCohomDim(Sc2_4k,Dvar,IZS);

{ 00 00 ]
As all parameters were set to zero, this calculation is valid everywhere:
> SCZeroSets(Sc2_4k);

[]

Further Commands of the Spencer Package

In this part, we show less important commands of the Spencer package that
might be of use, too. The first procedure computes the symbol of a linear system
R,. It returns two lists. The first contains a local basis of M, and the second
the defining equations (A.1). Compute the symbol My for a = b= 0:

> SymbolOf (R2_4,2,ivar,dvar);

Hyﬂ,z]]a [yxl,m,Qa Yz1,235 Yz2,225 Y22,23, yxé’,mé’ﬂ
We observe that both symbols Ms and M3 are nonzero:

> SymbolO0f(R2_4,2,ivar,dvar) [1];
> SymbolOf(R2_4,3,ivar,dvar) [1];

[yzl 1 ]

[yzl,ml,zl]

It is also possible to compute the characteristic module:

> SymbolModule(R2_4,ivar,dvar,Dvar,IZS);

2

[[1 = 1], [£32, €23, €1€3, €22, €12, “Presentation”, 1+ 3 s + % 1,0, 0]]

The output is a homalg presentation of a module (compare [BROS8, Fig. 1,
App. C.1]). It contains a list of generators [1 = 1], relations on the generators
[€2,...] and combinatorial data such as the Hilbert series 1+ 3s + 18—_28

The example is small enough to display a single Spencer d-sequence. It is
actually the sequence (A.6) up to renaming & — y. The result is a cosequence in
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homalg notation containing presentations and matrices of the homomorphisms.

> Sp_2_4 := SdeltaCosequence(R2_4,2,ivar,dvar);

Sp-2_4 := |[[1 = 0], [1], “Presentation”, [1], 0], [ 0 ],

([1 = Ya1,21,21,21], [0], “Presentation”, [0], 1], [ 1 00 ] ol
[[17 0, 0] = Yzi,z1,x1 dSC], [07 1, 0] = Yzi,z1,x1 dz2, [0, 0, 1] = Yz1,z1, 1 dl‘g],

[0 0 0]
[[0, 0, 0]], “Presentation”, [0, 0,0],3], | 1 0 0 |,]
(0 1 0|
[[1, 0, 0] = yz1,21 dzl dz2, [0, 1, 0] = Y1, 21 dzl dz3, [0, 0, 1] = yyp1, 41 dz2 dz3],
[0 0 0
[[0, 0, 0]], “Presentation”, [0, 0,0],3], | 0 0 0 |,]
1 00

~

[[1, 0, 0] = yss dzl dx2 dz3, [0, 1, 0] = yge dxl dz2 dz3, [0, 0, 1] = yus dzl dz2 dz3]

, 1[0, 0, 0]], “Presentation”, [0, 0, 0], 3]

The presentations for My and T* ® M3 are:
> Sp_2_4[3];
> Sp_2_4[5];

[[1 = Yz1,21,21,21), [0], “Presentation”, [0], 1]

[[[1, 0, 0] = Y1, 21,21 dx1, [0, 1, 0] = Yz 21,21 d22, [0, 0, 1] = Yu1, 41,01 dz3], [[0, 0, O]],
“Presentation”, [0, 0, 0], 3]
The homomorphism §(©):
> Sp_2_4[4];
[1 0 0]
As computed in Example A.7, the Spencer cohomology vanishes. The last

entry of the vector space representation shows the dimension, which is zero in all

cases:
> (CSp_2_4 := CohomologyModules(Sp_2_4, [0],PIR);
> map(a->a[-1],CSp_2_4);

CSp_2_4 = %1, %1, %l]
%1 := [[1 = 0], [1], “Presentation”, [1], 0]
[0, 0, 0]

The Spencer cohomology completes the geometric treatment of PDE systems
from Section 1.3.
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Appendix B

Jet Groups

Studying the symmetries of geometric objects on a manifold X leads to PDE
systems over £ = X x X. Their invertible solutions may be composed, so all
germs of solutions, stabilising a single point € X, form a group. In this ap-
pendix the restriction of these groups to g-th order jets, called jet groups, are
introduced. Already present in Ehresmann’s work [Ehr53], they were thorougly
studied by Terng [Ter78] (see also [KMS93]). It turns out that both prolongation
and projection of PDE systems can be done with the help of jet groups and their
actions on manifolds. This appendix mainly follows Terng [Ter78] and [KMS93,
§13).

The most general jet group GL, consists of all ¢g-jets of diffeomorphisms R" —
R™ that keep the origin fixed. In Chapter 2 on groupoids the GL, reappears as an
isotropy group and in Chapter 3 it is shown that each natural bundle is uniquely
defined by a GLg-action on its fibre.

In many cases, one wants to restrict the symmetries of geometric objects to
a subclass of all diffeomorphisms, e.g. to the isometries of a metric. This leads
to subgroups G, < GL, for all ¢ € N. But not all choices of subgroups G, are
useful for prolongation and projection, so conditions for suitable groups G, are
developed. The corresponding conditions for their Lie algebras are very much
inspired by the results in [GS64] on infinitesimal automorphisms.

B.1 Her Majesty GL,

At first, we define the jet group GL,, which is a model for all diffeomorphisms
@ : X — X that stabilise a point x € X. As we are dealing with local properties,
we may assume X = R™ and z = 0. All germs of diffeomorphisms ¢ : R — R"
with ¢(0) = 0 form a group GLo,. Taking the g-jet of ¢ conserves the group
properties and defines the Lie group GL,.

Definition B.1. The jet group of order q, GL; = GL4(R"™), is the Lie group of
g-jets of diffeomorphisms R™ — R™ leaving the origin fixed. The group multipli-
cation is the jet composition. o
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The truncated Taylor series representation from Remark 1.4 identifies GL,
with polynomial maps R” — R"™ without constant term and nonzero determi-
nant. Under this identification, GL, is an open subset of R[z1, ... , 2"]§ <4 Which
consists of n-tuples of polynomials p of degree < g with p(0) = 0. The multi-
plication of f,g € GL, is the truncation of the composition f o g of polynomial
maps to degree q.

Using the polynomial representation and the jet bundle projections WgM, we
obtain the following properties of jet groups (see [Ter78, §2]).

Proposition B.2. For the jet groups GL,(R"™) we have:
(1) GL1(R™) = GL(R™) is the usual general linear group.
(2) For each g € N and r € Z>¢ there is an exact sequence of groups:

q+r
Tq

1—— Kg+r —— GLg4r GL, 1 (B.1)

defining the normal subgroups K", Set K 41 := KI™.
(3) The exact sequence splits for 77

7

(4) K{ is nilpotent and GL, = GL; x K{ is a semidirect product. The normal
subgroup K,1 = KI™ is abelian. o

Proof. The composition of linear polynomials stays linear, so GL1 (R™) = GL(R")
follows. The projection of forgetting higher order jets,

ﬂg” t Jgrr (R X R™) — J,(R™ x R™),
restricts to the group homomorphism WZM : GLg4, — GLg4 because jq(¢ o @) =
Jq(¥)0jq(p). The second exact sequence splits, because the composition of linear

maps stays linear. It follows from the split that GL, is a semidirect product. (4)
follows from the Lie algebra properties in Proposition B.6. 0O

The kernels K¢1" consist of elements whose Taylor expansion differs from
the identity map only above order q. Kngr is used in Chapter 3 to describe the
projection of PDE systems for symmetries efficiently. The projection is prepared
in Section B.5.
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B.2 The Lie Algebra gl, of GL,

We also introduce the Lie algebra gl, of GL, which consists of g-jets of vector
fields on R™ that vanish at the origin. Due to the jet projections, gl, is a graded
algebra and we give an explicit basis adapted to the graduation. This basis was
implicitly used by Lie [Lie91] and Vessiot [Ves03] and it provides an efficient tool
to compute the projections of PDE systems for groupoids in Section 3.4.2.

The algebra gl, reappears in Appendix C.2 as the isotropy algebra of jet
algebroids. We have adapted the notation of [Ter78] to match Chapter 2 and
Appendix C. Let Jy0(TR"™) = ker(w}) be the subbundle of J,(TR™) — X of
g-jets jq(€)(x) of vector fields & on R™ which vanish at = ({(x) = 0). Denote the
fibre at the origin 0 € R™ by J, o(TR"™)¢. It contains g-jets of vector fields at the
origin, which also vanish at the origin.

