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Abstract

Distributions, i.e., subsets of tangent bundles formed by piecing together subspaces
of tangent spaces, are commonly encountered in the theory and application of differential
geometry. Indeed, the theory of distributions is a fundamental part of mechanics and
control theory.

The theory of distributions is presented in a systematic way, and self-contained
proofs are given of some of the major results. Parts of the theory are presented in
the context of generalised subbundles of vector bundles. Special emphasis is placed
on understanding the role of sheaves and understanding the distinctions between the
smooth or finitely differentiable cases and the real analytic case. The Orbit Theorem
and applications, including Frobenius’s Theorem and theorems on the equivalence of
families of vector fields, are considered in detail. Examples illustrate the phenomenon
that can occur with generalised subbundles and distributions.
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1. Introduction

Distributions arise naturally in differential geometry (for example, in the characterisa-
tion of a Poisson manifold as being a disjoint union of its symplectic leaves) and in many
applications of differential geometry, such as mechanics (for example, as arising from non-
holonomic constraints in mechanics), and control theory (for example, in characterisations
of orbits of families of vector fields). As such, distributions have been widely studied and
much is known about them. However, as is often the case with objects that are widely used,
there has arisen certain conventions for handling distributions that are viable “a lot of the
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time,” but which, in fact, do not have a basis in the general theory. For just one example,
when distributions are used, there is often an unstated assumption of the distribution and
all distributions arising from it having locally constant rank. However, this assumption is
not always valid, and interesting phenomenon arise when it does not hold, e.g., the gen-
eral class of abnormal sub-Riemannian minimisers described by Liu and Sussmann [1994]
rely on the distribution generated by certain brackets being singular. For this reason, it
seems that there may be some benefit to assembling the basic theory of distributions in one
place, with complete proofs of important results, and this is what we do in this paper. The
objective is to present, in one place, precise and general definitions and results relating to
these definitions. Many of these definitions and results are most naturally presented in the
setting of generalised subbundles of general vector bundles, and not just tangent bundles.
Thus a substantial part of the paper deals with this.

A principal function of the paper is that of a review paper. However, there are also
some other contributions which we now outline.

One of the contributions of the paper is to explicate clearly the role of sheaf theory
in handling distributions. This contribution arises in four ways: (1) in understanding the
difficulties of dealing with real analytic global sections of vector bundles, and the manner
in which such global sections arise; (2) in understanding clearly the role of analyticity in
results which require certain modules to be finitely generated; (3) in understanding some
of the algebraic properties of generalised subbundles; (4) in properly characterising some
local constructions involving distributions, e.g., invariance under vector fields and flows. To
carry out these objectives in full detail requires a great deal to be drawn from sheaf theory,
particularly as it relates to complex differential geometry. In this paper we make these
connections explicit, we believe for the first time.

Apart from this explication of sheaves in the theory of generalised subbundles and dis-
tributions, another contribution of the paper is to clarify certain “folklorish” parts of the
theory, i.e., things which are known to be true, but for which it is difficult (and for the
author, impossible) to put together complete proofs in the existing literature. Here are
a few such bits of folklore: (1) the fact that the rank of a real analytic generalised sub-
bundle attains its maximal rank on the complement of an analytic set (proved here as
Proposition 3.7); (2) the Serre-Swan Theorem for general vector bundles (proved here as
Theorem 5.3); (3) the Noetherian properties of real analytic germs (proved here as Propo-
sition 4.6); (4) the role of these Noetherian properties in the local finite generation of
modules (proved here as Theorem 4.10); (5) all variants of the Orbit Theorem (i.e., all com-
binations of fixed-time and arbitrary-time, and finitely generated and non-finitely generated
versions); (6) a counterexample that shows that smooth involutive distributions need not
be integrable. The proofs of many of these facts are a matter of putting together known
results; nonetheless, this has not been done to the best knowledge of the author.

There are also some new results in the paper. In Section 3.5 we introduce the class
of “patchy” subsheaves of the sheaf of sections of a vector bundle. In Proposition 77
and Theorem 3.25 we show that the subsheaf of sections of a generalised subbundle is
patchy. We subsequently show in Corollary 4.11 that patchy real analytic subsheaves are
coherent, and this provides for these subsheaves access to the machinery of the cohomology
of coherent real analytic sheaves presented in Section 2.5. Other new results are presented in
Section 6.4, where we consider the notions of invariance of subsheaves of vector fields under
diffeomorphisms and vector fields, and discuss the relationship between invariance under a
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vector field and invariance under the flow of the same vector field. Here the topology of
stalks of sheaves discussed in Section 2.8 features prominently, and in the smooth case we
reveal the role of the Whitney Spectral Theorem.

What follows is an outline of the paper. Many of the properties of distributions, par-
ticularly their smoothness, are prescribed locally. This raises the immediate question as
to whether these local constructions give rise to meaningful global objects. The best way
to systematically handle such an approach is via the use of sheaves. Thus in Section 2 we
introduce the elements of sheaf theory that we will require. Many of the elementary con-
structions and results concerning distributions are just as easily done with vector bundles,
rather than specifically with tangent bundles. For this reason, we devote a significant part
of the paper to definitions and results for vector bundles. In Section 3 we give the basic
definitions and properties of generalised subbundles, i.e., assignments of a subspace of each
fibre of a vector bundle. The set of sections of a generalised subbundle is a submodule of the
module of sections. This simple observation, appropriately parsed in terms of sheaf theory,
gives rise to some interesting algebraic structure for generalised subbundles. In Section 4 we
present some of this algebraic theory. In Section 5 we study the important question of global
generators of generalised subbundles. This provides an instance of the importance of sheaf
theory in the study of generalised subbundles. Next in the paper we turn particularly to
distributions, i.e., generalised subbundles of tangent bundles. Here the additional structure
of vector fields having a flow, and all the consequences of this, play a role. In particular,
in Section 6 we look at invariant distributions and constructions related to the Lie bracket
of vector fields. An important contribution of control theory to differential geometry is the
Orbit Theorem. We study this theorem in some detail in Section 7, in particular giving
equal emphasis to the so-called Fixed-time Orbit Theorem, something not normally done
(but see [Jurdjevic 1997, §2.4]). Related to the Orbit Theorem, but not equivalent to it, is
Frobenius’s Theorem, which we present in Section 8.

Notation. Let us establish the notation we use in the paper.

We write A C B if A is a subset of B, allowing that A = B. If A is a strict subset of
B we denote this by A C B. The image of a map f: A — B is denoted by image(f). The
symbol “£” means “is defined to be equal to.”

By Z, Z>(, and Z-o we denote the sets of integers, nonnegative integers, and posi-
tive integers, respectively. By IR and C we denote the sets of real and complex numbers,
respectively. By R, R>0, R<g, and R<y we denote the sets of positive real numbers,
nonnegative real numbers, negative real numbers, and nonpositive real numbers, respec-
tively. By R we denote n-dimensional real Euclidean space (with C™ being the complex
analogue) and by R™*" we denote the set of real m x n matrices.

If V is a R-vector space and if S C V, by spang(S), conv(S), and aff(S) we denote the
linear hull, i.e., the linear span, the convex hull, and the affine hull of S. The kernel of a
linear map L: U — V is denoted by ker(L). Similarly, if M is a module over a commutative
ring R and if S C M, then spang(S) is the module generated by S.

By ||-|| we denote the standard Euclidean norm on R™. By B(r, ) we denote the open
ball of radius r centred at @ € R™. If f: U — R™ is a differentiable map from an open
subset U C IR™, the rth derivative of f at € U is denoted by D" f(x). If U; € R™,
je{l,...,k}, and if

F:Up x - xU, — R™



GENERALISED SUBBUNDLES AND DISTRIBUTIONS )

is differentiable, we denote by D;f(x1,...,x;) the jth partial derivative of = at
(x1,...,2E) € Uy X -+ X Uy, i.e., the derivative at «; of the map

x> f(xy,..., 2, @),

For the most part, we follow the differential geometric notations and conventions
of [Abraham, Marsden, and Ratiu 1988]. The tangent bundle of a manifold M is denoted
by TM and T,M denotes the tangent space at . The cotangent bundle is denoted by T*M
and TiM denotes the cotangent space at z. If f: M — N is a differentiable map between
manifolds, we denote its derivative by T'f: TM — TN, with T, f denoting the restriction of
this derivative to T,M. The differential of a differentiable function f: M — IR is denoted
by df: M — T*M.

By E. we denote the fibre at x of a vector bundle 7: E — M. If 7: E — M is a vector
bundle and if U C M is open, then E|U denotes the restriction of this vector bundle to U.

We shall speak of geometric objects of class C” for r € Z>¢ U {00, w}, with objects of
class C*° being infinitely differentiable and objects of class C*“ being real analytic. We shall
often use language like, “let M be a manifold of class C* or class C%, as required.” By this
we mean that the reader should ascribe the attributes of smoothness or real analyticity as
needed to make sense of the ensuing statements. For r € Z>o U {oo,w}, we denote the set
of functions of class C" on a manifold M by C"(M) and the set of sections of class C" of a
smooth or real analytic (as is required) vector bundle 7: E — M by I'"(E).

By Zx f we denote the Lie derivative of the function f by the vector field X. By ®;
we denote the flow of a vector field X on M. Thus t — ®;X(z) is the integral curve of X
through x.

2. A wee bit of sheaf theory

Our Definition 3.1 for what we mean by a generalised subbundle with prescribed smooth-
ness will be local. One of the obvious questions arising from this sort of construction is
whether there are in fact any globally defined vector fields taking values in the generalised
subbundle. Sheaf theory, such as we study in this section, is designed to answer such ques-
tions. Sheaf theory is a large and complex subject, and here we only develop in a limited
way those facets of the theory that we will use. There are various relevant references here,
including [Kashiwara and Schapira 1990, Tennison 1976]. The discussion in [Warner 1983,
Chapter 5] is also useful and concise. The presentation of sheaf cohomology in [Ramanan
2005] is at a level appropriate for someone with a good background in differential geometry.
Coherent analytic sheaves are the subject of the book of Grauert and Remmert [1984].

2.1. Presheaves and sheaves of sets. Although we will be interested almost exclusively
in this paper with sheaves of rings and modules, it is convenient to first define sheaves of
sets. The starting point for the definition is that of presheaves.

2.1 Definition: (Presheaf of sets) Let M be a smooth manifold. A presheaf of sets
over M is an assignment to each open set U C M a set F(U) and, to each pair of open sets
V,U € M with V C U, a map my: F(U) = F(V) called the restriction map, with these
assignments having the following properties:

(i) ry is the identity map;
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(ii) if W,V,U C M are open with W CV C U, then myw = mvw 1 v-
We shall frequently use a single symbol, like &, to refer to a presheaf, with the under-

standing that & = (F'(U))yopen, and that the restriction maps are understood. An element
s € F(U) is called a section over U and an element of F'(M) is called a global section. e

Presheaves can be restricted to open sets.

2.2 Definition: (Restriction of a presheaf) Let & = (F'(U))yopen be a presheaf of sets

over a smooth or real analytic manifold M. If U C M is open, then we denote by & |U the

restriction of # to U, which is the presheaf over U whose sections over V C U are simply

E(V). °
Let us give the examples of presheaves that will be of interest to us here.

2.3 Examples: (Presheaves) Let M be a smooth or real analytic manifold, as is required,

let 7: E — M be a smooth or real analytic vector bundle, as is required, and let r €

ZZO @) {OO, w}.

1. Let us denote by 6y, the presheaf over M for which the sections over an open subset
U C M is the set C"(U) of functions of class C” on U. The restriction maps are the

natural restrictions of functions. This presheaf we call the presheaf of functions of
class C™ on M.

2. Let us denote by & the presheaf over M whose sections over an open subset U C M is
the set I'"(U) of sections of E|U of class C". The restriction maps, again, are the natural
restrictions. This presheaf we call the presheaf of sections of E of class C". °

The notion of a presheaf has built into it a global character; for example, the specification
of global sections is part of the definition. The power of sheaf theory, however, is that it
gives a framework for extending local constructions to global ones. (A good model to have in
mind is using analytic continuation to patch together locally defined holomorphic functions
to arrive at a globally defined holomorphic function.) In order to do this in a self-consistent
way, one must place some conditions on the presheaves one uses. In this way we arrive at
the notion of a sheaf, as in the following definition.

2.4 Definition: (Sheaf of sets) Let M be a smooth manifold and suppose that we have
a presheaf F = (F(U))uopen Of sets with restriction maps ryy for U,V C M open and
satisfying V C U.

(i) The presheaf & is separated when, if U C M is open, if (Uy)qec4 is an open covering
of U, and if s,t € F(U) satisfy m, (s) = ruu, (t) for every a € A, then s = t;

(ii) The presheaf & has the gluing property when, if U C M is open, if (Ug)qeca is an
open covering of U, and if, for each a € A, there exists s, € F(U,) with the family
(Sa)aca satisfying

Tual 7ua1 ﬂua2 (Sal) = Tua27ua1 man (802)

for each ai,ap € A, then there exists s € F(U) such that s, = 1, (s) for each a € A.
(iii) The presheaf F is a sheaf of sets if it is separated and has the gluing property. e

One fairly easily verifies that the presheaves €} and & from Example 2.3 are, in fact,
sheaves. Examples of presheaves failing to be sheaves arise, of course, by failing either of the
conditions (i) or (ii) of the definition. Presheaves failing condition (i) do not often arise in
settings such as that in this paper, and we refer the reader to the references for a discussion
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of this phenomenon. However, presheaves failing to satisfy the gluing property (ii) can
arise, and the failure of a presheaf to satisfy this property is one that one is often forced to
deal with. As an elementary example of a presheaf failing to satisfy the gluing property, let
M be a noncompact smooth manifold and denote by €,5;(M) the presheaf whose sections
over an open subset U is the set Cpq4(U) of bounded smooth functions on U. Because it is
possible to patch together locally defined bounded smooth functions to arrive at a globally
defined unbounded function (we leave the straightforward construction of a counterexample
to the reader), 6,5,(M) is not a sheaf.

2.2. Germs and étale spaces. Associated to every presheaf is a topological space that
captures the local behaviour of the presheaf. To construct this space, the notion of a germ
is essential. We work with a presheaf & of sets on a manifold M. We let z € M and let
Nz be the collection of open subsets of M containing x. We define an equivalence relation
in (F(U))yey, by saying that s; € F(U;) and sy € F(Usz) are equivalent if there exists
V € N, such that V C Uy, V C Uy, and 7y, v(s1) = mu,,v(s2). The equivalence class of
a section s € F(U) we denote by ry;(s), by [(s,U)]s, or simply by [s], if we are able to
forget about the neighbourhood on which s is defined. With this construction, we make
the following definition.

2.5 Definition: (Stalk, germ of a section) Let M be a smooth manifold and let & =
(F(U))uopen be a presheaf of sets over M. For x € M, the stalk of & at z is the set of
equivalence classes under the equivalence relation defined above, and is denoted by &,.. The
equivalence class 7 ;(s) of a section s € F/(U) is called the germ of s at x. .

The germs at x of the presheaves €, and ¢ from Example 2.3 are denoted by €.,
and ?;M, respectively. ’

With stalks at hand, we can make another useful construction associated with a
presheaf.

2.6 Definition: (Etale space of a presheaf) Let M be a smooth manifold and let & =
(F(U))uopen be a presheaf of sets over M. The étale space of ¥ is the disjoint union of
the stalks of & :

Et(F) = Urems-

The étale topology on Et(F ) is that topology whose basis consists of subsets of the form
B(U,s) = {rue(s) | z €U}, U C Mopen, s € F(U).

By g : Et(¥) — M we denote the canonical projection mg (7 5(s)) = « which we call the
étale projection. °

One verifies the following properties of étale spaces, the proofs for which we refer to the
referenced texts.

2.7 Proposition: (Properties of the étale topology) Let M be a smooth manifold with
F = (F(W))u open @ presheaf of sets over M. The étale topology on Et(F) has the following
properties:

(i) the sets B(U,s), W C M open, s € F(U), form a basis for a topology;
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(ii) the projection mg is a local homeomorphism, i.e., about every [s|, € Et(¥ ) there
exists a neighbourhood O C Et(F) such that w4 |0 is a homeomorphism onto its
mage.

The way in which one should think of the étale topology is depicted in Figure 1. The

NI
AL

Figure 1. How to think of open sets in the étale topology

point is that open sets in the étale topology can be thought of as the “graphs” of local
sections. It is a fun exercise to show that the étale topologies for the étale spaces of the
sheaves 6}, and ¢ from Example 2.3 are Hausdorff if and only if r = w.

There is a natural notion of a local section of the étale space of a presheaf.

2.8 Definition: (Section of the étale space of a presheaf) Let M be a smooth manifold
and let & = (F(U))uopen be a presheaf of sets over M. For U C M open, a section of
Et(¥) over U is a continuous mapping o: U — Et(F ) with the property that mg oo = idy.
The set of sections of Et(¥ ) over U we denote by I'(U; Et(&)). o

Note that (I'(U;Et(¥)))uopen is a presheaf if we use the natural restriction
maps, i.e., the set theoretic restrictions. This presheaf can be verified to always be a
sheaf. Moreover, if ¥ is itself a sheaf, then there exists a natural isomorphism from &
to the presheaf of local sections of Et(& ). Explicitly, s € F(U) is mapped by this natural
isomorphism to the local section x > [s],.

The upshot of this section is the following. A sheaf & is in natural correspondence with
the local sections of its étale space Et(& ). In particular, the attributes of a sheaf F are
determined by the germs used in constructing its étale space. Said otherwise, a presheaf that
is a sheaf is determined by its germs. For this reason, we shall adopt the usual convention
and abandon the distinction between a sheaf and its étale space, and write & for both the
presheaf and its étale space.

2.3. Sheaves of rings and modules. The sheaves in which we are most interested are the
sheaf €}, of functions and the sheaf & of sections of a vector bundle. Just like the set
I'"(E) of sections is a module over the ring C"(M), the corresponding sheaves inherit some
algebraic structure. Let us first give a general definition.

2.9 Definition: (Presheaves of rings and modules)

(i) A presheaf of rings over a smooth manifold M is a presheaf & = (R(U))yopen
whose local sections are rings and for which the restriction maps mv: R(U) — R(V),
U,V C M open, V C U, are homomorphisms of rings.

(i) If # = (R(U))wopen is a presheaf of rings over a smooth manifold M, a presheaf of
F-modules is a presheaf F = (F(U))iy open Of sets such that F(U) is a module over
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R(U) and such that the restriction maps 7"1%?\7 and rﬁT  satisfy

rv(s+1) =1 y(s) +ry(t), s.teFU),
riy(fs) = i (frge(s),  f € R), s € F(U). .

Of course, if 7: E — M is a smooth or real analytic vector bundle, as required, and if
r € Z>o U {oo,w}, then G is a sheaf of modules over the sheaf of rings €.

2.4. Morphisms and subsheaves. Next we introduce maps between presheaves.

2.10 Definition: (Morphism of presheaves of sets) Let M be a smooth manifold and
let & = (F(U))iopen and & = (G(U))y open be presheaves of sets over M. A morphism of
the presheaves & and & is an assignment to each open set U C M a map ®: F(U) — G(U)
such that the diagram

G (2.1)

)5 G(V)

ﬁ
=
<
/—\%
<

commutes for every open U,V C M with V C U. We shall often use the abbreviation
O = (DY )uopen- If F and & are sheaves, ® is called a morphism of sheaves. .

Our interest is mainly in, not morphisms between presheaves of sets, but in morphisms
between presheaves of ‘Gy-modules.

2.11 Definition: (Morphism of presheaves of modules) Let M be a smooth or real
analytic manifold as required, let r € Z>o U {oo,w}, and let F = (F(U))yopen and & =
(G(U))uopen be sheaves of Gy-modules. A morphism (P )i open Of the presheaves & and
Y is a morphism of 6y-modules if & : F(U) — G(U) is a homomorphism of C"(U)
modules for each open set U C M. °

Another form of morphism, one that maps from one manifold to another, will also be
useful for us. In order to state the definition, we need some notation. We let M be a
manifold and let # = (F(U))yopen be a presheaf over M. Let A C M. Let U,V C M be
neighbourhoods of A. Sections s € F(U) and ¢ € F(V) are equivalent if there exists a
neighbourhood W € U NV of A such that mw(s) = rvw(t). Let ¥4 denote the set of
equivalence classes under this equivalence relation. Let us denote an equivalence class by
[(s,U)]a or by [s]a if the subset U is of no consequence. Restriction maps can be defined
between such sets of equivalence classes as well. Thus we let A, B C M be subsets for which
A CB. If [(s,U)]p € Fp then, since U is also a neighbourhood of A, [(s,U)]p € Fa, and
we denote by rp A([(s, U)]p) the equivalence class in #4. One can readily verify that these
restriction maps are well-defined.

2.12 Definition: (Direct image and inverse image presheaves) Let r € Z>¢U{oo,w},
let M and N be smooth or real analytic manifolds, as required, let & € C"(M;N) be a C"-
map, and let F = (F(U))uopen be a presheaf of €yj-modules and & = (G(V))vopen be a
presheaf of € -modules.
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(i) The direct image presheaf of & by ® is the presheaf @, on N given by &, F (V) =
F(®71(V)) for V C N open. If ry y denote the restriction maps for #, the restriction
maps .y for ®,.F satisty, for U,V C N open with V C U,

Quryv(s) = ro-10),0-1(v)(5)

for s € ®,.F (U) = F(@~H(W)).

(i) The inverse image presheaf of F by ® is the presheaf @ 1F over M defined by
1 (U) = Fpy- The restriction maps for @1 F are defined by &~ 'ryy([s]) =
7“<1>(u),<1>(\7)([3])- ¢

If & is a sheaf, one readily verifies that ®,% is also a sheaf. From this one readily
deduces that, if ® is a diffeomorphism, then ® 1'% is a sheaf if & is a sheaf. The asymmetry
in the notation for the direct and inverse image (i.e., the fact that ®~! seems like it should
be ®*) is explained by the fact that ®* is the notation used in a related, but not exactly
identical, situation. We refer to [Taylor 2002, §7.3] for details.

We can also talk about subsheaves in a more or less obvious way.

2.13 Definition: (Subpresheaf, subsheaf) Let M be a smooth manifold, and let & =
(F(U))uopen and & = (G(U) )y open be presheaves of sets over M. The presheaf ¥ is a
subpresheaf of & if, for each open set U C M, F(U) is a subset of G(U) and if the
inclusion maps ig y: F'(U) — G(U), U € M open, define a morphism ig = (ig 1 )uwopen Of
presheaves of sets. If & and & are sheaves, we say that & is a presheaf of . .

Of course, if one replaces “presheaf of sets” with “presheaf of €};-modules” in the above
definition one arrives at the notions of a subpresheaf and subsheaf of ‘6y}-modules.