Proposition B.3. [Ter78, Thm. 2.1] The Lie algebra gl, of GL, is isomorphic
to
g[q = quo(TRn)o.

The Lie bracket for £,7 € I'(TR"™) with &|o = n]o =0 is

[74(£)(0), 44 (M) (0)] = —Jq([€,1](0)).

If o is the flow generated by &, the exponential map is exp(jq(£)(0)) = jq(%¢)(0).0

Proof. The tangent space of GL, at the identity consists of all ¢-jets j,(£)(0) of
vector fields £ € X(R"™) = I'(TR™) which vanish at the origin: £|o = 0. This is
the kernel of m , : J,(TR") — TR".

Differentiate the flow ¢; generated by £ to obtain:

d d

G| o0 =G|

dt |, 0)(0) = jr(£)(0),

since derivatives commute. The Lie bracket is calculated analogously using
Ja(pt) © Jq(ve) = Jq(ior 0 1t). O

Similar to GL,, elements of gl, can be identified with polynomial vector fields
of degree g without constant term. The second property in the next proposition
is the infinitesimal analogue to Proposition B.2 (2).

Proposition B.4. For gl the following properties hold:

(1) The tangent maps it |iq : gly+, — gl, from equation (B.1) are the jet
projections

T Jgaro(TRY) — Jgo(TR™),

which are again called 7"
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(2) For each g € N and r € Z>¢ there is an exact sequence of Lie algebras:

ﬂq-ﬁ-r

0 gt glyrr — gl 0 (B.2)

defining ideals €7 = ker(7d*") being the Lie algebras of KJ'". For ¢ = 1
the sequence splits. o

For Proposition B.2 (4), we show that gl, is graded. At first, we choose a
basis of gl,. It plays an important role for infinitesimal diffeomorphisms treated
in Appendix C.2 on jet algebroids. The vector fields were introduced by Lie
[Lie91, II, §14] and Vessiot [Ves03, eq. 3].

Lemma B.5. The ¢-jets of the vector fields

1 0

—_pH

v x .
ul Oxt

Hno_
S

form a basis (A% (q) = jq(vf')|1 < i <n, 1 < |u| < q) of gl, with Lie brackets:

(]

v—1;)! v—1; v—1,;)! v—1;
Vi WL! A Tlig) - j%iyylj)Aéﬁ "(q)
(A% (q), A% (q)] = if g+ v < g+ 1 (B.3)
0 otherwise.

If SL are the fibre coordinates of J;o(TR"), each AY(q) corresponds to a single
nonzero §L = 6;5;1. o

Proof. All v/ form a basis of polynomial vector fields of order < g. The Lie
bracket
[:r“axi, iL'Vaxj] =V .Z‘lH_V_li 890]- — Us .I‘lH_V_lj ze

truncated to order ¢ gives the Lie brackets for Al (g) by adjusting coefficients.

This basis is adapted to the graduation of gl, which will be treated in the
next proposition, which summarises several results from [KMS93, §13].

Proposition B.6. For gl, the following properties hold:

(1) The €/, 1 < i < g are a filtration of gl, which induces a graduation of g,
as a vector space:
gl, Zglidglld- - @ gll, (B.4)

where the homogenous components g[fl = €7 /e! 41 are canonically isomor-
phic to S'R™* ® R™. So for i < g, g[f] = g[fJH and the index ¢ may be
omitted if no confusion arises.
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(2) Setting g[fl = 0 for i > g, the Lie bracket on gl satisfies:
[all, gll] C gttt (B.5)

(3) Shifting the degrees by one, hz = g[ﬁ]“, gl, is a graded Lie algebra:

b, b)] C bt (B.6)
(4) All kernels €/ are nilpotent and therefore solvable. The highest order ideals
AR g[gi} are abelian. 3

Proof. Eg C E;I- for j < i implies that

{oyceic...CefCygl,

is a filtration of gl,. A basis for g[é are (Az‘(q)| || = i) being g-jets of homogenous

polynomial vector fields of degree ¢. This also proves g[f] =~ SIR™* @R". Equation
(B.5) and the graduation (3) then follow directly from Lemma B.5. £/ is nilpotent,
since the derived algebras [€7, £7], .. .restrict to higher degrees by equation (B.5).
The Lie brackets for the highest order terms EZH are thus always zero. O

The graduation of gl, according to equation (B.4) follows the interpretation
of g[é as jets of strict order ¢. In this thesis, the jet order is more important than
the fact that gl, is a graded Lie algebra with shifted degrees as in equation (B.6).

The isomorphism g[f] =~ S'R™* ® R" is connected with the symbol of a PDE
system in Appendix A. If R, is a PDE system over £ = R"™ x R" of order g, its
symbol is isomorphic to a subspace of gl (see Lemma 3.43).

B.3 Subgroups G, of GL,

The full jet groups GL, were introduced as g-jets of all diffeomorphisms ¢ : R" —
R™ with ¢(0) = 0. But in order to study a smaller class of diffeomorphisms, e.g.
rotations in R", it is necessary to consider closed subgroups Gy < GL, for each
q € N. Not all choices of subgroups are induced by diffeomorphisms, so we state
conditions on Gy. If they are fulfilled, the next section shows how to prolong the
G4-action on a manifold F' to a Gy4-action on the algebraic prolongation F) of
F', which will be introduced in Section B.5.1. The results may be new, but they
are obtained in a straightforward way from [GS64].

An obvious condition to be fulfilled by G, is that all projections 7r3+7’ cGygr —
G4 must be well-defined and surjective. Another condition applies to the pro-
longation, namely that the elements of G, are defined by PDEs and the groups
G g+r with higher jet order should also satisfy the prolonged equations. For GL,
itself, the prolongation property is trivially satisfied.
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Proposition B.7. Let G, < GL, be closed Lie subgroups for ¢ € N. The groups
G4 are the projections of a closed Lie subgroup G, < GL to g-th order jets if
and only if the following conditions hold for all ¢ < qg, r € N:

(1) The projections wd*" restrict to group epimorphisms 7i'" : Gy — Gy,

such that there are exact sequences:

q+r
Tq

1—— KngT Gq+r Gq 1

(2) Ggtr is a subgroup of {jg+r ()| ¢ € GLoo, Jg()(0) € Gy}

In this case, Proposition B.2 (3) and (4) remains valid for the restriction to G4.0

Proof. Let Goo < GL. Then properties (1) and (2) follow, because 7° : Goo —
Ggis 10 =™ or22,.

If (1) is not valid, there exists a ¢ such that jg4,(©)(0) € G4 but j4(¢)(0) ¢
Gg4. So there cannot be an epimorphism G, — Gj.

If (2) is violated, there exists an element gq4, € Ggyr with taylor series
representative ¢ according to Remark 1.4 and jg4,(¢)(0) € Gy but j4(¢)(0) ¢

Gy4. So 7r3+r : Ggqr — Gg is not well-defined. 0

Condition (2) means that for a given G, the groups G4, may not be chosen
as the full preimage (m’f”)*l(Gq). Being a closed subgroup of GLg, there is a
system of PDEs defining G, together with the condition that the origin stays
fixed. Then all elements g41, € G¢4r must be solutions of the same system. It is

possible to restrict G4, further by introducing new equations of order > q.

Definition B.8. Let Gy < GL, be closed Lie subgroups for ¢ € N satisfying the
conditions of Proposition B.7. The G, are called compatible with prolongation. ¢

The next example shows that condition (2) of Proposition B.7 is nontrivial
and may even imply that the prolongation is trivial.

Example B.9. The orthogonal group O(R") = {g € GL(R")|gg"" = 1} is a
subgroup G; := O(R"™) < GL; defined by the equations:

Zy;‘-yf:éik V1<ik<n.
J

Any solution y' = ¢*(z) also fulfills the second order equations:

S yhi iyl =0,
;

which are obtained by prolongation. But these equations are equivalent to y; =0
for all 7,5,k < n. So G2 and all higher order groups are isomorphic to O(R").
The group O(R™) is of finite type. o
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B.4 Lie Subalgebras g, of gl,

The condition that groups Gy < GL, for ¢ € N are compatible with prolongation
can also be stated for their Lie algebras g,. This process is very similar to [GS64],
where infinitesimal automorphisms of a finite-dimensional vector space are stud-
ied. Guillemin and Sternberg derive local conditions on transitive geometries,
which have a Lie algebroid structure (see Appendix C). As we are dealing with
Lie algebras only, their results are turned into conditions.

At first, we have to define the prolongation of a Lie subalgebra of gl , which is
done in [GS64, Def. 2.1]. See also [Kob72] for the case of ¢ = 1. The prolongation
may be defined using only vector spaces.

Definition B.10. Let P and @ be two vector spaces. A subspace h < Hom(P, Q)
is called tableau. The first prolongation of a tableau h is the subspace h(1) <
Hom(P, h) such that 7' € hM) if and only if

T(u)v =T()u Yu,v € P. (B.7)

Higher prolongations are defined by iteration: h(") := RO’ o

Based on the prolongation of Lie algebras, also the prolongation G' of a
group G < GL; is defined [Ste64, Def. VII.3.3]. It is may be used for the Cartan
equivalence method in Section 6.2. Before we proceed with the prolongation of
Lie algebras, we state a useful lemma.

Lemma B.11. [GS64, La. 2.1] For P, Q as in Definition B.10 let h° < Hom(P, Q)
and h* (i < 1) be a sequence of spaces satisfying h*t1 C (h?)(1). Then there is an
integer ¢, called the geometric order, such that h?™" = (hq)(” for all » > 1. o

The lemma follows directly from Hilbert’s basis theorem.

To apply Definition B.10 to the homogenous components of a graded Lie
subalgebra g, < gl,, we use P = R" and @ < SER™* @ R™ for suitable k € N.
Let

q7

gg=0' @...0¢

be the decomposition of g, into homogenous components. Choose the tableau
g for some k € N. Both the first prolongation (¢*)(!) and gh*! are subspaces
of gl**'. We call those Lie subalgebras 9q, ¢ € N compatible with prolongation
that satisfy ght! C (g*)"). By Lemma B.11, there is a finite geometric order
qo such that ght! = (gk)(l) for all £ > q9. The next proposition shows that we
have constructed the lie algebras corresponding to subgroups Gy, < GL, which
are compatible with prolongation.

Proposition B.12. Let G, < GL, be groups which are compatible with prolon-
gation and let g, < gl, be their Lie algebras. Then there are subspaces gh < gl*
with g*™* C (")) such that

g =9 @ --@g? VgeN
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can be decomposed as a vector space, inducing a graduation on g,.

Conversely, if g4, ¢ € N are subalgebras which are compatible with prolonga-
tion, then formally a subgroups G, < GL, compatible with prolongation may be
constructed. o

Formally means, that it is possible to construct formal power series elements
of GLx, but no convergence is tested. This is again the difference between formal
integrability and the existence of smooth solutions (see Section 1.3.2).

Proof. Propositions B.3 and B.7 imply that there are exact sequences of Lie
algebras

0 2 Gq+r 8 0

defining ideals €57 < g,., analogous to equation (B.2). Again, £J7" is the Lie
algebra of K™ and all €/ induce a filtration of g,. Setting gF = tl/9,1 to be
the homogenous components, there is a decomposition of g, as a vector space:

As ?g_l < SIR™* ® R", each g* is a subspace of gl¥. The graduation of the Lie
algebra g, follows from gl,.

If G4 < GL is defined by the equations ®7(y,) = 0, 1 < 7 <, then condition
(2) of Proposition B.7 implies that all total derivatives D;®7(yg4+1) = 0 of the
equations are valid on Gg41.

According to Proposition B.3, g, is then defined by the equations id* §(®") =
0, where 6 = 5,3% is the vertical derivative and £’ are the coordinates of J,(TR™).
By the above graduation, one obtains homogenous equations A7" §L = 0. On
gg+1, the equations A]" L +1, = 0 must be valid, because vertical and total
derivatives commute: 0D; = D;d by Proposition 1.10 (5).

These are exactly the conditions from Definition B.10. Equation (B.7) implies
that (gF)(1) < glf*1. Let g* be defined by equations APHe for |u| = k. Then an
element

j 1 Ey(1
Ep, 21900 € (@)D
must be a map R” — SFR™* ® R", so we decompose it to
2l ® §z+1j xH 0.

But then §LH M0, must be an element of g*, thus AZ’“? - = 0 must be valid.
J ptl;

Conversely, Proposition B.3 allows to construct a chain of closed Lie subgroups

G4 that are compatible with prolongation. However the power series vector field

constructed for increasing ¢ is only a formal one. Take G, as the inverse limit
of all G. 0O
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Example B.13. We continue Example B.9 on the orthogonal group. Its Lie
algebra o = o(R") is defined by:

(03 yjuy)) = id (&9 +vi€)) = €L + & =0,
J

The second order equations,
i k
§a + &1 =0,
can easily be solved for all second order derivatives £}, by means of linear algebra.

The first prolongation o(!) is zero, which means that all higher prolongations must
also vanish. See [GS64, eq. (2.2)] for a proof for metrics with arbitrary signature.o

If in the following, a group G, < GL, is mentioned, we silently assume that G,
stands for subgroups Gy for each ¢ € N which are compatible with prolongation.

B.5 G, -actions on Manifolds

Having treated the full jet groups GL, and subgroups G, < GL, compatible with
prolongation, we now turn to their actions on a manifold F'. The prolongation
properties of G, are chosen such that the jet bundle functor J, from Section 1.2.1
induces a Ggyr-action on the algebraic prolongation F (") of F. This includes the
special case of G4 = GLj,.

As the subgroups Kf]ﬁr < Gy4r are all normal subgroups, a projection to
order ¢ is locally well-defined by taking the space of Kg+r—orbits on F("). Both
prolongation and projection will be used on the natural bundles in Chapter 3.
Essentially, a natural bundle F is defined by its fibre F' and the prolongation
Jr(F) by F (") respectively. So we treat the fibres separately.

B.5.1 Prolongation

Definition B.14. Let F' be a manifold with a Gg-action. The r-th algebraic
prolongation F") of F is defined as F(") := J.(R" x F)]o, being all r-jets of maps
from the origin of R” to F. o

In [KMS93, §12.8], F() is called the space of n-velocities of order r on F. In
Section 3.2, F' will be the fibre of a natural bundle F. The algebraic prolongation
is the most simple way of obtaining the fibre F*) of .J,.(F).

Lemma B.15. Let F' be a manifold with a G4-action. The jet functor .J,. induces
a G44,-action on the algebraic prolongation F (") such that the following diagram
commutes:

Gyirx plr) —— p(r)
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Proof. J,(R" x F) = R" x F(") is a bundle over R” x F, so « : F") — F
is a bundle. Let ¢ : R® — R™ be a local diffeomorphism with ¢(0) = 0 and
Jq(©)(0) € G4. Then ¢ acts on F' and induces a map

Jg(R" xR") x FF — R" x F,
which is continued by Proposition 1.14 to
Jorr(R™ x R?) x F) & R™ x (1),

The induced map p,(p) still leaves the origin invariant and p,(¢) restricts to a
map F() — F() . So Gg+r acts on F). 0

B.5.2 Projection

If F'is a manifold with an GLg,-action, we project down to a manifold with
Gg-action by taking the orbit space F/ Kg”. It is irrelevant whether F' is the
algebraic prolongation of another manifold F’ or not.

Proposition B.16. The orbit space of KJ'" on a manifold F with G -action
is locally a manifold F/K{™" with G -action. o

Proof. As K&HT < Gy44r is a normal subgroup, G, = GqH/KfIHT acts on the
orbits of K" on F. Take the Lie algebra 47" < g,., and the infinitesimal
action

et — D(TFM),

where the local flows correspond to the K¢t -action. Nilpotency of €47 im-
plies that its image is an involutive distribution. By smoothness, it is locally of
constant rank, so Frobenius’ theorem is applicable. 0O

Especially for vector spaces and linear G4-actions, the origin is a single orbit
where the rank of the distribution drops to zero. As we are only interested in
local problems, we can choose an open subset of F'*).

If the Gy4,-action on F' is intransitive on an open subset of F', the local
invariants F' — R can by obtained by factoring out the whole Gg-action. It is
recommendable to project down order by order.

B.5.3 Equivariant Maps

As a preparation for Chapter 3 on natural bundles, we shortly introduce equiv-
ariant maps. They will be useful for morphisms of natural bundles. A smooth
map ¢ : I — F' is called Gg-equivariant if p(gf) = gp(f) for all g € G, and
fekF.