2.5. Coherent real analytic sheaves. As we have mentioned several times, one of the uses
of sheaf theory is that it allows one to systematically address global existence questions.
One such question is the following. Suppose that we are given a vector bundle 7: E — M.
Clearly, about any « € M there are many local sections. One can legitimately ask whether
global sections are plentiful. If the vector bundle is smooth, then one can use constructions
with cutoff functions and partitions of unity to construct a section having any “reasonable”
property. (In sheaf language, this is because the sheaf of smooth sections has a property
called “softness.”) However, if the vector bundle is real analytic, the question is not so
easy to answer. To motivate this a little further, let us recall that a holomorphic vector
bundle over a compact base has few global sections; precisely, the space of global sections is
finite-dimensional over C. For example, the dimension of the C-vector space of sections of
the so-called tautological bundle over complex projective space is zero [Smith, Kahanpaa,
Keké#aldainen, and Traves 2000, page 133]. This immediately makes one think an analogous
situation likely holds for real analytic vector bundles. However, this is not so, but the reasons
for this are not trivial. In this section we outline some of the historical developments leading
to a few main results that we shall make use of.

First of all, let us deal with the fact that real analytic manifolds are not exactly analogous
to holomorphic manifolds. In fact, [Grauert 1958] shows that real analytic manifolds are
analogous to the class of holomorphic manifolds known as Stein manifolds. Stein manifolds,
unlike general holomorphic manifolds, possess many holomorphic functions. For example,
about any point in a Stein manifold, one can find globally defined functions that, in a
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neighbourhood of the point, form the components of a holomorphic coordinate chart. Thus
we have some hope that the question about the plenitude of global sections of a real analytic
vector bundle has an answer unlike that for holomorphic vector bundles over a compact base.

However, there is still much work to be done. In the holomorphic case, the big result
here, proved by Cartan [1951-52] and known as “Cartan’s Theorem A” (there is also a
“Theorem B” which we will get to in time), has as a consequence that the module of germs
at = of sections of a holomorphic vector bundle over a Stein base is generated by germs of
global sections. In [Cartan 1957] these holomorphic results are extended to the real analytic
case. Thus, as a consequence of Cartan’s Theorem A in the real analytic case, the module
?;E is generated by germs of global sections. However, Cartan’s results extend far beyond
sheaves of sections of vector bundles to the setting of coherent analytic sheaves. We shall
actually access these more general results, so in this section we give the definitions and
sketch the results to which we shall subsequently make reference.

We begin with the notion of a locally finitely generated sheaf of modules.

2.14 Definition: (Locally finitely generated sheaf of modules) Let M be a smooth
or real analytic manifold, as required, let r € Z>q U {oo,w}, and let & = (F(U))uopen be
a sheaf of €yj;-modules. The sheaf F is locally finitely generated if, for each z¢ € M,
there exists a neighbourhood U of z¢ and sections s, ..., s € F(U) such that [s1]s, ..., [sk]s
generate the € \,-module F; for every z € U. .

Next we turn to the other property required of a coherent sheaf. We let M be a smooth
or real analytic manifold, as required, let r € Z>qU {00, w}, and let & = (F(U))yopen be a
sheaf of 6yj-modules. Let U C M be open and let s1,...,s; € F(U). We define a morphism
o(s1, ..., s) of sheaves from (%1)* to F |U by defining it stalkwise:

k
o(s1, s 0)a([f s M) =) [ )alsile, zel

Jj=1

The kernel ker(o(s1, ..., sk)) of this morphism we call the sheaf of relations of the sections
$1,...,8E over U.
With the preceding construction, we now make the following definition.

2.15 Definition: (Coherent sheaf) Let M be a smooth or real analytic manifold, as re-
quired, let r € Z>o U {00, w}, and let F = (F(U))yopen be a sheaf of €};-modules. The
sheaf ¥ is coherent

(i) if it is locally finitely generated and

(ii) if, for every open U C M and sy,...,s, € F(U), ker(o(s1,...,sk)) is locally finitely
generated. °

Now we can define the objects of interest to us.

2.16 Definition: (Coherent real analytic sheaf) Let M be a real analytic manifold. A
coherent real analytic sheaf is a coherent sheaf & of 6;-modules. °

We can give an important example of a coherent real analytic sheaf.
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2.17 Theorem: (Oka’s Theorem) If n: E — M is a real analytic vector bundle then G
1s coherent.

Outline of proof: Proofs of this result in the holomorphic case can be found in many texts
on several complex variables, see [e.g., Hormander 1966, Theorem 6.4.1]. The proofs are all
lengthy inductive arguments based on the Weierstrass Preparation Theorem. The Weier-
strass Preparation Theorem in the real analytic case is given in [Krantz and Parks 2002,
Theorem 6.1.3]. With this version of the theorem, the standard holomorphic proofs of Oka’s
Theorem apply to the real analytic case. |

Now we are in a position to state an important result concerning global sections of
coherent real analytic sheaves.

2.18 Theorem: (Cartan’s Theorem A) Let M be a paracompact Hausdorff real analytic
manifold and let F be a coherent real analytic sheaf. Then, for x € M, the €.¥\,-module
G is generated by germs of global sections of F .

Outline of proof: The holomorphic case, i.e., for coherent complex analytic sheaves over
Stein manifolds, was first proved by Cartan [1951-52]. Proofs of this result are often found
in texts on several complex variables [e.g., Hormander 1966, Theorem 7.2.8]. The real
analytic case we state here was proved by Cartan [1957] using the fact that real analytic
manifolds can be, in an appropriate sense, be approximated by Stein manifolds. In [Cartan
1957] the theorems are stated for real analytic submanifolds of R™. However, by the real
analytic embedding theorem of Grauert [1958], this assumption holds for any paracompact
Hausdorff real analytic manifold. |

We note that the sheaf G of C"-sections of a smooth vector bundle 7: E — M is not
coherent. Thus coherence is really an analytic tool, and indeed is the device one uses to
compensate for the fact that one does not have analytic partitions of unity.

2.6. Real analytic spaces. The study of analytic spaces is fundamental in the theory of
complex analytic geometry. As such, references for this theory abound, with [Taylor 2002]
as an example. In the real analytic case, there are fewer references. The study of these
spaces was really initiated with the work of Cartan [1957] and of Whitney and Bruhat
[1959]. Monographs on results in this area are those of Narasimhan [1966] and Guaraldo,
Macri, and Tancredi [1986]. Since this theory has some important repercussions for us, we
shall review it here.
We begin with the definition.

2.19 Definition: (Real analytic space, ideal sheaf of a real analytic space) If M is
a real analytic manifold, a real analytic space in M is a subset S C M such that, for each
xo € S, there is a neighbourhood U of xy and fi,..., fr € C“(U) such that

SNU={zeU]| fi(z)="--= fr(z)}.

The ideal sheaf of a real analytic space S is the subsheaf % = (Is(U) )1 open of €y defined
by
Is(W={fec’U)| f(z)=0for all z € SNU}. .
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Characterisations of the ideal sheaf are important in the theory of analytic spaces. As
an example of a question of interest, one wonders whether, given an analytic space, its
ideal sheaf is generated by globally defined functions. One is not surprised to learn that
coherence of the ideal sheaf is important for answering such questions, and indeed Cartan
[1950] proves that the ideal sheaf of a complex analytic space is coherent. However, in
the real analytic case, it is no longer true that ideal sheaves are coherent, as the following
example of Cartan shows.

2.20 Example: (Cartan’s umbrella) We take M = R3 with (x1,z2,73) the standard
coordinates. Consider the analytic function

f:R>*>R
(1,29, 3) — .CC3($% + x%) — x%

In Figure 2 we show the 0-level set of f, which is thus an analytic space that we denote

Figure 2. Cartan’s umbrella

by C. We claim that _% is not coherent. To show this, we first look at the stalk of % at
0 = (0,0,0). We claim that [f]o generates this stalk.

To see now that % is not locally finitely generated, let U be a neighbourhood of 0 and let
xo = (0,0,a) € U with a # 0. For a sufficiently small neighbourhood V of xy (specifically,
require that V be a ball not containing 0) define g € C¥(V) by g(x1,x2,23) = =1, and
note that [(¢,V)]z, € JC,z,- We claim that [(g, V)], is not in the ideal generated by [f]x,.
Indeed, note that if g = hf in some neighbourhood of xg, then we must have

2 2 3
xr3(x] +x3) —x
h($1,$2,1‘3) = ( L $12) 27
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which can easily seen to not be real analytic in any neighbourhood of xy. Finally, by
Lemma 4.17 we can now conclude that % is not locally finitely generated.

A consequence of this is that real analytic functions on C cannot generally be extended
to real analytic functions away from C. Consider, for example, the function

Il
af + a3+ (23— 1)%

g(x1, 29, 23) =

One readily checks that g be extended to a real analytic function in a neighbourhood of
any point, but cannot be extended to a real analytic function on a neighbourhood of C. e

2.7. The beginnings of sheaf cohomology. Sheaf cohomology is a powerful tool for dealing
systematically with the problems concerning the “local to global” passage. The theory has
a reputation for being difficult to learn. This is in some sense true, but is also exacerbated
by many treatments of the subject which provide a purely category theory based treatment
which is difficult for a beginner to penetrate. Here we sketch the beginnings of sheaf
cohomology in a fairly concrete manner, and state a weak form of Cartan’s Theorem B
that we shall subsequently use. A readable, but not comprehensive, introduction to sheaf
cohomology may be found in the book of Ramanan [2005]. A less readable (by non-experts)
but comprehensive account may be found in the book of Kashiwara and Schapira [1990].

We let r € Z>oU {00, w}, let M be a smooth or real analytic manifold, as required, and
let & = (F(U))uopen be a sheaf of Gy-modules. We suppose that we are given an open
cover % = (Uy)aca for M, and we let C°(%; F ) be the set of all sections over all open sets in
2. Thus an element of CO(%; F) is a family (s,)aca where s, € F(U,). Now let Z°(%; F)
be the elements of C(%; F) that agree on their intersection. Thus (s4)eea € Z0(U; F) if
the restrictions of s, and s, to U, MUy agree whenever U, NUp # . Since & is a sheaf, if
(5a)aca € Z°(%; F) then there exists a unique s € I'(M; F ) such that the restriction of s to
U, agrees with s, for each a € A. Thus we naturally identify Z°(%; ) with I'(M; & ). Let
us also define B®(%;%) = 0 by convention. We take H)(%; F) = Z°9(%; F)/BYU; F)
so that HY(%; &) is naturally identified with I'(M; ). This is the zeroth cohomology
group of & for the cover %.

The preceding constructions are related to restricting global sections to sets from the
open cover. Now we restrict further. Let C1(%; %) be the set of sections over U, N Uy,
a,b € A. Thus an element of CH(%; %) is a family (Sab)a,pca such that sqp € F(Ug NUp).
Given (s4)aca € CO(%;F) we have an induced element (Sqp)apea € CHW; F) defined
by Sap = Sp — Sa (to keep things simple, we omit the restrictions which are really required
here). Let us denote by BY(%; &) the elements of C1(%; &) obtained in this way. We define
XU, F) C CHU; F) by an algebraic condition that is vacuously satisfied by elements of
BY%; F). If we take Z(%; F) to be those elements (su)apea € CH(U;F ) for which

Spe — Sac + Sap = 0, a,b,cEA,

(again, we omit restrictions for brevity), we can see that this condition is satisfied by
elements of BY%;F). We thus define H(%; F) = ZY%; F)/BY%; F), which is the
first cohomology group of & for the cover %. The vanishing of the first cohomology
group is intimately connected with the capacity of the sheaf to support the patching together
of local constructions to form a global construction.



GENERALISED SUBBUNDLES AND DISTRIBUTIONS 15

The path from the preceding rather elementary constructions to higher cohomology
groups now typically proceeds in one of two equivalent directions. One can continue with
the constructions with open covers and prove, that for suitable open covers, one arrives at
a cover-independent theory. This gives what is known as Cech cohomology. This approach
can often be used to compute the cohomology of a concrete sheaf. Another approach,
more abstract and so more difficult to understand, realises cohomology groups as “the right
derived functors for the global section functor.” About this we shall say nothing more, but
refer to the references.

For us, the following results are useful. The first result is useful in the smooth case.

2.21 Theorem: (Cohomology of sheaves of modules over the ring of continuous
or differentiable functions) If r € Z>oU{oo}, if M is a smooth paracompact Hausdorff
manifold, if F is a sheaf of Gy-modules, and if % = (Ug)aca is an open cover of M,
then HY(%; F) = 0.

Outline of proof: The sheaf of rings @}, is easily shown to have the property of “fine-
ness” [Wells Jr. 2008, Definition 3.3]; this amounts to the fact that a smooth manifold
possesses a C"-partition of unity [Abraham, Marsden, and Ratiu 1988, Theorem 5.5.7].
One then can show [Wells Jr. 2008, Proposition 3.5] that fine sheaves have the property of
“softness” [Wells Jr. 2008, Definition 3.1]. A sheaf of modules over a soft sheaf of rings can
be shown to be soft [Wells Jr. 2008, Lemma 3.16]. Finally, the cohomology of soft sheaves
may be shown to vanish at orders larger than zero [Wells Jr. 2008, Theorem 3.11]. |

In the real analytic case, the following result is the one we shall find useful.

2.22 Theorem: (A consequence of Cartan’s Theorem B) If M is a paracompact Haus-
dorff real analytic manifold, if F is a coherent sheaf of G\4-modules, and if U = (Uy)aca
is an open cover of M, then HY(U; F) = 0.

Outline of proof: The history of the proof is rather like that for Cartan’s Theorem A given
above. |

2.8. Topologies on stalks of sheaves of sections. We will require topologies on the stalks
?;,E of the sheaf of sections of a vector bundle 7: E — M of class C". This is done differently
in the cases r = co and 7 = w.

The smooth case. Let m: E — M be a smooth vector bundle. Without loss of generality
(since we are only topologising stalks, so all constructions need only be local) we suppose
that M is Hausdorff and paracompact. If U C M is open, we recall the weak topology on
I'>°(E|U) [Michor 1980]. This is most easily described by assigning a smooth vector bundle
metric G to E. Thus G, is an inner product on E,.! We let ||-||, denote the induced norm
on E;. Note that the rth jet bundle #": J'E — M of 7: E — M is a vector bundle [Kol4r,
Michor, and Slovak 1993, §12.17]. Thus we may define a vector bundle metric on this bundle

'The construction of G in the smooth case follows from standard arguments using partitions of
unity, cf. the proof of the existence of a Riemannian metric on a smooth, paracompact, Hausdorff man-
ifold [Abraham, Marsden, and Ratiu 1988, Corollary 5.5.13].
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that we denote by G". The corresponding norm on the fibre over x we denote by ||-||%. For
K C U compact and for r € Z>( we can then define a seminorm ||-||, x on I'>**(E|U) by

1€llr7c = sup{l7-& ()|l | = € K}

If (Kj)jez., is a sequence of compact sets such that U = Ujez.,K; (by [Aliprantis and
Border 2006, Lemma 2.76]) then the locally convex topology defined by the family of semi-
norms |||, x, 7 € Z>o, KX C U compact, is the same as the locally convex topology defined
by the countable family of seminorms [|-||, k,, 7 € Z>0, j € Z~o. Moreover, this topology
can be easily verified to be Hausdorff and complete. Thus I'*°(E|U) is a Fréchet space with
this topology. The topology can also be shown to be independent of the choices of the
vector bundle metrics G", r € Z>y.

Now let z € M and let /#, be the set of neighbourhoods of x, noting that /, is a
directed set under inclusion. Note that &°¢ is the direct limit (in the category of R-vector
spaces) of (I'*°(E|U))yey, with respect to the mappings iz I (Uj)jez., is a sequence of
neighbourhoods of x such that U;1; C U; and such that Njcz.,U; = {x}, then this family
is cofinal in #, and so the resulting direct limit topology on ?ﬁ% induced by the mappings
T, w5 J € Z>0, gives ?xo% the structure of an (LF)-space; see [Kothe 1969, §19.5].

We will be interested in closed submodules of G7¢. These can be described with the
aid of Whitney’s Spectral Theorem [Whitney 1948]. By joo&(x) we denote the infinite jet
of a section & at x.

2.23 Theorem: (Whitney’s Spectral Theorem) Let 7: E — M be a smooth vector
bundle with bounded fibre dimension and with M smooth, second countable, and Hausdorff.

If 4 CT°(E) is a submodule, then the closure of M in the weak topology on I'*°(E) is
(M) ={, €T™(E) | jocb(x) € {joon(x) | n € M} for each x € M}.

With this, we can characterise closed submodules of the stalks ZOOE

2.24 Proposition: (Closed submodules of stalks of smooth sections) Let 7: E — M
be a smooth vector bundle and let x € M. If &, C ?IOOE is a submodule, then the closure of
F: in the (LF)-topology on Gt is

c(F) = {[(§, W]z € Gog| there exists a neighbourhood V C U of x such that

G (y) € {doon(y) | n € 15 4(F2)} for every y € V}.

Proof: First let [({,U)], € &% be such that there exists a neighbourhood V C U of x for
which
Joob(y) € {Goen(y) | m € 1y (Fa)}

for every y € V. Let (U;);cz., be a sequence of neighbourhoods of = such that U;1; C U;
and such that Njez_,U; = {2}, and note that rﬂ}m(%) is a submodule of I"**(E|U;) for
each j € Z~o. Let N € Z~ be sufficiently large that U; C 'V for all j > N. Then

Jool(y) € Ljoon(y) | m € 1y} (Fa)}

for all y € U; and j > N. Thus my, (§) € cl(rﬂjlx(%)) for j > N by the Whitney Spectral
Theorem. It then follows that, for every j > N,

"y.e(ru (€) = rue(§) = (6 W]e € d(F2),
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of. [K6the 1969, §19.5].
Next let [(£,U)], be in the closure of %,. It follows that ry L ([(¢,U)],) is in the closure

of rﬂlx(%) Therefore, by the Whitney Spectral Theorem,

G (y) € {doon(y) | 1 € 1y o (Fa)}
for all y € U, giving the desired characterisation of cl(%;). [ |

The following example shows that there can be finitely generated submodules of germs
of sections that are not closed. We refer to [Roth 1970] for further discussion along these
lines.

2.25 Example: (A finitely generated submodule of smooth germs that is not
closed) We take M = R with coordinate z. We take f € C*°(R) to be defined by

B e*1/$4, x #0,
f(x)_{o, z = 0.

We claim that the submodule (f)y of C*°(U) generated by f|U is not closed for any neigh-
bourhood U of 0. Indeed, let U be a neighbourhood of 0. Note that the function g € C*°(U)

defined by
() efl/xz, x # 0,
xr) =
g 0, z=0
has the property that its Taylor series at 0 agrees with that of f: both Taylor series are
identically zero. However, since
9(z)

I
50 flz)

there is no function h € C*°(U) such that ¢ = hf, and so g ¢ (f)u. Moreover, by

Proposition 2.24, the argument shows that the module ([f]o) generated by [f]o is not closed.

The real analytic case. The topology on the stalks of the sheaf of sections of a real analytic
vector bundle is more difficult to describe than the smooth case. In the real analytic case,
we must first extend real analytic objects to holomorphic objects on a complexification of
the vector bundle.

We let m: E — M be a real analytic vector bundle, supposing that M is paracompact and
Hausdorff. As in the smooth case, our definition of the appropriate topologies is facilitated
by the introduction of a vector bundle metric on E. Let us be sure we understand how to
construct such a metric in the real analytic case. First of all, by the real analytic embedding
theorem of Grauert [1958], we analytically embed E into RY for sufficiently large N. Then
M and the fibres E, of E are real analytic submanifolds of RY. Moreover, E is naturally
isomorphic to the normal bundle of M in E. Using the Euclidean inner product G, on the
fibres of the normal bundle at x € M, we define a real analytic vector bundle metric G on E.
Following Whitney and Bruhat [1959], we can regard M as the real part of a corresponding
holomorphic manifold M. Moreover, using our observation above that E is isomorphic to
the normal bundle of M C E C R¥, we can extend E to be a holomorphic vector bundle
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7: E — M. The restriction of E to M C M agrees with the complexification E ®g C of E,
and we denote this by EC. That is,

EC 2 EIM ~ E®g C.

By shrinking the holomorphic extension M if necessary, we can suppose that G extends to
a Hermitian metric G on the fibres of E. Denote by [|-|g the norm induced on the fibres of
E.

With these holomorphic extensions at hand, we can now begin to describe the topology
on the stalks of . As in the smooth case, we first describe the topology of I'“(E|U) for
open sets U C M. The construction of this topology is done in a few steps.

1. T opolggise the holomorphic sections: We first consider the complexiﬁcatjog. Thus let
U € M be open and let I'(E|U) denote the holomorphic sections of E/U. Define a
topology on T'°(E|U) as that defined by the family of seminorms ||-||x, K C U compact,
given by B B

1€llx = sup{ll&(2)llg | = € K}

This defines the compact-open, or WeikiCO—, topology on I'°(E|U). It is well-known that
Il EU) is a closed subspace of I'%(E/U) with this topology [Gunning and Rossi 1965,
Theorem V.B.5]. Thus I'"*°/(E|U) has a natural Fréchet topology.

2. Restrict from holomorphic to real analytic sections of E€: Now let U C M be open and
let U € M be a neighbourhood of U. If £ € TP(E[U) then £JU € T¥(EC|U), cf. [Krantz
1992, Corollary 2.3.7). Conversely, if U C M is open and if ¢ € T%(E€|U), then there
exists a neighbourhood U of U and & € T (E[U) such that £JU = £. (To see this, it is
easiest to think in terms of Taylor series. The Taylor series for £ will be a series with

coordinates (z!,...,2") for M as indeterminates and with complex coefficients. The
Taylor series for the corresponding section £ will be given by replacing the real indeter-
minates (z!,...,2") with complex indeterminates (2, ..., 2") representing coordinates

for M.) Moreover, ¢ is unique in that any two such extensions will agree on any con-
nected neighbourhood of U. For U C M open and U a neighbourhood of U in M, let us
denote by

oy TEU) — T(EC W) (2.2)

the restriction map, noting that this map is injective if U is connected. Moreover, if
U C M is open and if 44 denotes the set of neighbourhoods of U in M, then

T (EC|U) = Upe 4, image(pyy)-

3. Projection to real analytic sections of E: We let Rey: EC\U — E|U be the projection
onto the real part of the fibres. Let us also abuse notation slightly and let

Rey: T%(EC|U) — T¥(E[U)
be the induced map on sections. We then define

pra = Rewopyy - T (E[U) — T (EJW).
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Let us see how this homomorphism reacts with the module structures on the domain
and codomain. We let U € M be open and let U € 4. Making a slight abuse of
notation, we denote by

prac CMN(W) — C¥(W)

the restriction map, where C"°!(E|U) denotes the holomorphic functions on U. We claim
that if # C I'’(E|U) is a submodule over C*(U) then pi}u(//) is a submodule over

pﬁh(C“(U)). First of all, let us show that pﬁh(C“’(U)) is a ring. If f and g are such
that pﬂu(f) = f and %7u(§) =g for f,g € C¥(U), then clearly

pin(F+9)=f+a9. puy(fa) = fa.

and so f+7, fg € pﬁlu(C‘” (U)). Now let £ and 77 be such that P (€) = €and pun(m =n
for&,me M. 1t is clear that B
pun(E+1m) =&+

and so £ + 7 € pﬁlu(/% ). Also, since the restriction of the product f ¢ agrees with the

products of the restrictions of f and &, we have pEu(E) = f¢andso f€ € pﬁlu(/%),
giving our claim. 7

4. Use the inductive limit topology: Now let U C M be open and let 4 be the set of
neighbourhoods of U in M. Note that /4 is a directed set under inclusion. The topology
on T¥(EC|U) is the inductive limit topology with respect to the family of restriction
mappings (2.2), i.e., the finest topology for which all of these maps are continuous.
Thus T*(E®|U) is an inductive limit of Fréchet spaces, but it need not be an (LF)-space
since this limit need not be countable. One verifies that T'’(E|U) is a closed subspace of
I'“(E€|U). Thus the induced topology gives us the desired topology on I'“(E|U). This
topology has some not so friendly properties; we refer to the work of Martineau [1966]
and the discussions of this in [Krantz and Parks 2002, §2.6] and [Domanski and Vogt
2000] for details.

Let us consider some related constructions with stalks, as this notation will be of use to
us in the proof of Theorem 2.26 below. With our notation above, we have the sheaf ?Ehd of

(gmh(’l—modules. We also have the sheaves ?é“ and ?E‘{E of ‘E,(,’f—modules. Our constructions

above ensure that restriction of germs to M C M gives a bijection from ?fh%l to f;’EC for

each € M, where T denotes the image of € M in M. We thus have a homomorphism
Pt B2 B

of R-vector spaces (topologies will be considered shortly). By taking real parts, we further
get a homomorphism
Pz ?Ehd — G

We may argue as in step 3 above that, if &, C &% is a €,,-submodule, then p%i(%) is
a € -submodule of M,

z,M z,E _

Finally, we topologise the stalks of ?Eh‘)l and . Let x € M and let T € M. Let /, and
Nz denote the families of neighbourhoods of z and Z in M and M, respectively. Note that
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these are both directed sets under inclusion. The topologies on & e and ? h91 are then the
inductive limit topologies with respect to the families of mappings rz, U e /Vx, and T
U € M, respectively.

Next we need to describe the closed submodules of ?;:E‘

2.26 Theorem: (Closed submodules of stalks of real analytic sections) Let w: E —
M be a real analytic vector bundle and let x € M. If % C G is a submodule, then it is
closed in the inductive limit topology on f;fE.

Proof: We first claim that the map pz, is continuous. By Proposition 2 from Section 4.1
of [Grothendieck 1973] it suffices to show that, for any neighbourhood U of Z in M, the
composition

Pz ° T 5" e EU) — G e

is continuous. Note that the diagram

rhol(Eyﬁ) —L P (EU) (2.3)

Tu,zl lTU@

hol w
o o
?E,E Pz,x z,E

commutes for every U € A%, where U = U N M. Therefore, it suffices to show that
" © P el EN) — G

is continuous for every U € 4, and U € M. However, again by Proposition 2 from
Section 4.1 of [Grothendieck 1973], the homomorphisms py; . and 7, are continuous, and
so the claim follows. ’

Now let [(§,U)], be in the closure of # in ¢ Let U € My be such that ¢ extends

to a section £ of E[U. Then rur([(g U)];) is in the closure of rilx(%) in I'(E|U) and
puu(rux([(f U)],)) is in the closure of pﬁu(ru;(%)) in ThY(EJU). By the commutativ-
ity of the diagram (2.3), this implies that rg ([(§ U)Jz) is in the closure of rﬁh(?f) in

T (E[U). Consequently, raa (€ We) s in the closure of ra(Prn () in TR END). As
we argued before the staternent of the theorem, p;i(%) is a %;C’ml-submodule of ?Eh%l
Therefore, by [Taylor 2002, Proposition 11.2.2], r uu(pgc L (%)) is closed in Th!(E|U) and so
contains ([(5, U)Jz). Consequently, puu(rum(%)) contains puu(rum([(ﬁ' U)]z)), and so
(&, W], € %, as desired. [ ]

Note that, unsurprisingly given the topology on &, the proof relies in an essential way
on the holomorphic analogue of the theorem. This holomorphic analogue is an essential
ingredient in the proofs of Cartan’s Theorems A and B.

3. Generalised subbundles of vector bundles

In this section we introduce the major player in this paper in the general setting of
vector bundles; later in the paper we shall specialise to tangent bundles. We also introduce
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the connections between these constructions and subsheaves of the sheaf of sections of a
vector bundle.

3.1. Generalised subbundles. We begin by giving the definitions we shall use throughout

the paper.

3.1 Definition: (Generalised subbundle) Let 7: E — M be a vector bundle of class C*

or C¥, as is required. A generalised subbundle of E is a subset F C E such that, for each

x € M, the subset F, = F N E, is a subspace (and so, in particular, is nonempty). The

subspace F, is the fibre of F at . Associated with the notion of a generalised subbundle

we have the following.

(i) A generalised subbundle F is of class C", r € Z>o U {oo,w}, if, for each 9 € M,

there exists a neighbourhood N of z and a family (&;);ec; of C"-sections, called local
generators, of E|/N such that

Fo = spang (§j(z) | j € J)

for each x € N.

(ii) A generalised subbundle F of class C", r € Z>o U {oo,w}, is locally finitely gener-
ated if, for each zy € M, there exists a neighbourhood N of zy and a family (&3, ..., &)
of C"-sections, called local generators, of E|N such that

F. = spang (&1 (), ..., &k(x))

for each x € N.

(iii) A generalised subbundle F of class C", r € Z>o U {oo,w}, is finitely generated if
there exists a family (&1, ...,&) of C"-sections, called generators, of E such that

Fu = spang (&1 (), ..., &k(2))

for each x € M.

The nonnegative integer dim(F,) is called the rank of F at z and is sometimes denoted by
rank(F). .

Let us also give a few related standard definitions that we shall use.

3.2 Definition: (Restriction of a generalised subbundle) Let 7: E — M be a vector
bundle of class C* or C¥, as is required, let r € Z>o U {oo,w}, and let F C E be a
C"-generalised subbundle. If U C M is open, the restriction of F to U is

F|u == UIGUFCE [

3.3 Definition: (Section of a generalised subbundle) Let 7: E — M be a vector bundle
of class C* or C¥, as is required, let r € Z>o U {oo,w}, and let F C E be a C"-generalised
subbundle. If U C M is open, a local section of F over U is a section &: U — E such that
£(x) € F, for every 2 € U. A local section £ of F is of class C*, k < r, if it is of class C* as
a local section of E. The set of local sections of F over U of class C* is denoted by T*(F|U),
or simply by T*(F) when U = M. .

Of particular interest to us in the paper are generalised subbundles of tangent bundles.
These we give a special name.
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3.4 Definition: (Distribution) Let M be a smooth or real analytic manifold, as required.
A distribution on M is a generalised subbundle D of TM, and a distribution D is of class
C",r e Z>oU{oo,w}, if it is of class C" as a generalised subbundle. °

For the first few sections of the paper we shall focus on generalised subbundles of vector
bundles, turning especially to distributions in Section 6.

3.2. Regular and singular points of generalised subbundles. One of the complications
ensuing from the notion of a generalised subbundle arises if the dimensions of the subspaces
F., x € M, are not locally constant. The following definition associates some language with
this.

3.5 Definition: (Regular point, singular point) Let F be a generalised subbundle of a
vector bundle 7: E — M. A point g € M

(i) is a regular point for F if there exists a neighbourhood N of xy such that rank(F,) =
rank(F,,) for every x € N and

(ii) is a singular point for F if it is not a regular point for F.

A generalised subbundle F is regular if every point in M is a regular point for F, and is
singular otherwise. °

Although our definition of regular and singular points is made for arbitrary generalised
subbundles, these definitions only have real value in the case when the generalised subbundle
has some smoothness. A regular generalised subbundle of class C", r € Z> U {oo,w}, is
often called subbundle of E of class C".

For continuous generalised subbundles one can make some statements about the char-
acter of rank and the character of the set of regular and singular points. In the following
result, if F is a generalised subbundle of a vector bundle 7: E — M, then we denote by
rankp: M — Z>¢ the function defined by rankg(z) = rank(F,).

3.6 Proposition: (Rank and regular points for continuous generalised subbundles)
If F is a generalised subbundle of class CV of a vector bundle w: E — M, then the function
rankr is lower semicontinuous and the set of reqular points of F is open and dense.

Proof: Let a € R and let 2 € ranky'((a,0)). Thus k £ rankg(z9) > a. This means that

there are k sections &1,...,&, of class C¥ defined in a neighbourhood N of zg such that
Fzo = spang (&1(x0), - - ., &k(z0)). Now choose a vector bundle chart (V,) for E about z
so that the local sections &1, ..., &, have local representatives

x — (z,§;(x)), je{l,....k}.

Let (U, ¢) be the induced chart for M and let @y = ¢(zp). The vectors (&;(x), ..., & (x0))
are then linearly independent. Therefore, there exist j1,...,jr € {1,...,n} (supposing that
n is the dimension of M) such that the matrix

&' (@) -+ & (20)

& (wo) -+ &% (20)
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has nonzero determinant, where 5{1 (o) is the jith component of &;, 7,1 € {1,...,k}. By
continuity of the determinant there exists a neighbourhood W of @y such that the matrix

glz) - € ()

@) - € (a)

has nonzero determinant for every & € U'. Thus the vectors (&;(x),...,&,(x)) are linearly
independent for every & € U'. Therefore, the local sections £i,...,&; are linearly inde-
pendent on ¢~ (U'), and so (W) C ranky ' ((a, 00)) which gives lower semicontinuity of
rankg.

Let us denote by Rg the set of regular points of F and let zo € Rg. Then, by definition
of Rp, there exists a neighbourhood U of zg such that U C Rg. Thus R is open. Now let
xg € M and let U be a connected neighbourhood of zg. Since the function rankg is locally
bounded, there exists a least integer N such that rankg(z) < N for each x € U. Moreover,
since rankf is integer-valued, there exists 2’ € U such that rankg(z’) = N. Now, by lower
semicontinuity of rankg, there exists a neighbourhood W of 2’ such that rankg(z) > N for
all z € W. By definition of N we also have rankg(z) < N for each € W. Thus 2’ € R,
and so zg € cl(Rg). Therefore, Rf is dense. [ |

For real analytic generalised subbundles, one can say much more about the set of regular
points.

3.7 Proposition: (Rank and regular points for real analytic generalised subbun-
dles) If F is a generalised subbundle of class C* of a real analytic vector bundle w: E — M
over a paracompact analytic base M, then the following statements hold:

(i) the set of singular points for F is a locally analytic set, i.e., for each x € M there
exists a neighbourhood W of x and real analytic functions fi,..., fr € CY(U) such
that the set of singular points of F in U is given by ﬂ?zlfj_l(O);

(ii) if x1,x2 € M are regular points for F in the same connected component of M, then
rankg(z1) = rankg(z2).

Proof: (i) Let zp € M. By Corollary 4.13 we assume that (U, ¢) is a coordinate chart about
xo with U connected and that we have real analytic sections 1, ..., & of E/U such that

F. = spang (&1 (), ..., &k(x)), xzeU.

Denote by & +— (x,€§;(x)), j € {1,...,k}, the local representatives of the sections {1, .. ., .
Define £: U — R™** by
Elx)=[ &) |- | &) ]

Let us denote
grank(£) = max{rank(&(z)) | x € U}.

For m € {1,...,grank(&)} define

U, = {z € U| rank(&(x)) < m}.
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Fix m € {1,...,grank(€)}. We claim that if U,, # @ then it is closed with empty interior.
Indeed, x € U,, if and only if the determinants of all m x m submatrices of £(x) vanish.
Thus U, is analytic. Note that the set of points where the determinant of a fixed m x m
submatrix vanishes is closed, being the preimage of 0 € R under the real analytic (and
so continuous) determinant function. Thus U,, is the intersection of a finite collection of
closed sets, and so is closed. Suppose that U,, has a nonempty interior. By the Identity
Theorem (this is proved in the holomorphic case in [Gunning 1990a, Theorem A.3|, and
the same proof applies to the real analytic case) and connectedness of U it follows that all
the determinants of all m x m submatrices of & vanish on U. This contradicts the fact that
m < grank(£) and the definition of grank(&).

To complete this part of the theorem, we claim that = € U is a singular point for F|U if
and only if T € Ugrank(e)- The assertion is trivial if Ugranke) = &, so we suppose otherwise.
If € Ugrank(e) then the fact that Ug,ani(¢) has empty interior ensures that z is not a regular
point for F|U. Conversely, if # € Ugank(e) then rank(F,) = grank(€) and by Proposition 3.6
we conclude that x is a regular point for F|U.

(ii) We suppose that M is connected so, consequently, M has a well-defined dimension.
By our above constructions, for each x € M let (U, ¢5) be a chart for M about = and define

grankg (z) = max{rank(F,) | v € Ug}.

Let x1,22 € M and since M is path connected by [Abraham, Marsden, and Ratiu 1988,
Proposition 1.6.7], let : [0,1] — M be a continuous curve for which v(0) = z; and (1) =
xg. Define ¢: [0,1] — Z>¢ by

¢(s) = grankg(7(s)).
We claim that ¢ is locally constant. Indeed, let sy € [0,1] and let § € R~ be such that
Y(5) € Uy(sy) for s € [0,1] N (59 — 6, 50 + ). From the first part of the proof, the sets

{r € Uy(sy) | rank(Fz) < ¢(s0)}

and
{z € u'y(s) | rank(F;) < ¢(s)}

and U

are closed subsets with empty interior in U () ~(s)> respectively. Tt follows that the
sets

{7 € Uyo) N Uy sy | Tank(Fz) < @(s0)}
and

{3? € u.y(s) N u,y(sO) | rank(Fw) < ¢(8)}

are closed with empty interior in U5 N U, (s,). Therefore, for
S uw(s) N UW(SO) \ ({m € u,y(s) N u,y(so) | rank(F.) < ¢(s0)}
U {ZE € u,y(s) N UW(SO) ’ rank(Fx) < (f)(S)}),

¢(s) = rank(F;) = ¢(sg). Thus ¢ is indeed locally constant, and so constant since [0, 1] is
connected. n

The notions of regularity and singularity bear on the character of local generators for a
generalised subbundle.
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3.8 Proposition: (A useful class of local generators for generalised subbundles)
Let M be a manifold of class C*° or C*¥, as is required, let r € Z>oU{oo,w}, and let F be
a C"-generalised subbundle on M. Then, for each xo € M, there exists a neighbourhood N
of xo and local generators (&1,...,&;) for F on N with the following properties:

(i) (&1(xo),...,&m(x0)) is a basis for Fu,;
(i) Em+1(w0) = -+ = §(20) = Ogy -

In particular, if xo is a regular point for F, the sections (&1,...,&m) are local generators
for F in some neighbourhood (possibly smaller than N) of x.

Proof: Let (11,...,nr) be local generators for F defined on a neighbourhood N of 5. We
can assume there are finitely many of these by Theorem 5.1 in the case when r € Z>oU{oco}
and by Corollary 4.13 in case r = w. We may rearrange the sections (n1,...,nx) so that
(m(z0), - - -, Mm(x0)) forms a basis for F,,. We then let (vy11,...,v:) € R¥ be a basis for
the kernel of the linear map L,,: R¥ — F,, defined by

k
Luy(v) = Y vjnj(@o).
j=1

Define an invertible £ x k& matrix R by
R=[el | |em|vmpr |- |vr ],

where e; € R¥, j € {1,...,k}, is the jth standard basis vector, and define &1, ..., & by

k
fj:Zlem, jE{l,...,k}.
=1

Then & =n; for j € {1,...,k}, and &j(x0) = Ly, (vj) = 0y for j € {m +1,...,k}. This
gives the first conclusion of the proposition.

For the second, if xq is a regular point for F, then let F’ be the generalised subbundle
on N generated by (&1,...,&y). Then, for z in a neighbourhood N’ of xg, rankg/(z) = m
by lower semicontinuity of rankg/. Since F' C F it follows that F'|N = F|N. [ |

3.3. Generalised subbundles and subsheaves of sections. One of the features of this paper
is that the role of sheaves in distribution theory is made explicit and we illustrate how the
theory leads to nontrivial fundamental results, particularly for real analytic distributions.
In this section we make connections with sheaf theory to our definitions for generalised
subbundles in the preceding section. We shall see that there is a relationship between
generalised subbundles of 7: E — M and subsheaves of &, but the relationship is not
always a perfect correspondence.
Let us first consider the natural subsheaf arising from a generalised subbundle.

3.9 Definition: (Sheaf of sections of a generalised subbundle) Let 7: E — M be a
smooth or real analytic vector bundle, as is required, let r € Z>¢ U {oo,w}, and let F C E
be a generalised subbundle of class C". The sheaf of sections of F is the sheaf G whose
local sections over the open set U C M is the set of sections of F|U. .
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Clearly & is a subsheaf of 6j-modules of &. Note that a C"-generalised subbundle
F, by definition, is constructed using local generators. It is clear that each local generator
is a local section of the sheaf &G’. What is not generally true is that the local generators
for the distribution generate the stalks of the sheaf &, as the following example shows.

3.10 Example: (Generators for a generalised subbundle may not generate the
stalks of the corresponding sheaf) We take M = R and E = R x R with the vector
bundle projection 7: E — M being projection onto the first factor: n(z,v) = x. We let
r € Z=o U {oo,w}. For z € R we consider the neighbourhood N, = R of  and on N, we
take the local (in fact, global in this case) section &,(y) = (y,%?). Thus, in this case, the
neighbourhood of x and the local generators defined on this neighbourhood are the same
for each x. This cannot be expected to be the usual situation, but in this simple example
it turns out to be possible. In any case, this data then defines a C"-generalised subbundle
F by

E {z} xR, x#0,
’ {z} x {0}, z=0.
Associated to this generalised subbundle we have the subsheaf & of sections of F. We can
describe this subsheaf explicitly. Indeed, we claim that if U C IR is open, then any section of
FIU is a C"(U)-multiple of the section &: x +— (z,x). This is clear if 0 ¢ U since ¢ is then a
nonvanishing section of a one-dimensional vector bundle. So we need only consider the case
when 0 € U. In this case, U, being an open subset of IR, is a union of open intervals, one of
which contains 0. On the other open intervals any section is clearly a multiple of £, again
since £ is a nonvanishing section of a one-dimensional vector bundle. Thus we need only
show that, if a < 0 < b, then any C"-section 7 of E|(a, b) is a multiple of £. In the following
calculation, we identify n with a R-valued function on (a,b). For x € (a,b) compute

n(z) = /O o (1) dt:x/oln'(:rs) ds.

The function 77: x — fol 1 (zs)ds is of class C" and so n = id(, ) -7. Thus every C"-section
n on (a,b) vanishing at 0 is a product of id(, ) and a function of class C", i.e., n(z) = zn(x).
This characterises local sections of &G over U as multiples of £, as claimed.

Note, however, that the generator £y for F about x = 0 does not generate the stalk ?& F
since, for example, the germ of the local section y — (y,y) is not a %’:M—multiple of [&]o. ®

By our above considerations, we can proceed from generalised subbundles to subsheaves,
keeping in mind the caution that the local generators for the generalised subbundles are
not necessarily generators for stalks of the sheaf. We can also proceed from subsheaves to
generalised subbundles of E.

3.11 Definition: (The generalised subbundle associated to a subsheaf) Let 7: E —
M be a smooth or real analytic vector bundle, as is required, let r € Z>o U {oo,w}, and let
& be a subsheaf of €y;-modules of &. The generalised subbundle generated by & is
defined by

F(F)e = spang (€()] s € Fo).
If & CI"(TM) is a subsheaf of vector fields, we will use the notation D(&¥") to denote the
distribution generated by & , i.e.,

D(F ), = spang (X ()| [X]: € ). .
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There are two obvious questions related to this inclusion that come to mind at this
point.

1. Is every generalised subbundle generated by some subsheaf of G of class C"?

2. Tt is clear that & C ‘?Fr(y). If some generalised subbundle F is generated by a subsheaf
F , is it true that F = GI'7?
Let us address these questions in order.

The answer to the first question is, “Yes,” in the smooth case. In fact, in the smooth
case one can say much more.

3.12 Proposition: (Smooth subsheaves possess global generators for stalks) Let
r € Z>oU{oo} and let m: E — M be a smooth vector bundle with M paracompact and
Hausdorff. If F = (F(WU)) open is a subsheaf of G then the map

FM)3>¢= [ € F

is surjective for each x € M. In particular, the generalised subbundle F(F ) generated by
F is of class C".

Proof: Let xp € M and let [({,U)]z, € Fz,- Let V C W be relatively compact neighbour-
hoods of xg such that
cl(V) CW Ccl(W) CU,

and, by the Tietze Extension Theorem [Abraham, Marsden, and Ratiu 1988, Proposi-
tion 5.5.8], let f € C°°(M) be such that f takes the value 1 on V and vanishes on the
complement of W. We then define

(@) = {f@c)ﬁ(x), rell,

0, otherwise,

We claim that £ € F(M). Let z € M. If # € cl(W) then let U, C U be a neighbourhood of x
and let £, = £|U,, noting that &, € F(U,). If z € M\ cl(W) then let U, be a neighbourhood
of = such that U, C M\ cI(W) and let &, be the zero section of U,. Note that &, € F(Uy).
Since & is a sheaf, it follows that there exists n € F(M) such that n|U, = &, for every
r € M. Again since F is a sheaf, = £, showing that £ € F(M), as desired. Finally, since
[(&, W)z = [(€,M)],, the first assertion of the proposition follows.

The second assertion follows since the first assertion implies that we can choose global
smooth generators for F(&). [ ]

Now let us show that the analogue of the preceding result does not hold in the real
analytic case.

3.13 Example: (Analytic subsheaves may not generate analytic generalised sub-
bundles) We take M = R and consider the trivial vector bundle E = R x R with projection
m(z,v) = x. We take S = {0} U {5 | j € Z>0} and define a subsheaf F5 of ¢ by

F5(U) = {€ e T*(EJU) | &(x) = 0 for all 2 € UN S

It is clear that
{z} xR, x¢&S5,

F(Fs)e = {{(x,())}, zes.
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By the Identity Theorem for real analytic functions [Krantz and Parks 2002, Corollary 1.2.6],
the stalk g of F5 at 0 consists of germs of functions that vanish in some neighbourhood
of 0, i.e., F50 = {0}. More precisely, if N is a connected neighbourhood of 0, then %s(N) =
{0}. This precludes the existence of real analytic local generators in any neighbourhood of
0, and so F(%s) is not real analytic. .