Proposition B.17. Let ¢ : ' — F’ be a G4-equivariant map.
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(1) If o is injective, surjective or bijective, then the map induced by J,., p, () :
F™ — '™ g also injective, surjective or bijective.
(2) The map F — F/K{*" from Proposition B.16 is equivariant.
(3) If ¢ is injective, surjective or bijective, then the map on the orbit spaces

5:F/K! . — F'/K? _is also injective, surjective or bijective. o

Proof. (1) is a consequence of J, being an exact functor. (2) follows from G, =
Gasr/Kd™". In (3), p maps Gg-orbits into Gg-orbits. Factoring out K{_, changes
the orbits but not the orbit space. 0
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Appendix C

Lie Algebroids

In complete analogy to a Lie group, a Lie groupoid has an infinitesimal structure
called Lie algebroid, which is introduced in this section. Lie algebroids were orig-
inally defined by Pradines [Pra66]. Starting with the definition of Lie algebroids
and their actions, the Lie algebroid of a Lie groupoid is constructed in Section
C.1.1. If not indicated otherwise, the section is based on [MMO03, Ch. 6].

In Section C.2, jet algebroids corresponding to jet groupoids are treated in
detail, since they are necessary in Chapter 3.

C.1 Lie Algebroids

We directly start with the definition of a Lie algebroid.

Definition C.1. A Lie algebroid g over the manifold X is a vector bundle g — X
with a Lie bracket, that is defined on the sections of g — X:

[—,—]:T(g) x I'(g) — I'(g)

and an anchor map an : g — T'X over X, which is a Lie algebra homomorphism
and satisfies the Leibniz identity

[§, fn] = F1&n] +an(§)(f)n (C.1)
for all £, € I'(g) and f € C*(X). o

As there is no need for distinctions, we will usually speak of algebroids. A
morphism of algebroids is a morphism of vector bundles over the same base X
commuting with the anchor map and the Lie bracket. Due to the Lie bracket
being defined on the sections of g — X, general morphisms of algebroids are more
complicated, see [Mac05, §4.3]. An algebroid is called transitive if the anchor map
is fibrewise surjective. A subalgebroid is a subbundle h C g — X such that anchor
and bracket restrict to h.

The next example takes up previous examples for Lie groupoids and exhibits
the corresponding Lie algebroids (see Examples 2.2, 2.3).

237
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Example C.2. (1) A Lie algebra is a Lie algebroid over a point. It is the Lie

(2)
3)

(4)

()

algebroid of a Lie group.
The trivial bundle M x {0} is an algebroid with zero anchor and bracket.

The tangent bundle g = T'X of a smooth manifold X together with the
bracket of vector fields and an = idrx is an algebroid corresponding to the
pair groupoid.

Let v : h — X(M) be the infinitesimal action of a Lie algebra h on a manifold
M. X(M) denotes the vector fields on M. Then ~ is a homomorphism of
Lie algebras. The action algebroid is the trivial bundle g = M x § and the
anchor map is an(§, x) = v(£),. Therefore the Lie bracket is:

(&, ml(z) = [§(x), n(@)] + (&), v(](z) V& neT(g)

The first bracket is the Lie bracket on h and the second one the bracket of
vector fields on M. It is well-defined since +y is a Lie algebra homomorphism.

If the action + is trivial, then the anchor map is zero and g = M x b is only
a bundle of Lie algebras with fibrewise bracket [£,n](x) = [{(z),n(z)]. <

In most applications, a Lie groupoid action on a bundle F has the tendency
to have large coordinate expressions. It is more convenient to work in the in-
finitesimal context, where the algebroid acts on F.

Definition C.3. [Mac05, Def. 4.1.1] Let g — X be a Lie algebroid and 7 : F —
X a bundle. A Lie algebroid action is a map of vector bundles I'(g) — XF : { —
¢ satisfying the conditions:

E+n)t = & +q, (C2)
(fOF = (fomel, (C.3)
et = (g, (C.4)
& = an(¢). (C.5)

For examples of algebroid actions we refer to Section C.2. We now turn to
the algebroid of a given Lie groupoid.

C.1.1 The Lie Algebroid of a Lie Groupoid

The Lie algebroid of a Lie groupoid G consists of all infinitesimal transformations
of a Lie groupoid on itself. We construct the Lie algebroid completely analogous
to the Lie algebra of a Lie group, except that we have to deal with bundles. For
a Lie group H, the following steps are taken:
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e Extend the right multiplication Ry, with h € H to a H-action on the tangent
bundle TH.

e Consider right invariant vector fields ¢ € XH = I'(TH) that satisfy

Rn. (&) =¢&n  Yg,h€H.

e Each right invariant vector field £ is uniquely defined by its value &;,, on
the Lie algebra h =T1 H.

Analogously, the Lie algebroid of a Lie groupoid is constructed. We follow
the approach in [MMO03, §6.1]. Note that it is possible to construct Lie algebroids
with left invariant vector fields as well. We shall shortly mention the relevant
steps, which are needed in Section 3.3.

Construction via Right Invariant Vector Fields

We first extend the right multiplication action on Lie groupoid G. Due to the
restricted multiplication, it will not lift to the full tangent space T GW but only
to the vertical bundle VG, Interpreting right invariant vector fields as the
infinitesimal left multiplication, it corresponds to the fact that left multiplication
leaves the source invariant.

The right multiplication with an element h € G(x,y), defined on the source
fibres:

Rp: Gy, —) = Gz, =) : g — gh,

lifts to the tangent map is Ry, . : TG(y, —) — TG(x, —). We show that the bundle
TG(x,—) is the restriction of the vertical bundle VG to all elements g € G
with source s(g) = z. G(z,—) is specified by the exact sequence of bundles over
the target copy of G(©):

(s:t)

Cx

0

G(.%',—)

o GO x O

In other words, G(z, —) is the kernel ker,, (s,t) with respect to the constant map
e : GO = GO x GO .y (2,9).
Apply the exact tangent functor yields:

(0,t)
TGO x TGO

0 TG(z,—) TG

Cx

with
Cox TGO — 17GO x TGO . vy — (04, 0y).
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The sequence restricts to the vertical bundle

(Svt*)

Cx

0 TG(x,—) Ve GO x 17GO),

such that T'G(xz, —) consists of all vertical vectors over groupoid elements with
source .

Denote the vertical bundle by TG = VGW. Then the construction via
left invariant vector fields involves the normal bundle TG = ker(t,). The right
multiplication action lifts to a G-action on T°GM):

To(G0) #at GO = TG0 (6,h) = Ria(©) (C.6)
G 0

By abuse of notation, s, is considered as a map to G(©) because its image coincides
with the zero embedding G — TGO : z — 0,.

We now turn to right invariant vector fields. The G-action of equation (C.6)
continues to vertical vector fields, which are denoted by:

x = x(GW) =1(1°GW).
In the next proposition it is shown that the right invariant vector fields,
3€isnv = %an(G) = {5 € X’ |§gh = ggh V(g,h) S G(2)},

form a subalgebra of all vector fields on G(). Additionally the target map is a
good candidate for the anchor.

Proposition C.4. [MMO03, Prop. 6.1] Let G be a Lie groupoid. Then
(1) X5 is a Lie subalgebra of X(G(1).

(2) any G-invariant vector field on G is projectable along the target map t,
to TG,

(3) the derivative of the target map induces a Lie algebra homomorphism

te: X5y (G) — X(GO). S

Proof. (1) Take &, € X (G). We have [£,7] € X¥°(GM), while for any

mv

g,h € G with s(g) = t(h) there is:
[&mgh = Rh*([f,n]g) = [Rh*(g)a Rh*(n)]gh = [51 U]gh-

(2) For any arrow g : z — y € GM) we have:

t:(§g) = tx(&1,9) = t:(Ry, (&1,)) = (t 0 Ry)«(&1,) = £,
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(3) This is clear from (1) and (2). 0

In the next step we construct the bundle g of the algebroid. By the unit
embedding ¢, we identify the set of units {1,z € G} with G(). Due to the
right invariance, each vector field n € X ,(G) is uniquely determined by its

restriction to +(G()). Therefore define the algebroid g as the pullback of the
vector bundle 7°(G()) along ::

g 75(GM)
G0 ———= (1)

So far, we have constructed isomorphic vector spaces X£ (G) and I'(g), where
the isomorphism is given by the right multiplication:

TIPS GV = T5(GW) : (m1,,,,9) = ng =M, 9 (C.7)

To show that it is also an isomorphism of Lie algebras, we need a Lie bracket on
g. Extend g, § to sections of g — X:

§:T(g) — X5 (GW) i (g — ng). (C.8)

Then § is C*(G(®)-linear by evaluating the function f € C®(G() at the target:

t(fn) = (f o t)4(n)

The unique Lie bracket on g, such that I'(g) and X (G) are isomorphic as Lie

mv

algebras, is defined by pulling back the Lie bracket on G:

[§,m] =id*([2(£), #()]) & m e T(g). (C.9)

To complete the Lie algebroid, the anchor map is given by an := t,. Using
Proposition (C.4 (3)), it is possible to verify equation (C.1).