This addresses the first of our questions. As to the second question concerning the
relationship between & and ?,_T(g), we consider the following example.

3.14 Example: (A subsheaf strictly contained in the subsheaf of sections of the
generalised subbundle it generates) We take M = R and E = R x R with the vector
bundle projection 7: E — M being projection onto the first factor. We consider the real
analytic subsheaf # generated by the global section z + (x, 22). That is, the local sections
of # over U C R are the €-multiples of this section restricted to U. As in Example 3.10,
the generalised subbundle generated by this subsheaf is

{z} xR, z#0,
F )=
R {{x} x {0}, z==0.

The section x — (z, ) is a section of I'Y(F(&)) that is not a global section of &, showing
that & C G 4. .

3.4. Generators for submodules and subsheaves of sections. One often wishes to define a
submodule of sections, or a subsheaf of sections, of a vector bundle by using generators. In
this section we give the notation for doing this, and establish a few elementary consequences
of these constructions.

Let us consider first the nonsheaf situation where we have families of globally defined
sections.

3.15 Definition: (Generalised subbundles and modules of sections generated by a
family of sections) Let r € Z>¢U {oo,w} and let 7: E — M be a smooth or real analytic
manifold, as required. If & = (§;);es is a family of sections of E,

(i) the generalised subbundle generated by & is
F(Z)e = spang(§;(z)] j € J)

and

(ii) the module of sections generated by & is
(&) = spancr(w) (&5 7 € J).

In the special case E = TM and where & = (Xj);jcs is a family of vector fields, the
distribution generated by & is denoted by D(Z). .

The following elementary result is often useful to make certain assumptions without
losing generality.
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3.16 Proposition: (Generalised subbundles generated by families of sections) Let
r € Z>oU{oo,w}, let m: E — M be a smooth or real analytic vector bundle, as required,
and let & CT"(E). Then the generalised subbundles

(i) B&Z),
(ii) F(spang(Z)), and
(iii) F(Z'))

agree.

Proof: Since we clearly have
F(Z) € F(spang(Z')) € F((Z')),
it suffices to show that F((Z')) = F(Z’). We have

FUZ))a
= spang ((f2&1 + -+ fF&) (@) k€ Zso, fLy..., fFeC™(M), &,....& € Z)
= spang(a'éy(z) + -+ €& (2)] k € Zso, at,...,d" €ER, &,... . & € X)
= spang (§(z)| £ € Z) = F(Z)a,

giving the result. |

Let us now turn to sheaves generated by families of locally defined sections.

3.17 Definition: (Sheaf of modules and generalised subbundles generated by a
sheaf of sets of sections) Let r € Z>o U {oo,w} and let 7: E — M be a smooth or
real analytic manifold, as required. Let & = (X(U))yopen be a subsheaf of sets of the
sheaf G —i.e., an assignment to each open set U C M a subset X (U) C I'"(E/U) with the
assignment satisfying X (V) = rv(X(U)) for every pair of open sets U, V for which V C V.

(i) The sheaf of Gy-modules generated by & is the subsheaf (Z) = ((X)(U))uopen
of éy-modules defined by (X)(U) = (X (U)).

(ii) The generalised subbundle generated by & is defined by

F(Z): = spang (§(2)| [¢lx € 22).
(iii) If E=TM and so & is a subsheaf of sets of &f,,, then the distribution generated
by & is defined by D(Z') = F(Z). o
We can also adapt Proposition 3.16 to the sheaf setting.

3.18 Proposition: (Generalised subbundles generated by families of sections) Let
r € Z>oU{oo,w}, let m: E — M be a smooth or real analytic vector bundle, as required,
and let & = (X (U)) open be a subsheaf of sets of G . Then, the generalised subbundles

(i) F(Z) and
(ir) F({Z'))

agree.

Proof: This follows immediately from Proposition 3.16. ]
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Of course, it is also true that both generalised subbundles in the statement of the
preceding result agree with the generalised subbundle whose fibre at x is given by

spang (§(2)| [f]. € 22),

the setting for this being to think of & as a sheaf of R-vector spaces. We leave it to the
reader to develop the attendant definitions as we shall not make use of any of these.

Note that the specification of a family & = (&;);ecs of global sections of 7: E — M also
prescribes a subsheaf of &

3.19 Definition: (Subsheaves defined by a family of global sections) Let r € Z>oU
{oo,w}, let m: E — M be a smooth or real analytic vector bundle, as required, and let
& CTI7(E).

(i) For U € M open, the restriction of & to U is

ZU={u| ez}

(ii) The subsheaf generated by Z is the subsheaf P = (For(U) )1 open of G defined
by
For (W) = spance ) (Z'[W). o

Thus prescribing the data of a subsheaf is more general than prescribing a globally
defined submodule.

3.20 Definition: (Finitely generated submodule, locally finitely generated sub-
module) Let r € Z>o U {oo,w}, let 7: E — M be a smooth or real analytic vector bundle,
as required, and let # C I'"(E) be a submodule of sections.

(i) The submodule /Z is finitely generated if it is finitely generated in the usual sense.

(ii) The submodule /Z is locally finitely generated if, for each x € M, there exists a
neighbourhood U of = such that the submodule F 4 (U) of the C"(U)-module I'"(E|U)

is finitely generated. °

We have on hand now a few different situations where we can apply the notion
of being locally finitely generated. We refer to Section 4.4 for a discussion of the property
of local finite generation for various objects.

3.5. Patchy subsheaves. Example 3.10 indicates that generators for a generalised sub-
bundle do not generally serve as generators for stalks of the associated subsheaf of sections.
In this section we describe a construction where local generators can be used to define a
subsheaf. This requires that we place some compatibility conditions on local generators.

3.21 Proposition: (A class of subsheaves of the module of sections of a vector
bundle) Let r € Z>o U {oo,w} and let m: E — M be a smooth or real analytic vector
bundle, as is required. Consider the following data:

(i) an open cover U = (Ug)aca for M;
(ii) for each a € A, a family &, = (§&)ven, of C"-sections of E|U, such that, if Ug, N
Uy, # D, then
<%11|ua1 ﬂua2> = <%2‘u¢11 N ua2>;
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(ii) for each a € A, the sheaf Fo = (Fu(U))ucu, open of Ef, -modules given by

Then there exists a unique subsheaf Fgy = (Foy(U) i open of GE with the property that
Yy|U, = F, for each a € A.

Proof: For U C M open we define

FU) = {(&)aca| & € Fa(UNUy), a € A,
o, |UNUgy NUgy = Eap[UNUgy NUay, a1,a2 € A}

For U,V C M open and satisfying V C U, define ry: F(U) = F(V) by

TU,V((ga)aGA) = (ga’\? N ua)aGA-

We will verify that & = (F(U))y open is a sheaf.

Let W C M be open and let (W;);c; be an open cover for W. Let £, € F(W) satisfy
rww; (§) = rw,w, (1) for each i € I. We write { = (£,)qeca and 1 = (1q)aca and note that
we have

fa’wimuazna‘wimua, ac€ A, iel.

Since %, is separated, &, = 1, for each a € A and so £ = .
Let W € @ and let (W;);c; be an open cover for W. For each i € I let & € F(W;)

and suppose that ryw, w,nw, (&) = rw; w.nw, (§;) for each i,j € I. We write & = (&i.a)aca,
1 € I, and note that

Eia Wi MW, N UG = & o Wi NW; N U, i,j €I, ac A
Since ¥, satisfies the gluing property, there exists £, € F,(W N U,) such that
€alWinUa =&, €1, a€A
Let us define £ = (£4)qeca. By (ii) we have
Eiar Wi N Ua, MUy = &i gy /Wi N Uy, N Uy, i€ A, ay,az € A.

Thus
Say IW N Ugy, N Ugy = Sa, W N Ug, N U, ay,ag € A,

and so s as constructed is an element of F/(W).
The preceding shows that F is a sheaf of sets. To verify that it is a sheaf €};-modules
we define the algebraic operations in the obvious way by defining them in F'(U) by

(§a>a€A + (na)aeA = (éa + 77a)a6A7 f((fa)aeA) = ((f’u N ua)ga : ta)aeAa

respectively. One easily verifies that these operations are well-defined, and that the restric-
tion morphisms for & are 6y;-module homomorphisms.

The uniqueness assertion of the proposition follows from the fact that our constructions
obviously prescribe the stalks of &, and so uniquely prescribe & since it is a sheaf. |

Let us give a name to the sheaf defined as in the preceding result.
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3.22 Definition: (Patchy subsheaf of modules) Let r € Z>oU{oco,w} and let 7: E — M
be a smooth or real analytic vector bundle, as is required. Consider the data Z = (Ug)aca
and, for each a € A, Z; as in Proposition 3.21. We call the subsheaf %, of €};-modules
defined as in Proposition 3.21 the patchy subsheaf defined by the above data. °

Note that the specification of a submodule /# C I'"(M) is a particular case of a patchy
subsheaf corresponding to the cover of M by the single open set M. Thus the specification
of a submodule of I'"(E) is a special case of specifying a subsheaf of G

Given our definition of a generalised subbundle, the motivation for studying patchy
sheaves is clear. Specifically, the notions of smoothness we provide for generalised subbun-
dles are defined in terms of an open cover of the manifold, on each subset of which there are
sections of the prescribed smoothness that generate the generalised subbundle. The patchy
condition is simply one of ensuring that there is some compatibility on overlapping open
sets. What is not clear is the extent to which a given subsheaf is patchy, and, if a subsheaf
is patchy, what are the implications of this.

As to the patchiness of subsheaf, let us first consider the smooth case. F C ?F”%, the
opposite inclusion will not generally hold.

3.23 Proposition: (Subsheaves of modules of smooth sections are patchy) If r €
Z>oU{oo}, if m: E— M is a smooth vector bundle, and if F is a subsheaf of G, then
F is a patchy subsheaf.

Proof: We will prove that we can take as our patchy subsheaf data the following:

1. the trivial open cover Z = (M);

2. for the single element M of the open cover, the family F'(M) of global sections.

Thus we are in the situation of Definition 3.19 where we are considering a sheaf defined
by a submodule of global sections. To show that & = %, it is sufficient by [Hartshorne
1977, Proposition II.1.1] to prove that the stalk &, is generated by global sections for every
xg € M. This, however, has been shown in Proposition 3.12. |

In the real analytic case, however, there are subsheaves that are not patchy.

3.24 Example: (A subsheaf of real analytic sections that is not patchy) We consider
M=R,E=R xR, and 7(z,v) = z. Let

S={41jeZ}u{0}.
Consider the presheaf %5 = (Is(U))yopen given by
Is(Wy={fer™W/| f(z)=0for z e UNS}.

One can easily verify that % is a subsheaf of G&. We claim % is not patchy. The
sneakiest way to see this is as follows. Note that % = {0} since every section defined on
a connected neighbourhood of 0 and vanishing on S must be identically zero, as we saw in
Example 3.13. However, note that if  # 0 then %, # {0} and so, by Lemma 4.17, it
follows that % cannot be locally finitely generated. By Theorem 4.10 it then follows that
F is not patchy. .

However, in the real analytic case, one does have the following result, establishing a
correspondence of sorts between patchy real analytic subsheaves and real analytic distribu-
tions.
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3.25 Theorem: (Patchy real analytic subsheaves) If 7: E — M is a real analytic vector
bundle, then the following statements hold:

(1) if F is a real analytic generalised subbundle of E, then G is patchy;
(it) if F is a patchy subsheaf of G, then F(F) is a real analytic generalised subbundle.

Proof: (i)

1.
2.

Fix some point p € M.

Let 11 < 79 < --- < rg be the ranks of the F, (the images of the sections of F in the
fibres of E)

Let My, be the (closed) set of points in the manifold M where the rank of F, is < 7 (so
My_1 is contained in My). We only really care about those My which contain p, so let’s
ignore any that don’t, and just assume that p is in all of them, i.e., that My, Mo, ... My
all contain p.

We now work inductively (descending on k), constructing subsheaves of G that are
equal to & away from My_1. At each step we’ll check that the resulting sheaf is
finitely generated near p. At the last stage we’ll be out of subsets M, and the subsheaf
constructed will be &.

Let &, be the subsheaf of sections of E such that their restriction to Mg \ Ms_1 lies in
the rank r¢ bundle corresponding to the fibres of F. Thinking in coordinates shows that
this condition can be expressed as linear conditions on the sections of E, and that the
linear conditions extend across Mg_;. (The linear conditions are the vanishing of certain
(rs +1) x (rs + 1) minors, where the matrix in question has rows local generators of F
and one more row for a section of E, thought of as a variable. The columns are local
coordinates of E. The condition that the minors are zero is linear in the coordinates of
the section of E).

That means that we can express G, as the kernel of a map between locally free sheaves.
Since the structure sheaf is coherent, the kernel is finitely generated. Let Hg be the
trivial bundle of the rank equal to the number of local generators of &, and Hy — E
the map whose image is ;.

Now let &;_1 be the subsheaf of sections of & whose restrictions to Ms_1 \ Ms_q lie in
the rank r;_; vector bundle corresponding to the fibres of F. It suffices to show that the
subsheaf of &Y which maps to &1 is locally finitely generated, since then its image
Z,_1 will be too.

Let @ be the restriction of ?,f"’s to Mg, and note that @ is a quotient of ?,ifs. By the
same local coordinates idea used in part 4, we’ll be able to express the condition that
the sections of @; lie in the rank r;_1 bundle corresponding to the sections of F as linear
conditions on the sections of @, (restricted to My), and so conclude that we have local
finite generation (of a particular subsheaf of @;). The subsheaf of G we want is those
sections which, upon restriction to My, lie in the (locally finitely generated) subsheaf of
@ constructed above. This subsheaf of &Y should also be finitely generated (since @
is a quotient of ?ﬁs, this must follow from a general principle, but I should think about
the argument for a bit).

Let Hs_1 be the trivial bundle whose rank is equal to the number of generators of the
subsheaf of ?,fi’s we just constructed, and Hy_1 — Hg — E the induced map, with image
Gs_1-
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7. Now repeat step 5 until we get down to the bottom of the list, having constructed &
which is &, and a trivial bundle H; with a map H; — E whose image is G; = G.

(ii) Suppose that F is the patchy subsheaf corresponding to the data of an open cover
% = (Ug)aca with corresponding subsets (£;)qc4 of real analytic sections over the subsets
of the open cover. Let o € M and let a € A be such that xy € U,. For x € U, we have

F(F)e ={(@) | [f]e € K} ={8(2) | £ €(2)},

showing that F(&) is generated, as a generalised subbundle, by locally defined real analytic
sections, and so is real analytic. |

The preceding results and example should be interpreted as follows. The result tells us
that the attribute of being patchy is not interesting in the smooth or finitely differentiable
case. The example tells us that the attribute of being patchy is at least not vacuous in
the real analytic case. It may not be apparent at this point that patchiness is something
useful to study. However, as we shall see in Corollary 4.11, patchy real analytic sheaves are
coherent and so Cartan’s Theorems A and B are available to be used for these sheaves.

4. Algebraic constructions associated to generalised subbundles

In this section we consider some algebraic constructions associated with generalised
subbundles. It is often the case that such considerations are phrased in terms of the ring
structure of functions on a manifold and the corresponding module structure of the sections
of a vector bundle. This is more naturally carried out using sheaves, and so much of what
we say in this section is based on sheaves.

4.1. From stalks of a sheaf to fibres. Let r € {oo,w} and let 7: E — M be a vector
bundle of class C". The stalk of the sheaf G at x € M is the set & ¢ of germs of sections
which is a module over the ring %;,M of germs of functions. The stalk is not the same as
the fibre E,, however, the fibre can be obtained from the stalk, and in this section we see
how this is done. We shall couch this in a brief general algebraic construction, just to add
colour.

Recall that if R is a commutative unit ring, if | C R is an ideal, and if A is a unital
R-module, IA is the submodule of A generated by elements of the form rv where r € | and
v € A.

4.1 Proposition: (Vector spaces from modules over local rings) Let R be a commu-
tative unit ring that is local, i.e., possess a unique mazximal ideal m, and let A be a unital
R-module. Then A/mA is a vector space over R/m. Moreover, this vector space is naturally
isomorphic to (R/m) ®g A.

Proof: We first prove that R/m is a field. Denote by 7y, : R — R/m the canonical projection.
Let | € R/m be an ideal. We claim that

I={reR| m(r) el}

is an ideal in R. Indeed, let 71,75 € | and note that Tm(r1 — 12) = Tm(11) — Tm(r2) € | since
Tm 18 a ring homomorphism and since | is an ideal. Thus r1 —r2 € . Now let » € | and
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s € R and note that my(s7) = mm(s)mm(r) € |, again since 7y is a ring homomorphism and
since | is an ideal. Thus [ is an ideal. Clearly m C I so that either | = m or I = R. In the
first case | = {Og + m} and in the second case | = R/m. Thus the only ideals of R/m are
{Ogr +m} and R/m. To see that this implies that R/m is a field, let » +m € R/m be nonzero
and consider the ideal (r 4+ m). Since (r +m) is nontrivial we must have (r +m) = R/m. In
particular, 1 = (r + m)(s + m) for some s + m € R/m, and so r + m is a unit.

Now we show that A/mA is a vector space over R/m. This amounts to showing that the
natural vector space operations

(u4+mA)+ (v+mA)=u+v+mA, (r+m)(u+mA)=ru+mA
make sense. The only possible issue is with scalar multiplication, so suppose that
r+m=s+m, u+mA=0v+mA
so that s =7+ a for a € m and v = u + w for w € mA. Then
sv=(r+a)(u+w)=ru+au+rw+ aw,

and we observe that au,rw,aw € mA, and so the sensibility of scalar multiplication is
proved.
For the last assertion, note that we have the exact sequence

0 m R R/m 0

By right exactness of the tensor product [Hungerford 1980, Proposition IV.5.4] this gives
the exact sequence
MRARA—A——> (R/m) g A——=0

noting that R®r A ~ A. By this isomorphism, the image of m®g A in A is simply generated
by elements of the form rv for » € m and v € A. That is to say, the image of m ®g A in A
is simply mA. Thus we have the induced commutative diagram

mRRA—A—— (R/m) g A——=0
!
I

L

0 mA A A/mA ——=0

with exact rows. We claim that there is an induced mapping as indicated by the dashed
arrow, and that this mapping is an isomorphism. To define the mapping, let € (R/m)®gA
and let v € A project to a. The image of 3 is then taken to be v+mA. It is a straightforward
exercise to show that this mapping is well-defined and is an isomorphism, using exactness
of the diagram. [ ]

With this simple algebraic construction as background, we can then indicate how to
recover the fibres of a vector bundle from the stalks of its sheaf of sections. To do this, the
notation

mg = {[flo € € m | f(x) =0}

will be useful for r € Z>g U {oo,w}. Algebraically, m, is the unique maximal ideal of the
local ring €, [Navarro Gonzalez and Sancho de Salas 2003, Nestruev 2003].
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4.2 Proposition: (From stalks to fibres) Let r € {oo,w} and let m: E — M be a vector
bundle of class C". For x € M let m, denote the unique mazximal ideal in €, \,. Then the
following statements hold:

(i) the field €. \y/my is isomorphic to R via the isomorphism
(i1) the €. \y/mz-vector space G ¢ /m,;G ¢ is isomorphic to E, via the isomorphism

[f]x + mk?;:,E = §(x);

T

(iti) the map from (€] \/mz) R¢r, G, g to Ey defined by

(flz + ma) @ [z = f(2)€(2)

s an isomorphism of R-vector spaces.

Proof: (i) The map is clearly a homomorphism of fields. To show that it is surjective, if
a € R then a is the image of [f]; + m, for any germ [f], for which f(z) = a. To show
injectivity, if [f]» + m; maps to 0 then clearly f(x) =0 and so f € m,.

(ii) The map is clearly linear, so we verify that it is an isomorphism. Let v, € E;. Then
vy is the image of [£]; + m, & ¢ for any germ [¢], for which {(x) = v,. Also suppose that
[]e + Mm% £ maps to zero. Then ¢ (x) = 0. Since G is locally free (see the next section in
case the mejaning here is not patently obvious), it follows that we can write

) = fwmy) + -+ fim(y)nm(y)

for sections nq,...,nm of class C” in a neighbourhood of z and for functions fi,..., fi
of class C" in a neighbourhood of z. Moreover, the sections may be chosen such that
(m(y),...,nm(y)) is a basis for E, for every y in some suitably small neighbourhood of x.
Thus

{(2)=0 = filz)=--= fm(2x) =0,

giving £ € m, & ¢, as desired.
(iii) The R-linearity of the stated map is clear, and the fact that the map is an isomor-
phism follows from the final assertion of Proposition 4.1. |

The preceding result relates stalks to fibres. Subsequently, specifically in Theorem 4.9,
we shall take a more global view towards relating vector bundles and sheaves.

In the preceding result we were able to rebuild the fibre of a vector bundle from the
germs of sections. There is nothing keeping one from making this construction for a general
sheaf.

4.3 Definition: (Fibres for sheaves of y;-modules) Let r € Z> U {o0,w}, let M be a
smooth or real analytic manifold, as required, and let & be a sheaf of Gyj-modules. The
fibre of & is the R-vector space E(¥ ), = % /m, F,. o

By Proposition 4.2, the fibres of & are isomorphic to the usual fibres. However, if #
is merely a subsheaf of the sheaf of sections of a vector bundle, the relationship to the usual
notion of fibre is not generally what one expects, as the following example illustrates.
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4.4 Example: (Fibres for a non-vector bundle sheaf) Let r € Z>¢ U {oo,w}. Let us
take M = R and define a presheaf " = (Io(U))yopen by

cr(u), 0&U,

Ig(U) =
{feCrw| f(0)=0}, el

One directly verifies that %" is a sheaf. Moreover, %" is a sheaf of 6-modules; this too

is easily verified. Let us compute the fibres associated with this sheaf. The germs of this

sheaf at x € R are readily seen to be given by

fr :{ ;;]Rv $§é0,
Y \mo = A/l € Gr | fl@) =0}, z=0.

Thus we have
Cor/MsClr =R, x#0,
mo/m3 ~ R, z=0.

E(A)e = {

Note that the fibre at 0 is “bigger” than we expect it to be. °

The next result shows that the sheaf fibre is always larger than the usual fibre, a fact
that will be useful for us in our proof of Theorem 5.2 below.

4.5 Proposition: (Relationships between the two notions of fibre) Let r € Z>¢ U
{o0,w}, let m: E — M be a smooth or real analytic vector bundle, as required, and let F
be a subsheaf of GE. Then, for each x € M, there exists a natural epimorphism from the
fibre % /m, G onto the fibre F(F),. If the function x — dim(F(F),) is locally constant

at x, then the natural epimorphism is an isomorphism.

Proof: Let € M, let N be a neighbourhood of z and let (§;);e; be local generators for F
about z, defined on N. Let us define a morphism ¥ from @;c ;65 to ?EIN’ a morphism @
from ®je 6y to GE|N, and a morphism ¢ from [N to G, by

q’u(@jlej) = ijégy

jeJ

du(®iesf) = Y 18,
Jj€J

w(doFg) = P
jeJ jeJ

for W € N open. Here & denotes an element of T"(F|U) and &; denotes the element of
I'"(E/U) which is image of §; under the obvious inclusion. At the stalk level we thus have
the commutative diagram

BjcsCym
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We now take the tensor product of the diagram of %; m-modules with %; m/Mgz, and use
the commuting of tensor product with direct sums [Bourbaki 1989, Proposition 11.3.7.7]
and Proposition 4.1 to give the commutative diagram

®jesR

U, Ex

G0 Fy

Here the homomorphisms \ilx, éx, and 7, , are defined by

v, (@beBaab> = ) ab(x),

beEB,
o, (@beBaab> = > (Gl + MFa),
beEB,
Za,x(z ab([&b]x + mx%,x)) = Z O‘bfb(l')'
beB, beB,

Note that image(¥,) = F(& ), by definition of F(¥),. By the commuting of the preceding
diagram, image(iy) = F(¥ )4, and so 7, is an epimorphism.

For the final assertion, note that if z — dim(F(¥),) is locally constant, then F(F ),
are the fibres of a subbundle of E. In this case, the final assertion then follows from the
correspondence between the notions of fibre for sheaves of sections of vector bundles. W

4.2. Subsheaves of sections of a real analytic vector bundle. Now we turn to the con-
sideration of sheaves associated to real analytic generalised subbundles. It is here that we
will rely on some of the important known results about coherent real analytic sheaves.

We begin with some a few more or less standard observations about germs of functions
and sections.

4.6 Proposition: (Noetherian property of germs of real analytic functions and
sections) Let m: E — M be an analytic vector bundle. For x € M the following statements
hold:
i) the ring €*\, is Noetherian, i.e., if we have a sequence (1;)icz., of ideals of €
z,M J/1€£>0 z,M
for which |; C 111, j € Z~o, then there exists N € Z~q such that |; = |y for j > N;
1) the module T is Noetherian, i.e., if we have a sequence (A;)icz., of submodules o
z,E NENASTE]
o E for which A; C Ajy1, j € Zso, then there exists N € Z~q such that A; = Ay
for j = N;

Outline of proof: In the holomorphic case, the first part of the result is well-known and
can be found in most any text on several complex variables [e.g., Hormander 1966, The-
orem 6.3.3]. The proof is an inductive one based on an induction on dim(M) using the
Weierstrass Preparation Theorem. The real analytic Weierstrass Preparation Theorem is
proved by Krantz and Parks [2002, Theorem 6.1.3], and with this the holomorphic proof
of the Noetherian property applies in the real analytic case. The second part of the result
follows since every finitely generated module over a Noetherian ring is Noetherian [Hunger-
ford 1980, Theorem VIII.1.8]. [ |
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General properties of Noetherian modules then give the following result.

4.7 Corollary: (Stalks of real analytic subsheaves are finitely generated) Let
m: E—= M be an analytic vector bundle and let F be a subsheaf of G¢. Then, for x € M,
G is finitely generated.

Proof: This follows from the fact that submodules of finitely generated Noetherian modules
are finitely generated [Hungerford 1980, Theorem VIII.1.9]. |

This property of stalks of real analytic subsheaves is often not used properly. Specifically,
this Noetherian property of stalks of real analytic subsheaves is used as a standin for the
much stronger property of being locally finitely generated (see Definition 2.14). It is actually
this latter property we will use in this paper, and that is most useful in general. So we now
turn to this question of local finite generation.

4.3. Locally finitely generated subsheaves of modules. First let us recall the correspon-
dence between vector bundles, or more generally regular generalised subbundles, with locally
free, locally finitely generated sheaves. We need, therefore, to complement Definition 2.14
of locally finitely generated with the following.

4.8 Definition: (Locally free sheaf) Let M be a smooth or real analytic manifold, as
required, let r € Z>oU {oo,w}, and let & be a sheaf of €};-modules over M. The sheaf &
is locally free if, for each xy € M, there exists a neighbourhood U of z¢ such that & U is
isomorphic to a direct sum @®geca(Z|U). .

The following theorem then gives the correspondence we are after. The result is often
found in the holomorphic case in texts on algebraic geometry [e.g., Taylor 2002, Proposi-
tion 7.6.5], but is seldom given in the setting here (but see [Ramanan 2005, §2.2] for some
discussion).

4.9 Theorem: (Correspondence between regular generalised subbundles and lo-
cally free, locally finitely generated sheaves) Let r € Z>¢ U {oo,w}, let 7: E - M
be a smooth or real analytic vector bundle, as required, and let F C E be a regular gener-
alised subbundle of class C". Then G is a locally free, locally finitely generated sheaf of
Gy -modules.

Conversely, if F s a locally free, locally finitely generated sheaf of €\;-modules, then
there exists a smooth or real analytic vector bundle w: E — M, as required, and a reqular
generalised subbundle F C E of class C" such that F is isomorphic to G .

Proof: Note that regular generalised subbundles of class C" are vector bundles of class C".
Thus we shall suppose, without loss of generality that F = E and that E is not smooth or
real analytic, but of class C".

First let 7: E — M be a vector bundle of class C" and let zyp € M. Let (V,) be a
vector bundle chart such that the corresponding chart (U, ¢) for M contains . Suppose
that (V) = ¢(U) x R™ and let 11, ..., 1y € I (E[U) satisty ¢(n;(z)) = (¢(z),e;) forx € U

and j € {1,...,m}. Let us arrange the components ?7;-“, J,k € {1,...,m}, of the sections
N,...,Nm i0 an m X m matrix:
UNED) Ty ()
n(z) =
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Now let ¢ € T'"(E|U), let the components of & be ¥, k € {1,...,k}, and arrange the
components in a vector
¢'(x)

Ex)=|
§"(x)

Now fix z € U. We wish to solve the equation

E(x) = fH@)m(@) + -+ f7 (@) (x)
for f1(x),..., f™(z) € R. Let us write
(=)
flz)=|
fm (@)

Writing the equation we wish to solve as a matrix equation we have

Therefore,

noting that m(x) is invertible since the vectors n;(z),...,nm(x) are linearly independent.
By Cramer’s Rule, or some such, the components of n~! are C"-functions of € U, and so
¢ is a C"(WU)-linear combination of 7y, ..., n,, showing that T (E|U) is finitely generated.
To show that this module is free, it suffices to show that (11, ..., n,) is linearly independent
over C"(U). Suppose that there exists f!,..., f™ € C"(U) such that

o+ 4 = Ope ey,

Then, for every x € U,

Flam@) + -+ [P (@)i(r) =0, = flz) == f"(2) =0,

giving the desired linear independence.
Next suppose that F is a locally free, locally finitely generated sheaf of ‘6y;-modules.
Let us first define the total space of our vector bundle. For x € M define

By Propositions 4.1 and 4.2, E, is a R-vector space. We take E = LOJIGME;E. Let x € M and
let U be a neighbourhood of x such that F'(U;) is a free C"(U,)-module. By shrinking U, if
necessary, we suppose that it is the domain of a coordinate chart (U, ¢). Let s1,...,8m, €
F(U;) be such that (s1,...,sy) is a basis for F/(U;). Note that ([si]y, ..., [Sm]z) is a basis
for #, for each y € U,. It is straightforward to show that

([s1ly + myFy, ..o [smly + myF)
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is then a basis for E,. For y € U the map
a'([sily +my) + -+ a"([smly + my) = (a',...,a™)
is clearly an isomorphism. Now define V, = U yell, By and define ¢, : V, — ¢, (U) x R™ by

wx(al([sl}y +my) + -+ a" ([sm]y +my)) = (d2(y), (ala oy a™)).

This is clearly a vector bundle chart for E. Moreover, this construction furnishes a covering
of E by vector bundle charts.

Next we show that two overlapping vector bundle charts satisfy the appropriate overlap
condition. Thus let z,y € M be such that U, N U, is nonempty. Let (s1,...,5,) and
(t1,...,tm) be bases for F(U,) and F(U,), respectively. (Note that the cardinality of these
bases agrees since, for z € U, NUWUy, ([s1]2, ..., [Sm]-) and ([t1]z, ..., [tm]:) are both bases for
4., cf. [Hungerford 1980, Corollary IV.2.12].) Note that

Uy AU ML ( Zf TRTIS T ¢7Y)

for ff € C"(UyNUy), j,k € {1,...,m}. At the stalk level we have

ka [tr]

k=1
from which we conclude that
([ +m.F) Z s+ mT),
k=1

From this we conclude that the matrix

i) o fm(2)
fey =1 + -~
=) )

is invertible, being the change of basis matrix for the two bases for E,. Moreover, the change
of basis formula gives

¢yo¢;1(z, (al,... ) = (¢y (Zaﬂf Zaﬂfm ))

for every z € U, N U,, where z = ¢,(z). Thus we see that the covering by vector bundle
charts has the proper overlap condition to define a vector bundle structure for E.
It remains to show that & is isomorphic to . Let U C M be open and define
Oy F(U) — I'M(E|U) by
Dy (s)(z) = [s]e + maFi.

For this definition to make sense, we must show that ®y(s) is of class C". Let y € U and,
using the above constructions, let (si,...,s,) be a basis for F'(U,). Let us abbreviate
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V =UNUy,. Note that (ryv(s1),...,mv(sm)) is a basis for F(V). (To see that this is so,
one can identify F(U) with a section of the étale space Et(¥) over U, cf. the discussion at
the end of Section 2.2, and having done this the assertion is clear.) We thus write

ruv(s) = flrup(st) + -+ fruv(sm)-

In terms of stalks we thus have
[s]. = [fl]Z[Sl]z + -+ "] 5ml-
for each z € V. Therefore,
Dy(s)(2) = f1(2)([s1)z + mFo) + -+ [7(2) ([sm) 2 + m.F),

which (recalling that U,, and so also V, is a chart domain) gives the local representative of
Dy (s) on V as

2z (2, (fLody ' (2), o, [0 0, (2))).
Since this local representative is of class C" and since this construction can be made for
any y € U, we conclude that ®y((s) is of class C”.

Now, to show that the family of mappings (®y )1 open is an isomorphism, by [Hartshorne
1977, Proposition II.1.1] it suffices to show that the induced mapping on stalks is an iso-
morphism. Let us denote the mapping of stalks at by ®,. We again use our constructions
from the first part of this part of the proof and let (s1, ..., s;) be a basis for F'(U,). Let us
show that ®, is surjective. Let [£], € &\, supposing that £ € I'"(E|U). Let V = UNU,.
Let the local representative of £ on V in the chart (Vz, 1) be given by

y = (y, (F ooy (y)s o [ o 07 ()
for f1,..., f™ € C"(V). Then, if
[s]e = [fl]x[sl]x + - [ x8mles

we have ®,([s]z) = [€]z. To prove injectivity of ®,, suppose that ®,([sz]) = 0. This means
that ®,([s];) is the germ of a section of E over some neighbourhood U of x that is identically
zero. We may without loss of generality assume that U C U,. We also assume without loss
of generality (by restriction of necessary) that s € F(U). We thus have

q)U(S)(y> = Oa Yy e u.
Since (r, 1(s1); -+, 1, u(Sm)) is a basis for F(U) we write
s = flrgu(sy) + -+ g u(sm)-

for some uniquely defined f1,..., f™ € C"(U). We have
Pu(s)(y) = F1 W) ([s1)y + myFy) + -+ F @) ([smly + My F,)

for each y € U. Since
([s1]y + myFy, . [smly + myFy)
is a basis for E,, we must have fl(y) =--- = f™(y) = 0 for each y € U, giving [s], =0. A
If we relax the assumption of regularity, it becomes more difficult, in fact generally not

possible, to establish any general results concerning the finite generatedness of the sheaf.
However, in the patchy real analytic case, we have the following important result.
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4.10 Theorem: (Patchy real analytic subsheaves are locally finitely generated)
Let m: E — M be a real analytic vector bundle and let F be a patchy subsheaf of G¢.
Then, for any xg € M, there exists a neighbourhood U of xg and sections &1,...,& of F
over U such that, if & is a section of F over U, there exists f1,..., f* € C¥(U) such that

=+ + fre.
In particular, F is locally finitely generated.

Proof: A complete account of all that is needed to prove this result actually takes a lot of
effort. We content ourselves by pointing the interested reader to the textual literature for
detailed proofs.

We shall need the notion of a germ of a function, not at a point, but at a closed set
A C M. In this case, we consider pairs (f,U) where U C M is open with A C U and where
f e C¥(W). Two such pairs (f1,U;) and (f2,Us) are equivalent if there exists V C U; N Us
with A C 'V and such that fi|V = f2|V. The set of equivalence classes we denote by 6§\,
If A,B C M are closed sets such that B C A we have the map rap: €5y — €5 m given
by restriction. If A C €5, we define ’ ’

ras(A) ={[fla € €im | rap((fla) € A},

We abbreviate 744, = 7420 If A is a subring (resp. ideal), one readily verifies that

71 5(A) is also a subring (resp. ideal). Similar constructions hold for germs of sections of a
vector bundle on closed sets.
The next lemma contains the hard technicalities needed to prove the theorem.

1 Lemma: Let w: E — M be a real analytic vector bundle, let xg € M, and let A be a

submodule of ?;ﬁ)’E. Let &1,...,& be sections of E defined on some neighbourhood U of xg
and such that [§1]eg, .- -, [Ek]zy generate A (since G2 ¢ is Noetherian). Then there exists
a compact set C C M such that xy € int(C) and such that [&1]c, ..., [Ek]c generate the

module 7"5,19@0 (A).

Outline of proof: In the holomorphic case this result is proved as [Gunning 1990b, Theo-
rem H.8]. The result, as many of these finite generation results, uses induction on dim(M)
and the Weierstrass Preparation Theorem. The result in the real analytic case can be
proved in a similar manner to the holomorphic case, using the real analytic Weierstrass
Preparation Theorem [Krantz and Parks 2002, Theorem 6.1.3]. The result stated in [Gun-
ning 1990b] includes an estimate that is not required for our purposes, and, moreover, does
not hold in the real analytic case. However, the algebraic constructions we need can be
extracted after chasing off the details of the proof of the estimate. v

Let % = (Ug)aeca be an open cover of M and let (#,)qca be a family sheaves defining a
patchy subsheaf %, as in Definition 3.22. Let 2o € M and let a € A be such that zy € U,.
Note that, for any compact set C' C U, and for any ¢ € F,(U,), we have r¢ 5, ([€]c) = [€]zo-
Therefore, letting

A ={[¢lag | € € Fa(Ua)},

we see that
ek (A) = {[€c | € € Fa(Ua)}.
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Suppose that A is generated by germs [£1]zg, - - -, [€k]zo, this by virtue of the fact that & ¢
is Noetherian. By the lemma let C' C U, be a compact set such that zo € int(C) and
such that [&1]c, ..., [§k]o generate ralxo (A). Now let U be a neighbourhood of xy such that
U C C. Let € € F,(U) so £ is the restriction to U of a f section over U,, this because & is
patchy. Note that [é]c S 7"(11:50 (A) and so there exists [f1]c, ..., [f*]c € %c“{M such that

€l = [feléle + - + [fMeléle-

Therefore, we have
§= (FIOGIU+ -+ (FRO&I,
which is the first part of the result. The second assertion follows from Proposition 4.19(iv).
[ |

From the theorem, we have the following corollaries, the third of which is that with
which we are presently concerned, but the first two of which are also extremely important.

4.11 Corollary: (Patchy real analytic subsheaves are coherent) If 7: E — M is a
real analytic vector bundle and if F is a patchy subsheaf of G, then F is coherent.

Proof: By Theorem 4.10 we know that & is locally finitely generated. By Oka’s Theo-
rem, G is coherent. Since finitely generated subsheaves of coherent sheaves are coher-
ent [Grauert and Remmert 1984, page 235], the result follows. [

The following corollary is one that is often used.

4.12 Corollary: (Submodules of analytic vector fields are locally finitely gener-
ated) If m: E — M is a real analytic vector bundle and if M C T“(E) is a submodule of
global sections, then M is locally finitely generated.

Proof: This follows from Theorem 4.10 using the fact that the sheaf &4 (see Definition 3.19
for the notation) is obviously patchy; indeed, it is a patchy sheaf defined by the trivial open
covering. |

The following result is also interesting and useful.

4.13 Corollary: (The subsheaf of sections of a real analytic generalised subbundle
is locally finitely generated) If w: E — M is a real analytic vector bundle and if F is
an analytic generalised subbundle of E, then G is locally finitely generated.

Proof: Let xg € M. There then exists a neighbourhood U of zy and local generators (£,)qca
for F defined on U. Let /4 be the submodule of I'Y(E|U) generated by the local generators.
We then have the sheaf %, over U, which is obviously patchy (it has a single patch). By
Corollary 4.12 it follows that . is locally finitely generated. Thus, by shrinking U we arrive
at a neighbourhood of xy with local sections ny,...,n; € I'Y(E/U) such that

F, = spang (€4(2)| @ € A) = spang (n;(z)| j € {1,...,k}),
cf. Proposition 3.16. [ |

Note that neither of the preceding two corollaries is a consequence of the Noetherian
property of germs of real analytic sheaves, but a consequence of the deeper Theorem 4.10.

This fact is routinely misunderstood [e.g., Agrachev and Sachkov 2004, Corollary 5.3]. Let
us make this explicit by using one of our by now stock examples.
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4.14 Example: (Finite generation of germs does not imply locally finitely gener-
ated) We take M = R and consider the trivial vector bundle E = R x R with projection
m(x,v) = x. We take S = {0} U {% | j € Z-o} and define a subsheaf Fg of & by

Fs(U) ={£ eT*(EU) | &(x) =0 for all z € UN ST

The stalks 5., € R, are finitely generated since they are Noetherian. However, as we
saw in Example 3.24, s is not patchy, and, therefore, not locally finitely generated by
Theorem 4.10. Specifically, s is not locally finitely generated about 0. °

In the smooth case, if we drop the assumption of regularity, then the sheaf of sections
of a singular generalised subbundle may be locally finitely generated or not, depending on
the precise example. Let us illustrate what can happen.

4.15 Example: (A smooth singular subbundle whose subsheaf of sections is
finitely generated) We consider M = IR? and the distribution D given by

D _ T(x1 IZ)JRQ, X1 7é 0,
(z1,22) _
spanIR(ax ), x1 =

This distribution is generated by any pair of vector fields

0 0
Xi(z1,22) = =—, Xo(z1,22) = f(ﬂfl)aim»

(9:61
where f € C®(R) satisfies f~1(0) = {0}. Thus D is a smooth distribution. Moreover, we
claim that if X is any section of D then X = f!X; + f2X, for some f!, f2 € C>(RR?),
provided we take f to be defined by f(x) = z. Indeed, let us write

10 | 20

X =t 2
9 orr 79 ory

noting that we must have g2(0,z3) = 0 for every zo € R. We write

1 H 2 1 o 2
2 g / g
T1,T9) = — (£, 29)déE = x ——(x1m, x2) dn.
9 (w1, 22) /O 89@1(5 2)d€ = 21 ; axl( 17, T2) dn
Thus our claim follows by taking

a 2
fHar,2e) = g'(x1,22),  fP(ar,22) = By o (w1m, 22) dn.
0
This shows that, not only does D have a finite number of generators, but also that I'>°(D)
is free and finitely generated. It follows that $5° is free and finitely generated.
By choosing more pathological smooth generators, e.g., by taking

e~V ‘”2, x #0,
0, z =0,
one imagines that the algebraic properties of the distribution should deteriorate. However,

this is not seen in this case until one looks at the Lie algebra generated by the generators.
The reader can see this clearly in Example 6.10. °
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Be careful to understand that the example does not contradict Theorem 4.9. For the pre-
vious example, the theorem merely says that the sheaf G5 of the example is isomorphic to
the sheaf of sections of some subbundle, in this case the trivial bundle with two-dimensional
fibre.

There is actually a simpler example of a subbundle that illustrates the main point of
the preceding example. Indeed, the distribution D on R defined by

b, _ {TxJR, z#0,
{0}, x=0

has the desired property of being a singular subbundle whose subsheaf of sections is free and
finitely generated. This can be proved along the lines of the preceding example. However,
we prefer the example we work out because we shall encounter it again in a different context,
and it is illustrative to be able to compare the various properties of the distribution.

The next example we consider shows that it is possible to have a distribution whose
submodule of sections is not finitely generated.

4.16 Example: (A singular distribution whose submodule of sections is not locally
finitely generated) On M = RR? we consider the distribution D generated by the two
smooth vector fields

o 0
Xi(z1,22) = 57—, Xo(z1,22) = f(xl)@’

where

e_l/xz, x € R>0,
0, S ]Rgo.

We claim that I'*(D) is not locally finitely generated. To see this, we refer ahead to Ex-
ample 8.7 where we show that D is involutive but not integrable. By Frobenius’s Theorem,
Theorem 8.6, it follows that I'*(D) is not locally finitely generated. °

Just as we saw after Example 4.15, it is possible for the preceding example to illustrate
the point with a simpler distribution. Indeed, the distribution D on R defined by

D.. — TCCRa YIS IR>07
* {0}, S IRS(),

has the property that it is involutive but not integrable. Thus, again according to Frobe-
nius’s Theorem, I'*(D) is not locally finitely generated.

4.4. Relationship between various notions of “locally finitely generated”. Note that we
now have three versions of “locally finitely generated” floating about, and they do not apply
to the same thing, and the relationships between them are not perfectly clear. To be precise,
we have the notion of a locally finitely generated sheaf of ‘6yj-modules from Definition 2.14,
the notion of a locally finitely generated generalised subbundle from Definition 3.1, and the
notion of a locally finitely generated submodule of sections from Definition 3.20.

The following property of locally finitely generated sheaves is of value.
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4.17 Lemma: (Local generators for locally finitely generated sheaves) Let M
be a smooth or real analytic manifold, as required, let r € Zso U {oo,w}, and let
F = (F(UW))open be a locally finitely generated sheaf of 6\y-modules. If, for xy € M,
[$1]z0s - - -+ [Sk]wo are generators for the €0 \y-module Fy,, then there exists a nezghbour-
hood U of xo such that [s1]z, ..., [Sk]s are genemtors for S for each x € U.