Although the algebroid of a Lie groupoid may be complicated to construct,
it is very helpful to have the following example in mind.

Example C.5. The algebroid T = T'X of the pair groupoid G = X x X from
Example C.2 (3) can be explicitly constructed. Although quite simple, it plays
an important role for jet algebroids in Section C.2.1.

The tangent bundle of G is TX x TX and therefore TG = X x TX.
The groupoid action on T5G() is still the translation action of the pair groupoid:

X xTX prlé(prQ XXX > XXxTX: ((y,vs),(x,y)) — (x,0;).
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A vector field on X x T'X is given by a map (z,y) — (z,y,v(z,y)). It is right
invariant if and only if v = v(y) depends on the target only. The algebroid
g = TX is constructed by the pullback diagram:

(m,id)
TX — X xTX

ﬂi \Lid X7
1=(id,id)
X X xX

By writing out the definition for f, we see that it is the identity map:

BF:TX TAP2 X x X=X xTX - X xTX
X

and it follows that the Lie bracket on T'X is the usual bracket of vector fields.
The anchor map is t, = idrx.

In Section C.2 on jet algebroids, T' = T'X is the algebroid of the zero order
jet groupoid IIp = X x X (the pair groupoid) and the algebroids J,(T") of higher
order jet groupoids II, are constructed from 7" by using the jet functor J,. o

Construction via Left Invariant Vector Fields

Analogous to the right invariant case, the left multiplication extends to an action
on the bundle TG = ker(t,) as:

G sA(t: THGW) — THGW) : (g,€) — L, (€).
G

All left invariant vector fields X! (G) are uniquely defined on the pullback g; of

mv

T*G™M along ¢. The isomorphism

b G x o) g — TGW. (C.10)

¢

v The anchor map in this case is an; = s.

also extends to b : g — X

C.2 Jet Algebroids

In this section the jet algebroids of II, for ¢ € N are treated in detail. Just as
elements of II; are g-jets of local diffeomorphisms X — X, the algebroid consists
of ¢-jets of infinitesimal transformations. An infinitesimal diffeomorphism is a
vector field on X or equivalently a section of its tangent bundle T'= TX. Thus
the algebroid of I, is J,(T').

We follow Section C.1.1 and start with the algebroid T of the zero order
jet groupoid Iy = X x X, which was already presented in Example C.5. The
following extension to higher order algebroids J,(7") involves only prolongation
and the jet bundle functor from Section 1.2.1. This recovers the infinitesimal
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results of Pommaret [Pom78, §7.1], [Pom83, §2.A.1] in the language of algebroids
introduced here.

Since both left and right invariant vector fields are needed in Chapter 3,
the isomorphisms # and b between sections of the algebroid and invariant vector
fields are explicitly constructed. They consist of a translational part and an
infinitesimal action of gl, on II;. As a last result of this section, an explicit
formula for the Lie bracket on J4(T') is given, which was originally derived by
Pommaret [Pom83, Def. 2.A.1.19].

C.2.1 The Algebroid of Il

The results for the algebroid T' of 11y from Example C.5 are rather simple. They

serve mainly as a preparation for the higher order algebroids. Using right invari-

ant vector fields on the vertical bundle T°IIy = V (Ily), each section n € I'(T") of

the algebroid is a vector field on X. A representation in local coordinates (y) of
X is given by:

— () ——

n=nWg;

Because T is the pullback of V(IIy) along the (diagonal) unit embedding

t: X - XxX:xm— 1, = (z,2),
we can embed T in V(Ij) as:

T — V(HO) : (y,vy) = (y,y,Oy,vy).

Via right translation, we construct f:
ﬁ : TW))Zt HO - V(HO) : ((yvvy)a (l',y)) = (xvyv Oxvvy)

For Ily, the bijection between between vector fields on X and right invariant
vector fields on T*Ilj is trivial:

0 ; 0

g:0(T) = XX — X,y (o) : Uj(y)afyj = nj(y)aT/j- (C.11)

We observe that for an = ., the composition anof = idp(r) is the identity map
for vector fields on X. The Lie bracket on T is the ordinary bracket of vector
fields, so the explicit coordinate representation is:
NG N4 o
_ 7 > et — -
¢l = (77 (y)ayj ) f(y)ayj (y)> oy
The analogous left invariant construction using the normal bundle T%(Ily) =
ker(t,) yields the map

0 - 0
— = (r)—.
ozJ (@) oI

These are the basic formulae which are necessary to construct § and b for II,.

b T(T) = XX — X! (IIy) : €% () (C.12)
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C.2.2 The Algebroid of I,

To construct the algebroid J,(T") of II, we prolong the results of the previous
section. The bundle T for the algebroid is defined by the pullback diagram:

T — V()
b

Applying the jet functor J,;, we obtain:

Jo(T) — J,4(V(Ilo))
L
X

. Jq(HO)

Then the canonical isomorphism V' (J,(£)) = J4(V(€)) from Proposition 1.10 (5)
implies Jqo(V (Ilp)) = V(J4(X x X)). We restrict the diagram to the open subset
II, C Jy(X x X) of invertible jets:

Jo(T) —=V(lly)  CJo(V(X x X))

| |

X 11, C J¢(X x X)

From now on, we will restrict our discussion to invertible jets without further
notice. We have constructed the algebroid J,(T") = ¢*(V(Il;)) only by applying
the jet functor. This is also possible for left invariant vector fields, since Il is a
trivial bundle. In this case, the action of taking the horizontal bundle commutes
with the jet bundle functor J,: J,(T'1y) = T J,(I1p).

Both for left and right invariant vector fields, the algebroid of I, is J,(7"), but
the Lie brackets are different. The brackets are defined using the isomorphisms
and b between sections of the algebroid and invariant vector fields on the groupoid.

C.2.3 Prolongation Formulae for £ and b

We construct £ and b by prolonging equations (C.11) and (C.12). To distinguish
between algebroids of different jet orders, f, denotes the map f, : J,(T') — V (II,).
In the following sections, the index will be omitted again.

The first step towards 4, is the prolongation of f from equation (C.11):

0

0 0 ,
pq o flo s XX — X, Mg - ! (y)@ = pg(1’ (y)@) = Dﬂn](y)aiyj'
m

Here, Definition 1.18 with the characteristic @’ = 7/ (y) has been used. p, o flo is
not yet f,, since it is defined on I'(T") rather than on I'(J,(7T")). However it is easily
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possible to recover the pointwise version of f; from p, o g (see equation (C.7)).
Due to the total derivative in the prolongation formula, derivatives of 1 up to
order ¢ appear in the vector field (pq o #o)(n) on II;. For each groupoid element
(x,vy,y4) € I, the vector field depends on the g-jet j,(n)(y) at the target. So
there is a unique pointwise continuation:

g ;0
B2 Jo(T) "2 Ty = V(D) < ((y,, 1), (95 94)) = Dy’ peh (C.13)
m

The continuation f; uses the generalised total derivative

A o A
Di =0y + yfﬁ-liaiyz + yfni+1k%
which considers 1 as y-dependent. Similar to equation (C.8), f; can be considered
as a map f, : I'(Jy(T)) — X5 11,

For further computations, it is very convenient to split f; into an infinites-
imal translation and the infinitesimal action of the isotropy algebra gl,. The
translational part 1’9,; depends on zero order jets only. In [Ves03, §3], Vessiot
introduced basis vector fields B!'(q) for the isotropy part, which are a represen-
tation of the Lie algebra gl, on II;. Integrating their flow results in the left
GL, = II,(y, y)-action on II,(—,y). See Appendix B for the jet groups GL, and
their Lie algebras gl,.

To obtain B!'(q), we first apply f#, to a section (n,7,) of Jo(T) — X and
collect for the jet coordinates nfL:

9 .
fa(n,mq) =1’ 57+ nBi(q), 1<|u<q (C.14)

The vector fields B¥(g) on II; are both tangent to the source and target fibre.
This means, B! (g) contains neither a-derivatives nor y-derivatives. By the total
derivative, B!'(q) depends on the jet coordinates (yi,...,y,) starting with first
order jets, but not on (z,y). We can now prove the gl representation:

Proposition C.6. The vector fields BY(¢) on II, are a representation of the Lie
algebra gl,. o

Proof. To show that the B!'(¢) are a representation of gly, we have to check the
Lie brackets from Lemma B.5. The vector fields

b’-‘:ly“ a,
Lol oy

are a basis of gl,. Their g-jets jq(bf")(0) correspond to the point (0,7, 1,) € J4(T)

with ni =1 and all other 7}, = 0. As f, is the unique pointwise continuation of
pqotio, the Lie brackets for b’ and the section (n" = 0,1, = §%94,,,,) of J,(T) — X
must coincide:

84(0,6%76,.,) = Bl'(q).
So the Lie brackets for B!'(q) are given by equation (B.3). 0
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The analogue for left invariant vector fields is the map b, obtained by prolon-
gation from bg:

o o O
s €0)Di = D€ @)

Again the pointwise continuation can be collected for the jets of &:

bq : Hl] s)*: J(I(T) : ((‘rayqu)v ($7§7§q)) = EZDI - Eu(@/iéZ)

Pq © b() P XX — xfanq : gl(x)

9
v,
+ &A% (q). (C.15)

; O
N gaazi

by involves both the usual total derivative D; from Definition 1.11 as well as a
generalisation
Dz’ =0, + y‘j i + fj i
z M—Hiayﬂ M—Hiaé‘;];
which considers £ as z-dependent. The summands containing y,+1 in b, cancel.
Integrating the flows of A (q), results in the right GL, = II,(z, )-action on
I, (x, —), so A¥(q) differs from B!'(q), but their properties are very similar. All
A¥(q) are tangent to the source and target fibres and they are also independent
of x and y.

Proposition C.7. The vector fields A% (¢) on II, are a representation of the Lie
algebra gl,. o

The proof is the same as for Proposition C.6. The A% (¢) can be given by an
explicit formula (see [Ves03, eq. (5)]).
Proposition C.8. The vector fields A!'(g) have the coordinate expression

v\ ; 0
PUEED S () [ C T
Z Z W) oy
lv|<q

with A%(q) =0 for |u| > q. o

P i olmlgi .
Proof. In D, (y!¢'(x)), the term yi_l-’»‘i‘li af;u(x) occurs (Z) = Hk(ZZ) times. 0

The next proposition is a consequence of [z# aii,y”%] = 0. It is the in-
finitesimal version of the associative law saying that right multiplication on II,

commutes with left multiplication.

Proposition C.9. The Lie bracket of A} (q) and B} (q) vanishes:

It will be very useful in Section 3.3 for treating differential invariants. There, it
is used in the following sense: If R, < J,(T') is a subalgebroid and {®" : II, — R}
are a complete set of invariants under the infinitesimal left action of R4, then
Jq(T) still acts on the invariants from the right.
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The Lie Bracket on J,(T)*

In this section, we derive an explicit formula for the Lie bracket on J,(T) using
right invariant vector fields. The bracket must satisfy equation (C.9):

[€,n] = 1d™([8(€) 8()]) & m e T(Jo(T)).

Instead of using the basis vector fields B/i(q) directly, we follow an approach used
by Pommaret [Pom78, La. 2.29 bis, p. 295]. The Lie bracket is constructed in two
steps. First, Lemma 1.20 defines the Lie bracket for prolongations j,(§), jq(n) of
sections &, n of T'— X. The result is called algebraic bracket. However Remark
1.9 shows that there are more sections on Jy(7') — X than those prolonged from
T, which are covered by the complete differential bracket.

We begin with the algebraic bracket. The Lie brackets for 5 ,ne XX,

i 8 3 _ if)nk 3fk

already depends on the first order derivatives of £ and 7, so there is a pointwise

version

[,]: i(T)x JL(T)—T
by substituting jets for derivatives. According to Proposition 1.14, there is a
unique prolongation compatible with j, to a map

Jg+1(T) X Jg41(T) — Jo(T).

It is the first building block for the Lie bracket on J,(7"). Note that it is C'°°-
linear.

Definition C.10. The algebraic bracket { , } is defined as the ¢g-th prolongation

{5 b =pals 1) T (T) X Jga(T) — Jy(T)
of the usual Lie bracket [, ] on T. ©

By construction the algebraic bracket works fine for prolonged sections jq(¢),
where the prolongation to order ¢+ 1 is done by differentiating the highest order
jet components. We give an example of the algebraic bracket.

Example C.11. For X = R and g = 1 the algebraic bracket for &, 7 is
{]2(5)7]2(77)} - ]1(€ O — 7789[:5)
(£ 02 — n0:E, EDon —n 038).
The formula for the algebraic bracket is therefore

{62, m} = (€m0 — & ENew — M éaa)-

By coincidence, all &, n,-terms cancel. It is a pointwise map, since no derivatives
occur and one could choose explicit values for all jets of £ and 7. o

!The results of this section will not be used in this thesis, but they could be used to check if
a PDE system on J4(T') defines a subalgebroid without using vector fields on II,.
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In order to complete the Lie bracket on J,(7T'), we need a differential operator
of order one which vanishes on prolonged sections j, (7).

Proposition C.12. [Qui64, Prop. 4.1] Let £ — X be a vector bundle. There
is a unique map D : I'(Jg41(E)) — I'(T* ® J4(E)) such that

(1) D(fs) = fDs+df @ m§ " (s) for f € C¥(X), s € T(Jy1(E)),
(2) D qu+1 = 0.

D is called canonical operator or Spencer operator (cf. [Pom78, Def/ 2.1.20]) and
a coordinate expression of D is:

. o0& (z .
D Jpa(B) = T, (B) s (. gh) = o (G | i),

Proof. Existence is assured by the coordinate expressions, for a direct proof see
[Qui64]. Obviously (2) is fulfilled, since for j,41(£) we have §L+1k = Opur1, €L
Check condition (1) by looking at the components:

‘ o(f(x)é (x .
Py, = L) pa | @)ast
o) 0f(x)

@G — €, @)da + e () da*
— @)D+ € (@)

(1) implies that the difference D — D’ between two possible Spencer operators
D and D’ is C*°(X)-linear. Uniqueness then follows from the fact that each local
section s of Jy41(E) — X is a C°°(X)-linear combinations of sections jg+1(s).0

On vector bundles, we have seen the Spencer operator being defined by
an uniqueness condition. On arbitrary bundles, condition (1) does not make
sense anymore, but there is nevertheless a nonlinear Spencer operator J,11(€) —
V(J4(E)) ® T*. See [Pom83, Def. 1.A.3.32] for details.

The complete Lie bracket on J,(7") should depend on the algebraic bracket,
which already gave the correct result for prolonged vector fields and an additional
part containing the Spencer operator. As D maps to T ® Jy(F), the interior
product i provides a suitable map to Jy(E). The most simple candidate for the
Lie bracket is:

Definition C.13. Let &;,7, be two sections of J,(T)) — X. The differential
bracket is defined by

[ ] 2 T(Je(T)) x T(Jy(T)) — D(Jo(T))
(gqa 77(1) = {§q+1> 77q+1} + Z.(f)DUqul - i(??)qu+1

for arbitrary lifts {;41,14+1 projecting onto &g, 7. o
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With the definition of the algebraic bracket and the Spencer operator, one can
easily prove that the differential bracket does not depend on the lifts §;41, 1g+1,
because the highest jets cancel.

Theorem C.14. The differential bracket on I'(J,(7X)) coincides with the one
defined in Equation (C.9):

[€g:mq] = [8(Eq)s £(ng)] V&g, nq € D(Jy(TX)). o

Proof. The formula above has to be verified. Let & and 7, be two sections of
Jq(T) — X. The corresponding right invariant vector fields are:

He) = €y,

L (1) B (q),

) = )5+ 0B @)

and their commutator is:

[#(€0). £ (ng)] = & )" 55 + (€0, — 0’ 03€,) B (a) + &), [B (a), B ()]

By expressing the last summand in terms of BJ(q) the pullback along ¢ is easily
performed. The last summand is a pointwise expression, so the prolongation
from sections of T" — X can be applied. With the help of Lemma 1.20 and the
construction of §f we use

[8(34()), (g (m)] = [pa(£), pa(n)] = £(Gq (€, n]))

to obtain:
[4(jq(£)), 8(Ge(m))] = [Eﬂ?]iaayi + (€ 0ur1, W — W 0u41,€") Bl (q)
+0,8' 0,1 [B!'(q), B (q)]

=[wﬂa+ammwm

The unique pointwise continuation to Jy(7'X) of this equation (solved for the
[B, B]-term) is

& [BY (@), BY @) = (€1 man Y = €, + 17664, ) Bla).
It is now easy to identify the components of the Spencer operator. O

We complete Example C.11 to the differential bracket.
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Example C.15. For X = R and g = 1 the differential bracket for sections &1, n;
of J1(T) — X is defined by
[‘51,771] = (577:1: - 775:(:7 fnxx - 775361)
0
+ (9en — Ny OxMz — nwx)dx(fg) — (0u€ — &, 02€e — Eaa)da(
= (gaﬂl - 778355, 58:1:771 - Uﬁxﬁx)

77%)

Clearly, the second order jets cancel, but the derivatives of the first order jets
remain present. o



Appendix D

Implementation

All examples in this thesis are computed with the MAPLE packages jets, JetGroupoids
and Spencer and in this appendix, we give an overview over the relevant com-
mands.