Proof: By hypothesis, there exists a neighbourhood V of xy and sections t1,...,t; € F(V)

such that [t1]s, ..., [tm]s generate & for all x € V. Since [s1]s, - - -, [Sk]z, generate F,,
k .
[tl]xo = Z[a{]mo[sj]$0? l € {]‘a"'am}a
j=1

for germs [a{ lzo € Puy- We can assume, possibly by shrinking V, that sq,...,s, € F(V)
and af € R(V), j € {1,...,k}, I € {1,...,m}. By definition of germ, there exists a
neighbourhood U C 'V of z( such that

N

(AT tl = TV,U al ™u SJ) lE{l,...,m}.
7=1
Taking germs at € U shows that the generators [t1]y, . .., [t]m of F are linear combinations
of [s1]zy- -, [Sk]z, as desired. [ |

Note that the property of being locally finitely generated is one about stalks, not one

about local sections. That is to say, if [S1]z,-- -, [Sk]z, generate 7, and if U is a neigh-
bourhood of xg for which [si]s,..., [Sk]s generate &, for each x € U, it is not clearly the
case that si,...,s; generate F'(U). What we can state is the following result, which is a

consequence of the vanishing of the cohomology groups of the sheaves in these cases.

4.18 Lemma: (Local finite generation of modules of sections) Let r € Z>oU{oo,w},
let M be a smooth or real analytic manifold, as required, and let F = (F(U))y open be a
sheaf of €\y-modules. Assume one of the two cases:

(i) r =00

(i) r=w and F is coherent;
Let xog € M. If [(s1,W)]zgs-- -, [(Sk, W]z, generate F,, then there exists a neighbourhood
W C U of xg such that T v(s1),...,muv(sk) generate F(V) for every open set V C'W.

Proof: From the proof of Lemma 4.17 we see that there exists a neighbourhood W of xg
such that ([s1]z, ..., [sk]s) generate & for every x € W. If V C W, we then have a presheaf
morphism ® = (®y)yrcyopen from (6y)* to F |V given by

Sy (fh ) = e (s1) + o+ Prg (se),

Note that the sequence

(En)k 2= F |V 0 (4.1)

is exact, by which we mean that it is exact on stalks. If s € F(V), exactness of (4.1) implies
that, for z € V,

[s]e = [91]27[31]% +ot [gk]x[sk]m
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for [g']1,...,[¢"]: € ©,m- Since the preceding expression involves only a finite number of
germs, there exists a neighbourhood V, C 'V of x such that

v, () = garuy, (1) + - + gy, (sk)
for gl,..., gk € C"(V,). Let % = (Vu)aev. I Vo NV, # 2, define g, € CT(V, NV,) by
Gy =94V NVy — gl|VanVy,  jEe{l,... k},
and note that ((g;,, ... ,g];y)):z:,yev € ZYH% , ker(®)). We now note the following:

1. if 7 = oo then HY(%;ker(®)) = 0 by Theorem 2.21;

2. if r = w then ker(®) is coherent [Grauert and Remmert 1984, page 237|, and so
HY(% ; ker(®)) = 0 by Cartan’s Theorem B.

Since HY(%;ker(®)) = 0, for each x € V there exists ((hl,...,h%)).ev, € CHZ;ker(®))
such that

W Ve NVy = hLVe NV, =gl, = glVa NV, — gl|VanVy,  je{l,... k}
Define fJ € C™(V,) by f2 = g + hl, and note that
Ve Vy = filVenVy,,  je{l,... .k}

Thus there exists f/ € C7(V) such that f7[V, = fJ for each j € {1,...,k} and z € V.
Moreover, since
hary, (s1) + - + Ry, (si) = 0,

we have
Frrg(st) + -+ frryv(sy) = s,
as desired. |

We can now state the following result which connects the notions of “locally finitely
generated.”

4.19 Proposition: (Relationships between various notions of “locally finitely gen-
erated”) Let r € Z>oU{oo,w} and let m: E — M be a smooth or analytic vector bundle,
as required. Let F be a subsheaf of G and let M/ CT"(E) be a submodule. The following
statements hold:

(i) if the subsheaf F is locally finitely generated, then the generalised subbundle F(F)
18 locally finitely generated;

(ii) if the subsheaf & is locally finitely generated, then, for each x € M, there exists a
neighbourhood U of x such that F(U) is a finitely generated C"(U)-module;

(117) if the submodule M is locally finitely generated, then the generalised subbundle F( M)
18 locally finitely generated;

(iv) if the submodule M is locally finitely generated, then the subsheaf Fy is locally finitely
generated.



GENERALISED SUBBUNDLES AND DISTRIBUTIONS 49

Proof: (i) Let zp € M. Since & is locally finitely generated, there exists a neighbourhood U
of zp and sections &1, ...,& € F(U) such that ([(1]s, ..., [{k]z) generate & for each x € U.
If e, € F(F), for z € U, by definition of F(F) we have e, = {(x) for [¢], € F. Tt follows
that (£1(z),...,&k(z)) span F( )z, showing that F(&) is locally finitely generated.

(i) This follows from Lemma 4.18 and the Oka Coherence Theorem, & being a finitely
generated subsheaf of the coherent sheaf G, and so coherent [Grauert and Remmert 1984,
page 235].

(iii) Let g € M. Since A is locally finitely generated, there exists a neighbourhood U
of xg and &;,...,& € A which generate F 4(U) as a C"(U)-module. If e, € F(A), for
x € U, by definition of F(Z) we have e, = {(x) for { € A . Tt follows that (§1(z), ..., &k (x))
span F(A),, showing that F(Z) is locally finitely generated.

(iv) Let zp € M. Since A is locally finitely generated, there exists a neighbourhood U
of xg and &i,...,& € A which generate Fy(U) as a C"(U)-module. Let x € U and let
(£, V)]s € Fy »» for some V C U. Thus

E=FHmIV)+ -+ S (gl V)
for f1,...,fm e C"(V) and ny,...,nm € A . Let us write

NaU = go&i + -+ + gk,

for gg eC"(W),ac{l,...,m},j€{l,...,k}. Thus

§=2_2 FlgM&lv),

j=1la=1
giving
kK m .
[5]1 = Z Z[f]]z[g;]x[fa]m
j=1a=1
so showing that ([£1]s,. .., [{k]z) generate Fy , for every x € U. |

Note that the implications for a generalised subbundle being locally finitely generated
are not present. This is because this is not interesting in the following sense. An analytic
generalised subbundle F always has the property that & is locally finitely generated; this
is Corollary 4.13 above. On the other hand, a smooth generalised subbundle F is globally
finitely generated by Theorem 5.1 below, but $2° may not be locally finitely generated as
can be seen from Example 4.16.

5. Global generators for generalised subbundles

One of the potential problems with our definition of a generalised subbundle is that
it relies on generators that are only locally defined. In the smooth or finitely differen-
tiable case, these local generators can very often (for example, when the neighbourhood
on which the generators are defined is not dense) be extended using the Tietsze Extension
Theorem [Abraham, Marsden, and Ratiu 1988, Theorem 5.5.9] to give global generators.
However, in the real analytic case, matters are more complicated, as generally a local section
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simply cannot be extended to be globally defined. Here one must thus attenuate one’s ob-
jectives, and merely wonder whether globally defined generators exist at all. In this section
we address these questions, considering separately the smooth and finitely differentiable
cases, and the real analytic case.

5.1. Global generators for C"-generalised subbundles. Let us first look at the smooth
and finitely differentiable case. The result here is due to Sussmann [2008], and we give the
proof here since the result is an important one.

5.1 Theorem: (Generalised subbundles of class C" are finitely generated) Let r €
Z>oU{oo} and let m: E — M be a smooth vector bundle whose fibres have bounded dimension
and for which M is a smooth paracompact Hausdorff manifold of bounded dimension. If
F C E is a generalised subbundle then the following statements are equivalent:

(i) F is of class C;
(ii) for each xo € M and each vy, € Fy,, there exists a neighbourhood N of x¢ and a
C"-section & € I (E) such that &(xo) = vy, and &(x) € Fy for each x € N;

(1ii) there exists a family (&1,...,&) of C"-sections on M such that
Fo = spang (&1(2), . . ., &k(2))

for each x € M.

Proof: (i) = (ii) Suppose that F is of class C", let zy € M, and let vy, € Fy,. Let N be a
neighbourhood of zg and let (§;);cs be a family of sections on N of class C" such that

Fu = spang (&j(2)| j € J)
for x € N. Let ji,...,jx € J be such that (&, (z0),...,Ej, (o)) is a basis for F,. Then

Vg = ClEJl (1:0) Tt Ckgjk (1'0)

for some uniquely defined cq,...,c; € R. The section § = ¢1§;, + - - - + ¢x§j, defined on N
is then of class C”, is F-valued on N, and satisfies {(zg) = vg,-

(ii) == (iii) Since E has bounded fibre dimension there exists a least integer ny € Z>
such that rank(F;) < ng for every z € M. Use the notation rank(F;) = rankg(z). For
ke {0,1,...,n0+ 1} denote

Uy = {z € M| rankg(z) > k}.

By Proposition 3.6, rankg is lower semicontinuous, and so Uy is open for each k €
{0,1,...,n0 + 1}. Moreover,

& = Upgs1 C Uy C -+ CUy C U= M.

We wish to define a certain open cover of each of the open sets Uy, k € {0,1,...,n9 + 1},
with a certain property. We do this inductively.

The following two general lemmata will be key in our inductive construction. Note that
the notation of the lemmata may or may nor correspond to the notation of the theorem
and its proof. So beware.
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1 Lemma: Let M be a smooth, paracompact, Hausdorff manifold all of whose connected
components have dimension bounded by n € Z>o and let (W;);es be an open cover of M.
Then there exists an open cover (Vg)aca of M with the following properties:

(1) (Va)aca is a refinement of (W;)jes (i-e., for each j € J there exists a € A such that
W] g ’Va);

(ii) there exist subsets Ay, ..., Apt1 C A such that A = CJ?;llAl and such that, whenever
ay,as € Ay for some l € {1,...,n+ 1}, it holds that Vo, N V4, = 2.

Proof: Since M is paracompact it possesses a Riemannian metric by Corollary 5.5.13
of [Abraham, Marsden, and Ratiu 1988]. Therefore, we may assume that M is a metric
space, and we denote the metric by d. A smooth manifold can be triangulated by which we
mean that there exists a homeomorphism ®: .S — M where S is a union of simplices which
intersect only at their boundaries [Munkres 1966, Theorem 8.4]. By successive barycentric
subdivisions of the simplices of S we can assume that all simplices S, b € B, compris-
ing S are such that ®(S,) C W; for some j € J. Let us adopt the usual slight abuse of
terminology and say that ®(Sp), b € B, is a simplex. Let m € {0,1,...,n} and define

I ={F CM| F is an open m-dimensional face of some simplex}
and denote |%,| = Upeg, F. For F € %, denote
C(F)=c(U{F' €%, | F' #F}).

Note that F is both open and closed in the relative topology of |%,|. Also, C(F) is closed
in the relative topology of |, | since its intersection with any compact set is a finite union
of closed sets, and so closed. This implies that FNC(F') = & by virtue of F being relatively
open. Now let € F. Then {z} and C(F) are disjoint closed sets, and so

d(z, C(F)) = nf{d(z,y) | y € C(F)}

is positive. (Indeed, suppose otherwise. Then there exists a sequence (y)kez-, in C(F)
converging to x. Thus z € C(F) since C(F) is relatively closed. This contradicts the fact
that {z} and C(F) are disjoint.) Denote by B(z, 3d(z, C(F))) the open ball in M of radius
+d(z,C(F)) and define B(F) = UzepB(z, 3d(z, C(F))).

We claim that if Fy, F» € %, are disjoint, then B(F}) and B(F,) are disjoint. Sup-
pose otherwise and let © € B(F)) N B(Fy), Let 1 € Fy and z9 € Fy be such that
y € B(zj, 3d(zj, C(F})))), j € {1,2}. Then

d(z1,z2) < d(z1,2) + d(z2,2) < %d(:nl, C(F))+ %d(l’g, C(Fy))
S max{d(xl, C(Fl)), %d(.’EQ, C(FQ))}
Thus either
d(wl,l'g) < d(l’l,C(Fl)) or d(l‘l,mz) < d(.’L‘Q,C(FQ)).

In the first case we have z9 € F}, contradicting the fact that o € C(F}), and in the second
case we have x; € Fy, contradicting the fact that z; € C(Fy). Thus B(Fy) and B(F3) are
disjoint if F, Fp € %, are disjoint.
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For F € %, let jr € J be such that F C W, __, this being possible since our triangulation

JF>

of M was chosen in precisely this manner. Define an open set Vp = B(F') N"'W;,.. Note that
FCVpCW,,.

Moreover, since B(F1) and B(F3) are disjoint for Fy, Fy € &, disjoint, it follows that Vg,
and Vg, are disjoint for Fj, Fy» € %, disjoint. If z € M then = belongs to some open

m-dimensional face from the triangulation of M for some m € {0, 1,...,n}. Therefore,
n
M=]J | Ve
m=0 Fegm

Thus we have an open cover of M that refines (W;),cs. The index set for the open cover is
the set
A={F| Fe %, me{0,1,...,n}}.

It remains to show that the index set for the open cover satisfies the second condition
in the statement of the lemma. For m € {1,...,n+ 1} let A4,, = %,_1 so that A is the

disjoint union of Ay,..., A,+1. As we have shown above, for each m € {1,...,n+ 1}, the
family of open sets (Vr)rea,, is a pairwise disjoint union of open sets, just as is asserted
in the statement of the lemma. v

The following technical lemma will also be useful. The result is well-known, but we were
not able to find a proof for it, so we provide one here.

2 Lemma: If U is an open subset of a smooth, paracompact, Hausdorff manifold M then
there exists f € C*(M) such that f(x) € Rsg for all x € W and f(x) =0 for all x € M\ U.

Proof: We shall construct f as the limit of a sequence of smooth functions converging in the
weak C'*°-topology. We equip M with a Riemannian metric G, this by paracompactness of
M [Abraham, Marsden, and Ratiu 1988, Corollary 5.5.13]. We denote by V the Levi-Civita
connection of G. Let g € C*(M). If K C M is compact and if r € Z>(, we define

lgllrzc = sup{[Vg(@)[| | = € K, j €{0,1,...,1}},

where ||-|| indicates the norm induced on tensors by the norm associated with the Rie-
mannian metric. One readily sees that the family of seminorms |||, x, r € Z>¢, K C M
compact, defines a locally convex topology agreeing with other definitions of the weak
topology. Thus, if a sequence (g;);jez., satisfies

lim [|g — gjllrx =0, r € Z>o, K C M compact,
J—00 -

then ¢ is infinitely differentiable [Michor 1980, §4.3].

We suppose that M is connected since, if it is not, we can construct f for each con-
nected component, which suffices to give f on M. If M is paracompact, connectedness
allows us to conclude that M is second countable [Abraham, Marsden, and Ratiu 1988,
Proposition 5.5.11]. Using Lemma 2.76 of [Aliprantis and Border 2006}, we let (K});ez.,
be a sequence of compact subsets of U such that K; C int(K;1) for j € Z~( and such that
Ujez.oK; =U. For j € Z-qlet gj: M — [0, 1] be a smooth function such that g;(x) = 1 for
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x € Kj and gj(x) = 0 for z € M\ Kj1; see [Abraham, Marsden, and Ratiu 1988, Propo-
sition 5.5.8]. Let us define o = ||g;|;,x,,, and take €; € R>q to satisfy €; < (o;27)~1. We
define f by

oo
fla) =) ejg;(2),
j=1
and claim that f as defined satisfies the conclusions of the lemma. First of all, since each
of the functions g; takes values in [0, 1] we have

oo o o oo 1
2)| <D leigi@) <> esllgilloss < ellgsllin., < Z 7 <
i=1 i=1 i=1 i=1

and so f is well-defined. If x € U then there exists N € Z~¢ such that x € Ky. Thus
gn(xz) =1and so f(z) € Ryg. If x € M\ U then g;(x) =0 for all j € Z~g and so f(z) =
All that remains to show is that f is infinitely differentiable.

Let z € M, let m € Z~o, and let j € Z>o be such that j < m. If & K,,;1 then g, is
zero in a neighbourhood of z, and so ||V g, (x)|| = 0. If € K, 1 then

IV g ()| < sup{||V? gm (2)|| | 2’ € Kpi1}
< sup{||[V?gm ()| | 2’ € Km+1, j €1{0,1,....,m}} = anm.

Thus, whenever j < m we have ||V’ g, ()| < auy, for every x € N.
Let us define f,, € C*(M) by

) =) €0;()
j=1

Let K C M be compact, let » € Z>g, and let € € Ryo. Take N € Z( sufficiently large
that

m2

1
Z 27m < €,
m=mi—+1
for my,mg > N with m; < ma, this being possible by convergence of > 2 =1 2J Then, for
mi, Mo Z N,
[ fma = fmallric = sup{[IV7 frny (2) = V7 frny (2)|| | # € K, j € {0,1,...,7}}
ma
= sup{H Z emngm(x)H ‘ reK, je {0,1,...,r}}
m=m1+1
mo ma 1
< sup{ Z €m ||V gm ()| ‘ reK, je {0,1,...,r}} < Z om <€
m=mi+1 mi1+1

Thus, for every r € Z>g and K C M compact, (fm)mez., is a Cauchy sequence in the
norm ||-||,,x. Completeness of the weak C*°-topology implies that the sequence (fin)mez-,
converges to a function that is infinitely differentiable. v

With the use of the preceding lemmata, we can prove the following, reverting now to
the notation of the theorem and its proof.
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3 Lemma: There exist C"-sections £¥, k € {0,1,...,no}, m € {1,...,n+1}, on M, taking
values in F, such that, for every k € {0,1,...,n0} and for every x € Uy,

dim(spang ({&,(2) | 5 € {0,1,...,k}, me{1,...,n+1}})) > k.

Proof: We prove this by induction on k. For & = 0 the assertion is obvious. Indeed, one
merely takes the sections &7, ...,£9 . to all be zero, and the conclusion holds in this case.
Now assume that the conclusions hold for k € {0,1,...,s}. Let € Us41 and define

Us = spang ({&8,(z) | k€ {0,1,...,s}, me {1,...,n+1}}),

noting that dim(U$) > s by the induction hypothesis. Since z € U, there exists v, € F,
such that
dim(spang (U; U{vz})) > s+ 1.

By the hypotheses of part (ii) of the theorem, there exists a neighbourhood Wit! of
and a CT-section &, on W1 taking values in F, such that &,(z) = v,. By multiplying &,
by a smooth function that is positive on W5t! and with compact support [see Abraham,
Marsden, and Ratiu 1988, Theorem 5.5.9] we can extend &, to a F-valued C"-section on all
of M. By shrinking W5t if necessary, we can suppose that

dim(spang (U3, U {&:(2)})) > s + 1, z' € Wil

by lower semicontinuity of the rank of a generalised subbundle (Proposition 3.6). With
W3t 5o specified we have WSt! C Uy, 1. Note that (WSH1) ¢y, is then an open cover of
U

By Lemma 1 let (Vi™!)4ca be a refinement of the open cover (W) oy ., of Uiy such
that the index set A is a disjoint union of sets A1,..., A,11 such that ngl N \72;“1 =0
whenever a1,as € A; are distinct for some I € {1,...,n + 1}. Let us denote Vf“ =
Uaea, Vi e {1,...,n+1}. Forl € {1,...,m + 1} and a € A}, let z;, € Uy be such
that V5™ C Wil Define a C"-section ni Tt on Vit by asking that, if z € V5! for some

(necessarily unique) a € A;, then 7! (z) = €z, (7). The section ni ! will then have the

property that

s+1

dim(spang (U U {ni ™ (2)})) > s + 1, zreV,le{l,...,n+1}. (5.1)

For each | € {1,...,n + 1}, by Lemma 2 let f; € C~(M) be such that fj(z) € Rs¢ for
x € V; and such that fij(x) =0 for x € M\ V;. Then define ff“ = fmf'H so that

dim(spang (U U{&t (2)}) > s+1,  zeV, le{l,....,n+1}, (5.2)

by (5.1), since &1 (z) is a nonzero multiple of 77" (z) for all z € V;. To complete the
proof of the lemma, let x € Usy; and let a € A be such that x € V,. Then a € A; for some
unique [ € {1,...,n+ 1} and so = € V;. Therefore, by (5.2) and recalling the definition of
us,

spang (U U{€51(2)}) C spang ({€1,(2) | § € (0,1, 5+ 1}, m € {L,....n+1}})
—  dim(spang({&l,(z) | 7€{0,1,...,s+1}, me{l,...,n+1}})) > s+ 1,

as desired. v
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We now conclude the proof of this part of the theorem by showing that the F-valued
C"-sections

& jie{l,...,no}, me{l,....,n+1})

from Lemma 3 generate F. Let € M and let k = rankg(z) so that z € U,. By Lemma 3
we have

dim(spang ({&,(x) | 7€ {1,...,n0}, m € {1,...,n+1}}))
> dim(spang ({&,(x) | 7€ {1,...,k}, me{1,...,n+1}})) > k.

However, since dim(F,) = k and since all sections 5%1, jed{l,...,no}, me{l,...,n+1},
are F-valued, we conclude that

spanR({fil(:c) | 7e{l,....,n0}, me{l,....,n+1}}) =Fy,

as desired.
(iii) = (i) This is obvious. [ |
Note that the theorem does not say that the sections &1, ..., & from part (iii) generate

the stalks of the sheaf &. Indeed, as in Example 4.16, the stalks of a subsheaf of C"-
sections, r € Z>o U {oo}, are not generally finitely generated.

5.2. Global generators for real analytic generalised subbundles. In the real analytic case,
we cannot prove that there are generally finitely many global generators. However, we can
use Cartan’s Theorem A, stated in Theorem 2.18, to give local generation by global sections.
This is, of course, highly nontrivial since generally a local section of a real analytic vector
bundle cannot be extended to a global section.

5.2 Theorem: (Generalised real analytic subbundles are locally generated by
global sections) Let w: E — M be a real analytic vector bundle for which M is para-
compact and Hausdorff. If F CE is a generalised subbundle, then the following statements
are equivalent:
(i) F is real analytic;
(ii) for each xo € M and each vy, € Fy,, there exists a real analytic section & € T“(F)
over M such that £(zo) = vg,;

(iii) for each xy € M there exists a neighbourhood N of xg and a real analytic sections
&1,...,& € TY(F) over M such that

F. = spang (&1 (), ..., &k(x))

for each © € N.