The package jets, written by Barakat and Hartjen [Bar01], implements the
jets calculus for MAPLE. It allows to compute generalised symmetries of differ-
ential equations. Barakat extended this with basic commands for jet groupoids,
algebroids and natural II,-bundles. This development was joined by the author
of this thesis with further extensions and various efficiency improvements.

Due to the size of jets, which contains approximately 400 procedures, the
package JetGroupoids was created as an addon for jets. It extends the jets
procedures to natural ©,-bundles. The package also contains data structures and
procedures for efficient prolongation and projection of natural bundles.

In the first section, we give a short summary of JetGroupoids commands.
For detailed MAPLE help pages, see [Lor08a]. The relevant jets commands are
presented in Section D.2. We continue with a short introduction to the Spencer
package in Section D.3 and finish the appendix with a sample MAPLE session
which was used (in various alterations) for all examples of this thesis.

The following expressions in the arguments of the procedures have a fixed
meaning throughout the appendix.

ivar independent variables,

dvar dependent variables,

Dvar fibre coordinates the tangent bundle T" (for algebroids),
uvar fibre coordinates of F,

F natural bundle F,

Fi natural bundle ;) obtained by prolongation and projection,
JrF  prolonged natural bundle J,.(F),

vec  vector field, usually for an algebroid action.

gP generic point procedure, e.g. i->10+i+i*i.

251
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D.1 The MAPLE Package JetGroupoids

D.1.1 Natural Bundle Commands

ChangeFibreCoordinates (F,1st)

Change the fibre coordinates of F according to the new coordinates in 1st.

CodimOfAction(F, [i,gP])

Computes the following dimensions for the i-th prolongation of natural ©,-bundle
F at a given generic point gP. Let G4 be the isotropy groupoid of ©, and F' the
fibre of F.

e dimension of orbit space of G44; on F' @) at gp.

e dim(F®),

e dimension of the Gy4-orbits on F (@) through gP.
o dim(Ggyi),

e dimension of the stabiliser of gP.

The default is i=0 and if gP is omitted, then the computation is valid for generic
points. This is a wrapper to the jets procedure codim_of _action.

CompleteFibreCoordinates(1lst,var)

Complete the new coordinates from the list 1st with coordinates from var to a
coordinate system of the complete fibre.

CreateNaturalBundle({inv,vec},ivar,dvar,uvar,Dvar, ["algebroid"=R])

Sets up a natural bundle data structure, either from defining equations inv of a
jet groupoid in Lie form or directly for the algebroid action vec on the natural
bundle.

EquivariantSections(Fi, [1sti])

Computes the equivariant sections ¢ : J._1(F;—1)) — F(;)- The additional ar-
gument lsti may contain lists of lists of integers indicating in which order the
vector fields are integrated.

IsNaturalBundle(F,vec,ivar,dvar)

Checks if the vector fields generating the algebroid action on F have commutation
relations compatible with the distribution vec defining a reference algebroid.

ProjectNaturalBundle (JrF,v)

Project a prolonged natural bundle JrF a single step down and use the symbol v
for coordinates.

ProlongNaturalBundle (Fi,num,u)
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Prolongs the natural bundle Fi num times and uses the symbol u for new coordi-
nates. Internally uses prolnatinf which calculates the minimal bundle to which
all sections from F — X restrict and the jets command natinfG.

PullbackToF (expr,Fi)

Pull back a map Fi— R, i.e. an expression in the coordinates of Fi to a suitable
prolongation of the original natural bundle F.

PushToNB (expr,Fi)

Tries to express expr on J,(F) by coordinates of Fi. Uses Janetq internally.

RestrictNaturalBundle(F,SUBS, [inv,SUBSinv])

Restrict the natural bundle F according to the substitutions SUBS. If the optional
inv and SUBSinv are given, they replace the entries F["inv"] and F["SUBSinv"].

VessiotStructureEquations(Fi, [1sti], [""])

Uses EquivariantSections to calculate the Vessiot structure equations on Fi.
If the additional string is given, the coordinates of F; — J,—1(F(;_1)) are used as
left hand sides rather than the projection Jr(]:(i—1)) — Fi)-

D.1.2 Invariants and Related Commands

DualDerivatives(coframe,ivar,dxvar)

Computes the differential operators D; dual to a coframe with differentials dxvar.

InvariantDifferentialOperators(Fi,gP,nat,GR,dvar)

Computes the invariant differential operators dual to an invariant coframe on the
natural bundle F;. Also given are a generic point gP and the finite groupoid
action nat of GR on the natural bundle F one started the prolongation and
projection.

InvariantsOnNaturalBundle(F, [1sti], ["nobase"])

Returns the invariants 7 — R of with 1sti as for EquivariantSections. If
a coordinate of the base manifold is also invariant, it can be excluded from the
output by adding the optional parameter "nobase".

D.1.3 Exterior Differential Forms

ExtDeriv(expr,ivar,dvar,evar)

Computes the exterior derivative of the expression expr, such that
ExtDeriv(ivar[i],ivar,dvar,evar) = evar[i].

Fsubs (SUBS, form,evar ,nevar)

Substitutes SUBS into the differential form, taking care of the antisymmetric
wedge product (using the package JanetOre).
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D.1.4 Tool Procedures

CommutatorTable(lvec,ivar, [dvar,""])

Computes the commutator table for an algebroid generated by the list of vector
fields 1lvec with independent and dependent variables ivar and dvar. If an op-
tional string is given, also the relations between the vector fields are returned.

FFicoor(vec,ivar,uvar,udvar,Dvar, [kernelproc])

For a given algebroid action vec on J,.(F), the coordinates of F(1y = J.(F)/ Kg“
are computed. ndvar denotes the fibre coordinates of J.(F) — Jr—1(F). Typi-
cally, the optional kernel procedure is kernelD. Internally used in ProjectNaturalBundle.

kernelByDegree (M, deg,var)

Computes the kernel of the polynomial matrix M with an ansatz of polynomials up
to degree deg. It is meant as a replacement of linalg[kernel], which depends
on random numbers and usually returns far too large results.

kernelByDegreeEliminationStep (ker,old,var)

Eliminates all generators from old (the output of kernelByDegree) that are lin-
ear combinations of some given generators ker.

kernelD(M,var)

Uses kernelByDegree to calculate a polynomial basis of the kernel of M by search-
ing for generators of increasing degree.

kernelN(M)

A wrapper to linalg[kernel] that computes the kernel of a polynomial matrix
and then multiplies the generators with the least common multiple of all denom-
inators, such that all entries are polynomial.

PrepareAlgebroidRelations(R,i,ivar,dvar)

From a subalgebroid R of J,(T'), a substitution list for the i-th prolongation of
R is computed using the Janet package. This avoids problems with the jets
command jsubs.

PrepareGroupoidRelations (GLF,omega0,ord,ivar,dvar,wvar)

Prepares a substitution list for the quasilinear groupoid equations GLF in general
Lie form (omega0 defines the groupoid).

prolnatinf (vec,num,ivar,dvar,Dvar,u, [SUBSvec], [uvar])

Given an infinitesimal action on a natural bundle F, prolnatinf calculates J,.(F)
and its minimal subbundle where all sections from F — X restrict to. It is in-
ternally used in ProlongNaturalBundle.

UseRamdisk(strPath)
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Copies all files found under the paths in libname to the path strPath and sets
libname to it. Very useful if strPath is the mountpoint of a ram disk. Then it
speeds up kernelByDegree substantially by avoiding disk or net traffic.

D.2 The MAPLE Package jets

In this section, several commands from the MAPLE package jets [BarOl] are
documented. We restrict to those commands which are relevant for jet groupoids
and natural bundles. Most of the procedures are originally written by Barakat.

D.2.1 Groupoid and Algebroid Commands

grp2alg(GLF,ivar,dvar,Dvar)

Convert the defining equations GLF of a jet groupoid into the corresponding al-
gebroid equations.

invtarget(T,ivar,dvar,Tvar, [""])

For the algebroid T of a groupoid G, compute the defining equations for the dif-
ferential invariants that determine G (for target transformations). If the optional
string as last argument is given, the equations are solved.

inv2LF (Phi,ivar,dvar)

Given differential invariants Phi for a groupoid G compute the defining equations
in Lie Form.

isoalg(T,ivar,dvar,Tvar)
Compute a basis of vector fields for the algebroid action of T on the groupoid II,

(infinitesimal target transformations). Integrating these vector fields is equiva-
lent to solving the equations from invtarget.

LieForm(T,ivar,dvar,Tvar)

Compute the defining equations of a jet groupoid in Lie form using invtarget.

LieFormG(nat,ivar,dvar,Ivar,wvar)

For a given groupoid action nat and a general section wvar of a natural bundle
compute the equations for the symmetry groupoid in Lie form.

D.2.2 Natural Bundle Commands

In their original form, the following commands deal with natural II,-bundles only.
In some cases (e.g. Flcoor) they are superseded by JetGroupoids commands,
in other cases (e. g. natinf(G)) they are internally used by JetGroupoids, as
they generalise easily to ©,-bundles.

codim_of action(vec,num,ivar,uvar,Dvar, [gP],[""])
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Calculates the dimension of orbit space of the G, ;-action given by vec on the
fibre F(oum) ot gP. If the optional string as last argument is given, the output is
as described for Codim0fAction which internally uses this procedure.

Flcoor(vec,ivar,Dvar,uvar)

Computes the fibre coordinates of the bundle F(;) = J; (F)/KI™ for a natural
II,-bundle F.

Fldim(vec,ivar,Dvar,uvar, [gP])

Computes the fibre dimension of F;) = JI(F) /KT If a generic point gP is
given, it computed at this point.

inf2MF (vec,ivar,uvar,wvar)

Convert the algebroid action vec on F into the Medolaghi form of the symmetry
algebroid of a section of 7 — X given by wvar.

JacobiCond (VSE, ivar,uvar)

Computes the Jacobi conditions for given Vessiot structure equations on F(;).

natfin(inv,ivar,dvar,uvar,Ivar)

Determine the Il -action on a natural bundle F defined by the Lie form inv of a
groupoid.

natfinG(nat,invl,ivar,vvar)

For a natural bundle F, given the groupoid action nat, compute the finite action
on a projection of J,.(F) — F) given by invl with coordinates vvar. Usually,
inv1 is the output of Flcoor.

natinf (inv,ivar,dvar,uvar)

Similar to natfin, the vector field vec for the algebroid action is computed from
groupoid equations inv in Lie form.

natinfG(vec,invl,ivar,uvar,vvar,Dvar)

Similar to natfinG, the vector field for the algebroid action on a projection
Jr(F) — Fiy given by invl with coordinates vvar. Usually, inv1 is the output
of Flcoor or FFicoor.

natfin2inf (nat,ivar,Ivar,Dvar,"")

Converts the groupoid action nat into a vector field for the algebroid action.

D.3 The MAPLE Package Spencer

The MAPLE package Spencer mainly calculates the Spencer cohomology for a
given linear system of PDEs. It depends on jets, homalg [BRO8] and suitable
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ring packages (such as Involutive [BCG103] or JanetOre).

There exists another package called Spencer, which is part of the Vessiot
package for MAPLE V (see [ACCT03]). In MAPLE 14, it will be a part of the
DifferentialGeometry package. It contains an independent implementation to
compute Spencer cohomology groups using sequences of vector bundles (see Ap-
pendix A). The commutative algebra approach based on the Koszul complex is
not supported.

SCohomDim(sC)

Displays the dimensions of the Spencer cohomology groups from the output sC
of SpencerCohomology as in Remark A.12. See below for details.

SCZeroSets(sC)

If SpencerCohomology is invoked using the module approach, SCZeroSets dis-
plays all expressions that were assumed to be nonzero during calculation.

SpencerCohomology(R,ivar,dvar,Tvar,RP)
SpencerCohomology (F,ivar,Dvar,Tvar,RP)
SpencerCohomology(R,1stp,lstq, ivar,dvar)

Computes the Spencer cohomology for a given linear system of PDEs R. Here,
Tvar are the variables for the polynomial ring S°T,,. Alternatively, we can directly
give a natural bundle F. With the third calling sequence, the Spencer cohomology
is computed via Spencer d-sequences of vector bundles for all combinations (p, q)
given in 1stp and 1lstq.

Symbol0f (R,ord,ivar,dvar)
Obtains the symbol M4 of a given linear system of PDEs R.

SymbolModule (R, ivar,dvar,Dvar,RP)

The characteristic module M of a given linear system of PDEs R using the homalg
ring package RP.
D.3.1 JanetOre Extension for the Exterior Algebra

The computation of Koszul complexes relies on the exerior algebra A V of a vector
space V. To compute in the exterior algebra, we extended the package JanetOre
written by Robertz [Rob06], [Rob08]. As the ideas are quite simple, we outline
them briefly.

e The exterior algebra may be seen as the quotient of an iterated skew poly-
nomial ring k[dz!,o1,01]...[dz", oy, 0] With

detde? = —da?dx’ 1#£ ]

modulo the ideal {(dz!)?,...(dz"™)?).
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e Like for Ore algebras, we use normal forms dz? A dz! = —da' A dz? for
monomials and (dz*)? = 0 during multiplication.

e (dz')? = 0 = the multiplicative variables for dz* may not contain dz*. With
this trivial change it is possible to compute Janet bases over the exterior
algebra. It is not important how the leading term is eliminated, as long as
it is eliminated.

D.3.2 ZeroSets Extension for Involutive

The main procedure InvolutiveBasis of Involutive which computes a Janet
basis and stores all expressions by which the procedure has divided during calcu-
lations in a global variable. The contents can be displayed using PolZeroSets,
which has to be done right after the call of InvolutiveBasis. Each call of
InvolutiveBasis erases the previous results.

To obtain all the expressions Involutive divided by during the Spencer co-
homology computation, the output of PolZeroSets has to be stored in a new
global variable where all new denominators are added rather than erasing old
results.

The homalg translation table ‘InvolutiveZeroSets/homalg‘ provides the
global variable _-InvZeroSets together with the procedure ResetInvZeroSets ()
that sets _InvZeroSets := [].

D.4 Sample Worksheet

In this section we present commands that are typically used to compute a jet
groupoid, the corresponding natural bundle and then start to prolong and project.
Most examples in this thesis are variations of this worksheet and the reader may
take it as a starting point for own computations.

## Loading the package and declaration of variables:
HHHHH

with(jets): with(JetGroupoids): with(Spencer):

n := 3;
ivar := vn(x,n); dvar := vn(y,n);
Ivar := vn(phi,n); Dvar := vn(xi,n); Tvar := vn(eta,n);

## A jet groupoid in Lie form
HIHHHH

## Groupoid and algebroid:
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GR :
R

[...groupoid definition...];
grp2alg(GR,ivar,dvar,Dvar);

## target algebroid and involutive distribution:

T grp2alg(GR, ivar, dvar, Tvar, "");
Tred := nrsolve(T, getSolveVar(T, dvar, Tvar));
i isoalg(Tred, ivar, dvar, Tvar);

180

## Lie form of GR:

Phi
LF

invtarget (Tred,ivar,dvar,Tvar,"");
inv2LF (Phi,ivar,dvar) ;

## Compute the natural bundle:

HH#HFHHHHHH SRR
uvar := [...fibre coordinates of F...];
inv := ezip(uvar,Phi);

## groupoid and algebroid action:

nat := natfin(inv,ivar,dvar,uvar);

vec := natfin(inv,ivar,dvar,uvar,Dvar,"");
## or:

vec := natfin2inf(nat,ivar,dvar,Dvar,"");

## data structure:

F := CreateNaturalBundle(vec,ivar,dvar,uvar,Dvar);
## or
F := CreateNaturalBundle(inv,ivar,dvar,uvar,Dvar);

## Prolongation, Projection and Vessiot structure equations:
s

J1F := ProlongNaturalBundle(F,1,uu):
F1 := ProjectNaturalBundle(J1F,v1):

VSE1l := VessiotStructureEquations(F1);

CodimOfAction(F1);
Invl := InvariantsOnNaturalBundle(F1);
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