Proof: (i) = (ii) By Proposition 4.5 let Vi, € (€2 \/ma) Dz g, ¢ be such that

0
ao(Vay) = Vgy, Where Iy, is as in the proof of Proposition 4.5. We write

k
Vo = Z([f]]:co + My, ) ® (€l

Jj=1
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for some [z, - [fFz € Coom a0d [E1]a, - - -5 [Ek]zg € G2 p- By Corollary 4.11 we know
that G is coherent. Therefore, by Cartan’s T heorem A (Theorem 2.18), there exist global
sections (54)qca of F such that the germs [5,], a € A, generate ?;37,: as a %;S,M—module. It
follows that we can write

Vo = Z([Qa]xo + Mzy) @ [Balaos

acA

where all but finitely many terms in the sum are zero. Now define

£= g"(x0)éa;

a€A

again noting that all but finitely many terms in the sum are zero. Since

Uzo = Ly (VJCO) = lgg (Z([ga]wo + my, ) 5(1 zo> Z g* 370 fa xO

a€A a€A

(recalling from the proof of Proposition 4.5 the definition of 7,), it follows that &(z¢) = va,,
as desired.

(i) = (iii) Let us take the index set A = F and for a € A let &, be a real analytic
global section of F such that & (xz) = a. Let A C ?;g F be the submodule generated by
[€a)zos @ € A. By Lemma 1 from the proof of Theorem 4.10, there exists a1,...,a; € A
and a compact set C' C M such that xy € int(C') and such that [, ]c, ..., [¢a,]c generate
pa}xo (A). Then, as we saw in the proof of Theorem 4.10, (£, ]z, -, [£a, ]2 generate G’ for
each x € N for any neighbourhood N C C'. It follows that

F. = spang (§g, (), . .. » Eay ()

for each = € N.
(iii) == (i) This is obvious. [

5.3. Swan’s Theorem for regular generalised subbundles. In this section we consider a
different sort of result for global generators when the subbundle is regular. In this case,
regularity provides additional algebraic structure for the space of sections. The result was
proved for r = 0 and for a compact base by Swan [1962]. An analogous result for vector
bundles over an algebraic variety over an algebraically closed field, e.g., in the case of a
holomorphic algebraic variety, was proved by Serre [1955]. The result we give is in the
C"-case for r € Z>o U {oo,w}.

Let us first recall some notions from commutative algebra. We let R be a commutative
unit ring and let A be a unital R-module. The module A is projective if there exists (1) a
free module B = ®;¢/R, (2) a submodule C C B, and (3) an injective homomorphism
¢: A — B for which B = image(¢) @ C. In brief, A is a direct summand of a free module.

With this algebraic definition, we have the following result.

5.3 Theorem: (Swan’s Theorem for regular generalised subbundles) Let r € Z>oU
{o0,w} and let w: E — M be a smooth or real analytic vector bundle, as required, whose
fibres have bounded dimension and for which M is a smooth paracompact Hausdorff manifold
of bounded dimension. The following statements hold:
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(i) if F is a regular generalised subbundle of E of class C", then T'(F) is a finitely
generated projective module over C"(M); that is to say, I'"(F) is a direct summand of
a finitely generated free module over C™(M);

(ii) if M is a finitely generated projective module over C"(M) then M is isomorphic to
the module I'"(F) of C"-sections of a C"-generalised subbundle of E.

Proof: (i) Since F is a vector bundle of class C", we shall without loss of generality suppose
that F = E and that E is of class C". The proof of this part of the theorem breaks into two
parts. Were we to have access to an embedding theorem for C°-manifolds, this could be
averted, but we are not aware of such a theorem. In any case, we give separate proofs for
r € Z>p and for r € {oo,w}. We comment that both proofs work for r € Z~¢ U {oo}, but
the first part applies to » = 0 and the second part applies to r = w.

We first consider r € Z>o. By Theorem 5.1, let &1, ..., &k be globally defined generators
for E. Let ]R],\c,I denote the trivial vector bundle M x R¥ and define a vector bundle map
¥U: Ry, — E by

U(z, (v, -5 0x) = vi€a () + - - - + vpbp ().

Clearly W is surjective and ker(¥) is a C"-subbundle of R¥, [Abraham, Marsden, and Ratiu
1988, Proposition 3.4.18]. Let (-,-) be the standard inner product on R* which we think of
as a vector bundle metric on RY,. Define G, to be the orthogonal complement to ker(¥,).
Note that G is then a C"-subbundle of IR,’\“A. We claim that ¥|G is a C"-vector bundle
isomorphism onto E. Certainly ¥ is a C"-vector bundle map. We claim that ¥|G is onto E.
Indeed, let 2 € M and let v, € E,. Then, since image(¥) = E, there exists (z,v) € R¥, such
that ¥(x,v) = v,. Write (z,v) = (z,u+ w) for (z,u) € ker(¥) and where w is orthogonal
to u, i.e., (z,w) € G,. Then

vy = V(z,v) = V(z,u) + ¥Y(z,w) = ¥(z,w),

and so V|G is onto E. To show that U is injective, suppose that ¥(z,v;) = ¥(x,vs) for
(z,v1), (,v2) € G;. Then

U(z,v9 —v1) =0, = (z,v3—v1)€ker(¥), = wvy—v;=0,

as desired. Now we recall that C"-vector bundles over M are isomorphic if and only if their
sets of sections are isomorphic as C"(M)-modules, cf. [Nelson 1967, §6]. Thus I'"(E) and
I'"(G) are isomorphic.

To complete this part of the proof, note that FT(]R’,\“,,) is a finitely generated free module
over C"(M). To see this, one can easily show that the sections z — (z,e;), j € {1,...,k},
form a basis for all sections, where e; € R* is the jth standard basis vector. Moreover, any
section ¢ of Ry with £(x) = (x,v(x)) can be written uniquely as

§(x) = (2, u(z)) + (2, w(z))

with (z,u(z)) € ker(V¥,) and where w(z) is orthogonal to w(z). That is, & = n + ¢
for n € I"(ker(V¥)) and ¢ € I'"(E), and this decomposition is unique. That is to say,
I"(RY,) =TI (ker(¥)) & I'"(E), the direct sum being one of C"(M)-modules. This gives this
part of the theorem for r € Z>.
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For r € {oo,w} we first note that there is a C"-proper embedding ®: E — R¥ into
Euclidean space for some N € Z-g. For r = oo this is the Whitney Embedding Theo-
rem [Lee 2003, Theorem 6.9]. In the real analytic case, this is the Grauert Embedding
Theorem [Grauert 1958]. Note that T'® is an injective vector bundle morphism over .
Now let Z(E) C E be the zero section, and note that Z(E) is canonically diffeomorphic to
M. Thus the restricted vector bundle TE|Z(E) is to be regarded as a vector bundle over M.
Since the fibres of E intersect Z(E) transversally at points 0, of Z(E), we have

T, E~T,M® Ty E, 2T, M E,.

Thus TE|Z(E) ~ TM @ E and so T'®, when restricted to TE|Z(E), has image as a vector
bundle over the submanifold ®(M). This is, moreover, a subbundle of the trivial bundle
®(M) x RN. Thus we have E as a subbundle of the trivial bundle R} £ M x RY. Let (-, -)
be the standard inner product on RY which we think of as a vector bundle metric on IR% .
Define G, to be the orthogonal complement to E,, noting that G is then a C"-subbundle of
IR% and that IR,\]\A/ =E®G. Let my: ]RJ,\X — E and mo: IR,\]\A/ — G be the projections, thought
of as vector bundle morphisms. Note that I'"(Rfy) is isomorphic, as a C"(M)-module, to
C™(M)N. Moreover, the map from I (R%Y) to I'"(E) & I'"(G) given by

£ (m10§) ®(ma0f)

can be directly verified to be an isomorphism of C"(M)-modules. In particular, I'"(E) is a
summand of the free, finitely generated C"(M)-module I'"(IRY).
(ii) By definition, there exists a module /" over C"(M) such that
MEN ~2C"M)@---dC"(M).

~
k factors

The direct sum on the right is naturally isomorphic to the set of sections of the trivial
vector bundle RY, = M x R¥. Thus we can write £/ & #/ = I"(R},). For a € {1,2}, let
II,: I"(RY,) — I"(Rf,) be the projection onto the ath factor. As per [Nelson 1967, §6]
(essentially), associated with II, is a vector bundle map 7, : ]R’l,\“,I — ]R’l\“,l. Since II,oII, = II,,
(by virtue of II, being a projection), m, o 4 = 4. To show that ./ is the set of sections of
a vector subbundle of ]R’,f,l it suffices to show that m; has locally constant rank. Following
along the lines of the proof of Proposition 3.6 one can show that z +— rank(m, ;) is lower
semicontinuous for a € {1,2}. However, since rank(m ;) = rank(ma,) = k for all z € M, if
x +— rank(m ;) is lower semicontinuous at xg, then x — rank(my ;) is upper semicontinuous
at zg. Thus we conclude that both of these functions must be continuous at xzg. Since
x — rank(7 ;) is integer-valued, it must therefore be locally constant. |

6. Differential constructions associated to distributions

In this section we turn, for the first time, exclusively to distributions, i.e., generalised
subbundles of the tangent bundle TM of a manifold M. Here one has some particular
features of the tangent bundle that come into play, mainly associated with the fact that
sections of the tangent bundle are vector fields, which have associated to them a great deal of
additional and important structure. It is these features that we focus on in this section. We
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begin by indicating how standard vector field operations interact with our sheaf formalism
for distributions. Then we look at two structures associated to distributions: invariant
distributions and distributions arising from Lie algebras of vector fields.

6.1. Local diffeomorphisms and flows of vector fields. A standard assumption made in
the differential geometry literature when dealing with vector fields is that they are com-
plete, i.e., if X is a vector field on M, the flow z ++ ®;* (z) is defined for every (¢,7) € R x M.
In order for the results in the paper to be as general as possible, we shall not make this
assumption. Thus we have to introduce some technicalities to deal with this, following
Sussmann [1973]. The first is the notion of a local diffeomorphism, a notion which we will
encounter again in our treatment of the Orbit Theorem in Section 7.

6.1 Definition: (Local diffeomorphisms, groups of local diffeomorphisms) Let r €
{o0,w} and let M be a C"-manifold.

(i) A C"-local diffeomorphism on M is a pair (®,U) where U C M is (a possibly empty)
open subset called the domain and where ®: U — ®(U) is a C"-diffeomorphism. The
itmage of (®,U) is the open set ®(U).

(i) If (®,U) and (¥, V) are C"-local diffeomorphisms, their composition (¥,V)o (®,U)
is the C"-local diffeomorphism (¥ o ®|®~1(V), d~1(V)).

(iii) If (®,U) is a C"-local diffeomorphism, its inverse (®,U)~! is the C"-local diffeomor-
phism (@71, &(U)).

(iv) A group of C"-local diffeomorphisms is a family & of C"-local diffeomorphisms
such that, if (®,U), (¥,V) € & then (¥,V)o (¥,U) € F and (®,U)! € Z. .

The notion of a local diffeomorphism with an empty domain is possibly confusing, but
is a technical convenience. We shall often make a slight abuse of notation by denoting a
local diffeomorphism by ® rather than (®,U). In cases when we do this, we believe there
will be no loss in clarity.

Next we consider local diffeomorphisms generated by flows of vector fields. We recall
that if X € I''(TM) then the flow ®X(x) is defined for (¢,) in an open subset of R x M
that we denote by D(X). For a vector field X, we denote by I(X,z9) C R the domain of
the maximal integral curve of X through xy. For ¢ € R we denote by U(X,t) the largest
(possibly empty) open subset of M such that (®;*,U(X,t)) is a local diffeomorphism. We
note that, given (tg, z9) € R x M there exists a neighbourhood U of zg such that & (z) is
defined for ¢t € (—to, to).

6.2. Lie brackets, (local) diffeomorphisms, and sheaves. In this section we indicate how
two standard constructions normally defined for vector fields can be applied to sheaves.
This has the advantage of systematically handling situations where one wishes to deal with
objects that are not globally defined.

First let us consider the Lie bracket. For r € {oo,w} and for a C"-manifold M, we
note that I'"(TM) has the structure of a Lie algebra. This Lie algebra structure can be
defined most conveniently by recalling that the set of vector fields is in one-to-one cor-
respondence with the set of derivations of C"(M) (see [Abraham, Marsden, and Ratiu
1988, Theorem 4.2.16] for the classical r = oo case and [Grabowski 1981] for the r = w
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case). The derivation associated to a vector field X, denoted by ZFy, is defined simply by
Zx f(z) = (df(x); X(x)). For X,Y € I'"(TM) we note that

=K -HExf

is a derivation (one can just check this). Thus, associated to this derivation is a unique
vector field that we denote by [X,Y] which is the Lie bracket of X and Y. This Lie
bracket is easily verified to have the properties that render I'"(TM) a R-Lie algebra.

Let us now extend the above construction to sheaves. Let X € I'"(TM) be a smooth or
real analytic vector field. Let U C M be open. We denote by Zx y the derivation on C"(U)
defined by X|U. Note that the diagram

cru) 2L o)

Tu,vl lTu,v

(V) ——=C"(V)
Lx v
commutes for open sets U,V C€ M with V C U. Thus we have a well-defined map
Dz ‘i}f; M= %;M which is a derivation of the IR-algebras. Thus we can think of £y as

being a morphism of sheaves that is a derivation. The set of such derivations then forms a
IR-Lie algebra with bracket

(Zx 2 Lval([fle) = Zxa(Lval(fle) — Lra(ZLxa(fla):

Note that Zx , depends only on the germ of X at x.

Now we consider diffecomorphisms acting on functions and vector fields. Thus we let
r € {oo,w}, let ® € C"(M;M) be a diffecomorphism, let f € C"(M) be a function, and let
X € I'"(TM). The pull-back (resp. push-forward) of f by ® is defined by ®*f = fo®
(resp. ®.f = fo®7 1) and the pull-back (resp. push-forward of X by ® is defined by
. X =TPoXod ! (resp. P, X =TP 1o X o).

Let us formulate this in sheaf language, allowing for local diffeomorphisms. Thus we let
r € {oo,w}, let M be a C"-manifold, and let (®,U) be a local diffeomorphism with U # &.
Let us first consider the action of (®,U) on functions. We recall from Definition 2.12 that
® induces the direct image sheaf ®,%;| and the inverse image sheaf q)*l(g&" defined by

O.E(W) =CT(@7I (W), We o),
and
dTIEI(V) =CT(@(V), VU

The pull-back morphism is the sheaf morphism ®* from @‘1%£(u) to 6, defined by

asking that ®3: C"(®(V)) — C"(V) be given by ®3,(g) = g o (P|V). Note that the diagram
T é; T
Cr(@(V)) —= (V)
7”<I>(V),‘I><W)\L \Lrv,w

€7 (@(W)) —=- €7 (W)
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commutes for each pair V, W C U of open sets for which W C V. Thus we have an induced
mapping ®* from the stalk @167, to the stalk €, given explicitly by

P ([9)o@) = lg° Pl

for z € U.

The push-forward morphism is the sheaf morphism &, from & to @’1%{[ defined by
asking that @, y: C"(V) — C"(®(V)) be given by @, y(f) = fo (®71®(V)). Note that the
diagram

(P*V

Cr(V) ——=C"(2(V))

TVV,V\L \LTCP(V),(W)

(W) g—C"(2(W))

CI)*,W

commutes for every pair W,V C U of open sets for which V C W. Thus we have an induced
mapping @, . from the stalk € to the stalk <I>_1C€;u given explicitly by

(I)*Jr([f]a:) =[fo (I)il]cb(a:)

for z € U.

Now let us see how this can be used to give the sheaf version of the pull-back of a
vector field by a local diffecomorphism. Let M and (®,U) be as above, let V C U be open,
and let f € C"(V) be a local section of €[ over V. Let Y be a local section of &), over
®(V), i.e., an element of the inverse image sheaf ®~! %’oM‘u(V). Then, for y € ®(V), the

tangent vector T,®~1(Y (y)) can be used to derive the function f at ®~!(y). Thus we can
define a morphism Zy: C"(V) = C"(@71(V)) by

Hnfy) = (@f( @ W) T2 (Y(y), yedV).
Alternatively, we can regard gfv as a morphism from €[ (V) = C"(V) to itself by defining
Ko f (@) = (df (2); Tom @ (Y(R(2)), zeW.
This map is a derivation of R-algebras, i.e., it is IR-linear and satisfies
Linfg = [(Hg) + (LK S)g

for every f,g € C"(V). Thus there exists a unique vector field on V, which we denote by
@Y, such that
Sory =B f

for every f € C"(V). Thus ®}Y € f{fwu(\?). Clearly the diagram

B*
gY,V

cr(V) ——=C"(V)

Wl iw
(

Cr (W) —— CT (W)

@*
L
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commutes for open sets VW C U satisfying W C V. Thus, for each x € U we have a
well-defined morphism of stalks:

o* | r r
gY,{E . %x’u — %x’u
Moreover, this map is a derivation. That is, it is R-linear and satisfies

Halfalgle = [flo(Hx [9)0) + (F2 [Fla) 9]

for [f]z, 9]z € €, Thus there exists a unique vector field germ, which we denote by
®;[Y]a(z), such that

Lor V] [flz = Hlfle

for every [f]. € %Tu The upshot of the preceding development is that, associated with
the local diffeomorphism (®,U), is a sheaf morphism ®* from <I>_1fTrM|u to G-

Finally, we define the sheaf version of the push-forward of a vector field by a local
diffeomorphism. Let M and (®,U) be as above, let V C U be open, and let g € C"(P(V))
be a local section of @ 1€, over V. Let X € I'"(V) be a local section of &, over V, i.e., an
element of ?{M‘u(\?). Then, for z € V, the tangent vector T, ®(X (z)) € Tg(,)M can be used

to derive the function g at ®(x). Thus, we can define a morphism ,?;?;7: C"(®(V)) — C"(V)
by

Zyvo(@) = (dg(®(2)); T 2(X(2)),  w €V
Alternatively, we can regard Fy s as a morphism from ®~1E7 (V) = C7(®(V)) to itself by
defining

Ley9(y) = (dg(y); To-1 ) @(X (27 (1)))),  y € D(V).
This map is a derivation of R-algebras, i.e., it is IR-linear and satisfies

3)?*\‘7gh = g(i@?’{;h) + (i”;?ﬁ;g)h

for every g, h € C"(®(V)). Thus there exists a unique vector field on ®(V), which we denote
by ®, vX, such that
Lo, yx9=L3y9

for every g € C"(®(V)). Thus ¢, v X € @‘1?{,\/”“(\7). Clearly the diagram

z
O (@(V)) % O (@(V))
T<I>(V),<1>(W)l iré(v)@(w)
CT(B(W)) - C7(B(W))

commutes for open sets V,'W C U satisfying W C V. Thus, for each y € ®(U) we have a
well-defined morphism of stalks:

D, . F—1lcor —1lcor
S BT T
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Moreover, this map is a derivation. That is, it is R-linear and satisfies
Ly lalylhly = l9ly(Lxyhly) + (Lxylaly) Ry

for [gly, [h]y € Q_I%yfu. Thus there exists a unique vector field germ, which we denote by

@, 2[X]p-1(y), such that
D

3<I>*,x[X]q,71(y) 9]y = gx,y[g]y
for every [g], € @flcgy?:u. The upshot of the preceding development is that, associated with
the local diffeomorphism (®,U), is a sheaf morphism ®, from ?{Mlu to @‘1?{M|u.
The preceding discussion is lengthy and notation-laden. Therefore, it is worth
summarising the constructions we have made. We let (®,U) be a local diffeomor-
phism, and note that our preceding developments define the following sheaf morphisms:

L o*: o1 — G 3. @ Gy = Gy

2. 0 G — TG 4 @y G = O G

6.3. Lie subalgebras of vector fields and subsheaves. In this section we consider Lie
subalgebras of the Lie algebras I'"(TM) and %), for r € {oo,w}. Let us first define the
objects of interest.

6.2 Definition: (Lie subalgebras) Let r € {oco,w}, let M be a manifold of class C", and
let z € M.

(i) A Lie subalgebra of vector fields is a Lie subalgebra of the R-Lie algebra I'"(TM).

(ii) A Lie subalgebra of 7, is an assignment to each open set U C M a Lie subalgebra
L(U) of vector fields on U with the property that L(V) = ryv(L(U)) for every pair
U,V of open sets for which V C U.

(iii) A Lie subalgebra of germs of vector fields at x is a Lie subalgebra of the R-Lie
algebra G/ .

(iv) If & C I'"(TM) then the Lie subalgebra generated by Z is the smallest Lie
subalgebra of vector fields containing &. The Lie subalgebra is denoted by Z(*)(Z).

(v) If & is a subsheaf of sets of the sheaf &J,,—i.e., an assignment to each open set U C M
a subset X(U) C I'"(TM|U) with the assignment satisfying X (V) = rv(X(U)) for
every pair of open sets U,V for which V C V—the Lie subalgebra of generated
by & is the Lie subalgebra of &7,, defined by assigning to the open set U the Lie
subalgebra of vector fields on U generated by X (U). This Lie subalgebra is denoted
by L&) = (L) (X (W)))uopen-

(vi) If Z, € & 1\, the Lie subalgebra generated by Z, is the smallest Lie subalgebra
of germs of vector fields at z containing &,. This Lie subalgebra is denoted by

F=) (). .

One can easily give a precise characterisation of a Lie subalgebra generated by a set in
the three cases of the preceding definition.
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6.3 Proposition: (Generated Lie algebras) Let r € {oo,w} and let M be a C"-manifold.
Then the following statements hold:

(i) if & C I'"(TM), the Lie subalgebra generated by & is generated by finite R-linear
combinations of vector fields of the form

[Xka[Xk—la"'a[XZaXl]"'Hv k€Z>07 Xl)"'7Xk 6%5

(i1) if & = (X(U))wopen s a subsheaf of sets of &5\, then the Lie subalgebra of Zf\,
generated by & is such that () (X (W)) is generated by finite R-linear combinations
of vector fields of the form

(X, [Xb—1,- -, [X2, Xa] -], keZso, Xi,...,X € X(U);

(i11) if © € M and if 2, C G 1\, the Lie subalgebra generated by & is generated by finite
R-linear combinations of germs of vector fields of the form

1 Xk]zs [ Xk—1]zs - -+ [ Xole, [(X1]a] -], keZso, Xilz,--., [ Xi]s € Z.

Proof: We prove the first statement only. The second follows from this and the third follows
via an entirely similar computation. For vector fields X1,..., X}, € &, since Z()(F) is
a Lie subalgebra of I'"(TM), it follows by induction that [Xg, [Xk_1,...,[Xe, X1]---]] €
L()(F). Since F(®)(ZF) is a subspace of the R-vector space I'"(TM), it also follows that
all R-linear combinations of such vector fields are in Z(*)(Z).

To prove the opposite inclusion, it suffices to show—since & (OO)(é’Z” ) is the smallest Lie
subalgebra containing &—that the set of all R-linear combinations in the statement of the
proposition forms a Lie algebra. If we have two IR-linear combinations of vector fields of the
form stated in the proposition, their Lie bracket will be in Z(>) (&) if and only if the Lie
bracket of each of the summands is in Z(*) () (by linearity of the Lie bracket). Consider
two vector fields of the form stated in the proposition:

X = [ Xk, [Xi—1,. .-, [Xo, Xq]--]]
Y = Dﬁa[ﬁ—hu[%a“]”

We shall prove by induction that [X,Y] € Z(®)(Z) for any k and I. Note that [X,Y] €
F() (Z) for any Y and [, and for k£ = 1. Now suppose this is true for £k = 1,...,m. Then,
taking £k = m + 1, we have

[Xv Y] = [[Xm-f-l’ Xl]v Y]

where X! = [X,,,...,[X2, X1]---]. By the Jacobi identity we have
(X1, X', YT+ [V, Xiga], X'+ [X Y], Xisa] = Ope (-
This gives
X, Y] = (XY, [V, Xpua]] + X1, [X1, Y]]

By the induction hypothesis, [X!, [X,,11,Y]] € £ () (&) since X! is a bracket of length
m. Also [X1,Y] € Z(®)(Z) so the second term on the right is in £ (> (). Thus the set
of linear combinations of the form stated in the proposition forms a Lie subalgebra, giving
the result. |
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Let & C I'"(TM) be a family of vector fields. Note that since £ (%) (%) is a subspace,
one immediately has

FNF) = L) (spang (Z)).

However, it is not generally the case that Z() (&) is a submodule. Similarly flavoured
statements hold for & a subsheaf of sets of &f), or for Z, a subset of germs from ?;,TM'
In this respect, however, the following result is useful.

6.4 Proposition: (The Lie algebra generated by a submodule is a submodule) If
r € {oo,w}, if M is a C"-manifold, and if x € M, then the following statements hold:

(i) if M CT7(TM) is a submodule of vector fields, then L) (M) is also a submodule
of vector fields;

(i) if F is a subsheaf Gy-modules of Gy, then L )N (F) is also a subsheaf G-
modules of G-

(iii) if Fp C Gy s a submodule of germs of vector fields, then F () (F,) is also a
submodule of germs of vector fields.

Proof: We prove the first statement only; the second follows directly from this and the
third is proved in exactly the same way. By Proposition 6.3 it suffices to show that, for any
feC"(M) and for any Xi,..., X, € A,

FIXe (X1, [X2, X1] -] € L) ().

We prove this by induction on k, it clearly being true for ¥ = 1. Assume now that the
statement holds for k € {1,...,m + 1}. Then

P X, [Xomy -5 [ X2, Xa] -] = [F X1, X - [X2, Xa] - T+ (Fx,nn (30,01 ) X
By the induction hypothesis, (Zx,,, .. (xsx,)-1/) Xk € F N M). Since fXpmi1 € M,
by Proposition 6.3 it follows that [f X, 1, [ Xm,. .., [Xe, X1]---]] € L) (M), giving the
result. ]

Let & be a family of smooth or real analytic vector fields on a smooth or real analytic
manifold M. Following the notation of Definition 3.15, associated with the family of vector
fields Z(>) (&) is the distribution D(Z(*)(Z)) which we abbreviate by L(*)(%). The
following result simplifies some parts of the subsequent discussion. For the statement, we
refer to Definition 3.15 for the notation for the submodule of vector fields generated by a
family of vector fields.

6.5 Proposition: (Characterisation of L(°°) (%) for families of vector fields) Let
r € {oo,w}, let M be a C"-manifold, and let & C I (TM). Then the distributions
(i) L&),
(ii) L) (spang (Z)),
(iii) L)(F)), and
(iv) D({ZL (X))

agree.
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Proof: It is clear that
L&) € L) (spang () € L™ (&)

We will show that L) ((2)) C L(®)(Z). By Proposition 6.3 it suffices to show that
Ve, Vet ..., [Yo, V1] -+ ])(z) € L),

for every Y7,...,Y, € (&) and for every x € M.
We prove this by first showing that

Ve, Vo1, - Yo Vi) )] = f1 20+ + [,
for every Y1,...,Y;, € (Z), and where f1,..., f* € C"(M) and
Zj = X (X1, [Xja, Xja -]
for X;1,...,X;; € & with [ € {1,...,k}. This we prove by induction on k. It is clearly
true for k = 1, so suppose it holds for k € {1,...,m} and let Y1,...,Y,,, Y11 € (Z).

Write
a1 = f1 X1 4+ f5X,, Lo ffe (M), Xy,..., X, e Z.

Then

S

[Yerl? [Ymv R [Y2’ Yl] o H = Z(f] [Xj [Yma S [YQv Ylm - (zﬁn,-..7[Y2,Y1}~~}fj)Xj)'
=1

By the induction hypothesis,
Yooy Yo, V4] = ' 20+ -+ g% 24
for g*,...,¢g% € C"(M) and where
Zo = [Xajas [Xata—1 - [Xa2, Xaa] -]
for Xo1,...,Xqy, € & and where l, € {1,...,m} for each a € {1,...,d}. Then

d
X, Yoo V2, V2] = D X5, 0% Xt Kooty -+ [Xa2, Xa] -]

a=1

d
= > (01X, [Xatar [Xada—1,- - [Xaz, Xaa] 1]
a=1

+ (Zx;9") XKoo [Xaga—15 -+ -5 [Xa2, Xaa] -+ ]])-
This proves that [Y,41, [Yim, ..., [Y2,Y1] - -]] has the desired form.
From this it immediately follows from Proposition 6.3 that
Vi, Vi1, Y2, V1) J)(2) € L&),

for every Y1,...,Y, € (&) and for every x € M, and so the first three distributions in the
statement of the proposition are equal. The equality of these distributions with the fourth
distribution in the statement of the proposition follows from Proposition 3.16. |

There is a corresponding sheaf version of the preceding result which we state for com-
pleteness; it follows immediately from the result above. Following the notation of Defini-
tion 3.17, we denote L(®)(Z) = D(Z(®)(Z)) for a subsheaf of sets & of Gy



GENERALISED SUBBUNDLES AND DISTRIBUTIONS 67

6.6 Proposition: (Characterisation of L(°°) (%) for subsheaves of sets of vector
fields) Let r € {oo,w}, let M be a C"-manifold, and let & = (X (U))y open be a subsheaf
of sets of Gf\. Then the distributions

(i) L&),

(ii) LOOV(Z)), and

(iii) D((L)(Z)))
agree.

The developments with Lie algebras thus far in this section have had to do with families
of vector fields and subsheaves of sets of &f),. We now turn to Lie algebraic constructions
in the case when & = I'"(D) is the submodule of sections or where & = &} is the sheaf of
submodules of sections of a distribution D.

Let us first consider the submodule case. Thus we let #Z C I'"(TM) be a submodule
of vector fields, and we recall that # C I'"(D(A)), but that the inclusion is, in general,
strict, cf. Example 3.14. Moreover, unlike some of the other anomalies we have encountered
and will encounter in the paper, this one is not a result of a lack of analyticity. However,
there are interesting conclusions that hold in the analytic case, and indeed more generally
in the locally finitely generated case.

6.7 Theorem: (Sometimes L(°) () = L(&)(I"(D(Z)))) Let r € {oo,w}, let M be a
C"-manifold, and let & C T"(TM) be a family of vector fields such that

(i) (Z) is a locally finitely generated submodule of IT"(TM) and

(ii) the module (by Proposition 6.4) L) (X)) is locally finitely generated.
Then L(&)(Z) = LI (D(F))).
Proof: Our proof will rely on the Orbit Theorem and various constructions and results from
the theory of control systems and differential inclusions.

Let g € M. Denote # = (Z’). By hypothesis, there exists a neighbourhood U of xg, a

finite subset, say &' = (X1,...,Xy), of &, and m € Z~ such that Fg:(U) = F 4 (U) (see
Definition 3.19 for the notation) and such that the vector fields

[(Xars [Xags -5 [Xapy Xay] - U, le{l,....om}, a1,...,qs € {1,... Kk},
generate £ (*)(F 4(U)), using Proposition 6.3. Thus both Z(>)(Fg/) and £ () (F ,(U))
generate locally finitely generated modules and, moreover, these modules agree. Thus, by

Theorem 7.21,
Orb(zg, Z'|U) = Orb(zq, Z|U),

Consider now two control systems defined on U:
k: .
o)=Y WOXEWD),  wt)eU2{en... ex,—er,...,—er},

k
cowv(X):  €(t) =Y @ (O)X;(E[),  plt) € conv(U).
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In each case, we consider controls to be locally integrable functions taking values in the
control set. We have the associated differential inclusions defined by the set-valued right-
hand sides

F(z) = {iquj(.%) ’ u € U},

j=1
conv(F)(z) = {zk:Uij(ﬂf) ’ u < COHV(U)}7
j=1

respectively.
We now state a lemma which is often used, but for which we were unable to locate a
proof.

1 Lemma: Let (M, dy) and (N,dy) be metric spaces, let U be a compact topological space,
and let f: M x U — N be a continuous map for which the map x — f(z,u) is locally
Lipschitz for each uw € U. Then the set-valued map

r F(z) 2 {f(z,u) | uel}

is locally Lipschitz, i.e., for each © € M there exists L € R~ and a neighbourhood X of x
such that

F(z1) C U B (y, Ldyi(z1, 22))
YELF (z2)

for each x1,x9 € X, where By(y,r) is the ball of radius r centred at y € N.

Proof: Since f is locally Lipschitz in its first argument, for each x € M and u € U, there
exists L, € Ry and a neighbourhood X, of z such that

dn(f (w1, u), f(72,u)) < 2Lydy (21, 72)

for every x1, 9 € X,,. Continuity of f and the metric ensures that there exists a neighbour-
hood Z,, € U of u such that

dx(f(z1,v1), f(w2,v2)) < Ludn(21, 22)
for every x1,x9 € X, and every vi,vs € Z,, possibly by also shrinking X,. Let
X=Xy, L=max{Ly,..., Ly}

Now let z1,22 € X and let f(x1,u) € F(x1) for some u € U. Then u € Z; for some
j€e{l,...,k} and so

dn(f(z1,u), f(w2,u)) < Ly;dy(21,22) < Ldyi(21, 22),

giving f(x1,u) € B(N)(f(z2,u), Ldy(z1,22)). We thus conclude that

Fz)C |J B(N)(y, Ldy(z1,72)),
yEF (z2)

as desired. v
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Let us define the family of vector fields
k .
conv(Z') = {Zu]Xj ‘ u € COHV(U)}.
j=1

Since the vector fields X1, ..., Xy are locally Lipschitz, by the lemma the differential inclu-
sion defined by F' is locally Lipschitz. It is also clearly compact-valued. By the relaxation
theorem of Filippov [1967] and Wazewski [1962], it follows that the reachable set for ¥ is
dense in the reachable set for conv(X). Since both ¥ and conv(X) are symmetric, i.e., if
vy € F(x) then —v, € F(x) and similarly for conv(F'), it follows that the reachable set and
the orbit agree (see Proposition 4.3 in [Jakubczyk 2002], for example). Thus Orb(zg, &)
is dense in Orb(zg,conv(Z”)). By the Orbit Theorem, Orb(z¢,Z’) is an immersed sub-
manifold of the immersed submanifold Orb(xg, conv(Z”)). Since zg € int(Orb(zg, Z”’)) and
xo € int(Orb(zg, conv(Z”))) (interior being taken in the orbit topology in each case), this
implies that the tangent spaces to the two orbits agree at xg. By shrinking U we can ensure
that Orb(zo, &) = Orb(zg, conv(Z”)).

Now note that, if X € I'"(D(Z)|U), then X(z) € spang(Xi(z),...,Xk(z)) for each
x € U since (X7i,...,X) generate F 4(U). Therefore, points in Orb(zo, I'"(D(Z)|U)) are
endpoints of concatenations of curves whose tangent vectors are positive multiples of tangent
vectors in conv(F'). Thus points in Orb(zg, I'"(D(Z’)|U))) are endpoints of concatenations
of curves tangent to Orb(zg, conv(Z")). Thus Orb(zo, I['"(D(Z)|U)) C Orb(zg, conv(Z")).
Since the opposite inclusion is obvious, we have Orb(zg, I'"(D(Z)|U)) = Orb(zg, conv(Z”)).

Putting the above arguments together, the tangent spaces at xg of Orb(I'"(D(Z)|U))
and Orb(zg, & |U) agree. By Theorems 7.18 and 7.21 we have

LT (D(Z))) g € Tap Orb(zo, I (D(Z)|U)) = T4, Orb(zo, Z|U) = LN (),

Since the inclusion L(®)(Z),, € L7 (D(Z)))s, is clear and since g is arbitrary, the
theorem follows. [}

The result has two interesting and often applicable corollaries.

6.8 Corollary: (In the smooth constant rank case, L(°) (%) = L(®)(I'>*(D(%))))
Let M be a C*°-manifold, let & C T'™(TM), and let x be a regular point of D(Z) and of
L(N(Z). Then L(®N(F), = LION(I®(D(Z))), for every x € M.

Proof: This follows from Theorem 6.7, along with Theorem 4.9. |

6.9 Corollary: (In the analytic case, L(°) (%) = L()(I'“(D(Z)))) Let M be a C“-
manifold and let & C IT“(TM). Then L(®)(Z), = L)Y (D(Z)))..

Proof: This follows from Theorem 6.7, along with Theorem 4.10 (noting that g is obvi-
ously patchy). |

Let us consider a few examples that illustrate the subtlety of the preceding results.
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6.10 Examples: (The relationship between L(>) () and L(>)(I'"(D(Z)))) We con-
sider M = R? and the distribution D given by

D _ T(:vl,:vz)]R27 €1 7é 07
(@1,m2) spanR(a%l), x1 =0.

This distribution is generated by any pair of vector fields
0

Xi(z1,22) = D’

871:1’ X2<3317$2) = f(l'l)
where f € C>(R) satisfies f~1(0) = {0}. Thus D is a smooth distribution. Moreover, we
claim that if X is any section of D then X = fl'X; + f2X, for some f!, f?2 € C~(R?),
provided we take f defined by f(z) = z. Indeed, let us write

5 0

0
X=g'" 49"+
gax1+g 8.%'2’

noting that we must have g2(0,z2) = 0 for every xy € R. We write

2 I _ /1592
g (171,332)—/0 8x1(§a$2)df—f€1 ; a961(5U177,5U2)0177-

Thus our claim follows by taking

192
f1($1,$2) = 91(951,962)7 f2($1,$2) = gi(xm,:m) dn.
0 on
This shows that, not only does D have a finite number of generators (as per Theorem 5.1),
but also that I'**(D) is finitely generated. Note that it is possible to choose generators for
D that do not generate I'*(D), e.g., by taking f(x) = 22 we see that X; and X as above
have this property, cf. Example 3.10. By choosing more pathological generators, e.g., by

taking
—1/x? #£0
e , T ,
flx) =
0, z =0,
one imagines that the algebraic properties of the distribution should deteriorate. We shall
see now that this is true as concerns the Lie algebra generated by the generators.
We take & = (X1, X2) and consider a few f’s.

1. First let us consider f(z) = z. We compute

0

X1, X = —.

[X1, Xo](21, 22) dio

Therefore, L(>) (%) = TIR2. Thus we must have L(°°)(Z) = L(>)(I'"(D(Z))). Since f
is analytic, this is in agreement with Corollary 6.9.

2. Next consider f(x) = x2. In this case we have

0 0
(X1, Xo|(z1,22) = 2:17167952’ (X1, (X1, Xo]](z1,22) = 287:102'
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Thus we can again conclude that L(®)(%) = TR?, implying that L(®)(¥) =
L) (I'"(D(Z))). This again is consistent with Corollary 6.9. Note, however, the dis-

tribution L(>) (%) is generated by different brackets than was the case when we took
f(x) = 2. Thus the fact that L(®)(Z) = L(®)(I"(D(Z))) is less obvious in this case.

3. The final case we consider is

B efl/“’z, x #0,
f(@) = {0, xz =0.

We note that

T R? 0
D(%)rlwg _ (z1,22) ) ) r1 # 0,
Spa,l'l]R(Txl), xTrl = 0
Thus, for example, the vector fields
0 0
Xi(z1,22) = 6751’ Xs(21,29) = 1‘18762
generate D(Z'). As above, one can compute [Xi,X3] = 8%2, and so we have

L(>)/(I'"(D(Z))) = TR2. However, one can easily show that L()(%) = D(%) and
so L®)(Z) c LI (D(Z))q). By Theorem 6.7 we conclude that Z(°)((Z)) is not
locally finitely generated. This is a problem with the generators & for D(Z’) being
smooth but not analytic. °

Theorem 6.7 and its corollaries can also be adapted to subsheaves instead of submod-
ules.
6.11 Theorem: (Sometimes L(*°) (%) = L(w)(?s(%))) Let r € {oo,w}, let M be a
C"-manifold, and let & = (X (U))1 open be a subsheaf of sets of the sheaf Tiy, such that
(1) (Z) is a locally finitely generated subsheaf of Tfy, and
(ii) the subsheaf (by Proposition 6.4) L () ((Z)) is locally finitely generated.
Then L)(Z) = LG o))

Proof: This follows from Theorem 6.7. |

6.12 Corollary: (In the smooth constant rank case, L(°°) (%) = L(w)(?s(%))) let M
be a C*°-manifold, let & = (X (U) )1 open be a subsheaf of sets of the sheaf &f\,, and let x
be a regular point of D(Z) and of L(®)(F). Then L(®)(F) = L(=)( 6(%)).

6.13 Corollary: (In the patchy analytic case, L(°) (%) = L(w)(?[’;(%))) Let M be a
C¥-manifold and let & = (X (U))y open be a subsheaf of sets of the sheaf Gy, for which
(Z) is patchy. Then L(®)(Z) = L(>) (?g(%)).

6.4. Distributions and subsheaves invariant under vector fields and diffeomorphisms.
Using the constructions of the preceding section, in this section we introduce the notion of
distributions and subsheaves that are invariant under vector fields and diffeomorphisms. In
this section, when we say “subsheaf” of &), we mean a subsheaf of 6};-modules.
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6.14 Definition: (Distributions and subsheaves invariant under vector fields and
diffeomorphisms) Let r € {oo,w}, let M be a manifold of class C", let D be a distribution
of class C", let & be a subsheaf of &f),, let X be a C"-vector field, and let (®,U) be a
C"-local diffeomorphism. The distribution D

(i) is ¢nvariant under X if [X,Y] € I'"(D) for every Y € I'"(D) and

(i) is invariant under (®,U) if ®*Y € I'"(D|®(U)) for every Y € I'"(D|U).
The subsheaf F

(iii) is snwariant under X at z if [[X,Y]], € & for every [Y], € %,
(iv) is invariant under (®,U) at x € U if ®7[X], € Fy(,) for every [X], € F,
(v)
(vi)

is tnvariant under X if it is invariant under X at x for each x € M, and

is snvariant under (®,U) if it is invariant under ® at z for each z € U. .

One would like to think that invariance under a vector field and invariance under its
flow are equivalent. This is true under suitable hypotheses. Let us first look at the case
of invariant sheaves. Here the statement requires us to exploit the topologies on stalks of
subsheaves of vector bundles from Section 2.8.

6.15 Theorem: (Invariant sheaves) Let r € {oo,w}, let M be a C"-manifold, let F =
(F'(U))1 open be a subsheaf of TLy, let X € T"(TM), and let x € M. Consider the following
two statements:

(i) & is invariant under X at x;

(ii) for each T € R~ there exists a neighbourhood W of x such that F is invariant under
(®X,U) at = for each t € [-T,T).

Then (i) = (i) if % is a closed submodule of G 1y, and (1) = (i) if there exists a
neighbourhood 'V of x such that F(V) is a finitely generated C"(V)-module.

Proof: (i) = (ii) Let x € M and let X € I'"(TM) satisfy
(XYl | [Y]: € £} C F

Suppose that Y7,...,Y) generate F'(V) for some neighbourhood V of z. By hypothesis,

k

[X,Y}]m:Z[f;]x[Y;]x, jG {1,...,k}a

i=1

for some [f;]g; € € v 4J € {1,....k}. As this expression involves only finitely many

germs, we may assume V sufficiently small that

(X, Y;](y ij yev.

Let U C V be sufficiently small that ®;X(y) € V for every t € [ T,T] and every y € U. For
€ [-T,T) and y € U define v;(t,y) = (P5)*Y;(y), 5 € {1,...,k}, so that t = v;(t,y) is a
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curve in TyM. By [Abraham, Marsden, and Ratiu 1988, Theorem 4.2.19]

Costtn) = S@) Vi) = (@) XVl (ij )
k k
= S @) F )@ Vilw) = S (@) v (0).
=1 i=1

Define A,(t) € R¥** by ' .
Ay (1) = ()" f()

and let ¥,: R — R¥** be the solution to the matrix initial value problem

We claim that

Indeed,
d /&a kg k ‘
G wLO%W) = 3 2, 0% = Y 4L, 0%, 0%0)
=1 i=1 ii=1
k
= Z (@) fl (Z\II )
=1
Moreover,
k .
> U O0Yi) =i, vi(0,9) = Vi),
i=1
Thus

k
tvi(t,y) and £ Y WL (4)Yi(y)
=1

satisfy the same differential equation with the same initial condition. Thus they are equal.

This gives
k
= > U (YY)
=1

for every t € [-T,T] and y € U. Now let [Y], € & and suppose that Y is a local section
over W C U. Following the proof of Proposition 4.19(iv), we can write

k
= [a[Y]]

J=1
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for [/], € Com: 3 €1{1,....k}. Therefore, possibly after shrinking W, we can write
Y =" (VjIW) + - + 0" (Y| W)

for some n',...,n* € C"(W). Therefore, for y € W and t € [T, T],

k k k

(@)Y (y) =) @) Yily) =D 7 (y) Y ¥, ;(0)Yi(y), (6.1)
i=1

J=1 J=1
and so [(®5)*Y], € . This gives this part of the theorem.

(i) = (i) This part of the proof we carry out separately for r = co and r = w.

Let us first consider the case r = oco. Let [Y], € H, let V be a sufficiently small
neighbourhood that Y can be taken as being defined on V, and let W C V and T € R+
be sufficiently small that ®;* (y) € V for every y € U and t € [T, T]. We can without loss
of generality assume that V is the domain of an admissible chart, and so deal with local
representatives. Let us state a lemma that will be helpful here and in the second part of
the proof where we treat the real analytic case.

1 Lemma: Let Uy € R™ and Uy C IR™ be open sets, let V be a finite-dimensional normed
vector space, and let f: Uy x Uy — V be continuously differentiable. Then, for any compact
set K C U, any 1 € Uy, and any v € R™,

lim(sup{H%(f(:Bl + tv,x2) — f(x1,22)) — D1 f(T1,22) - ’UH ‘ To € K}) =0.

t—0

Proof: Define
9z, v(t, x2) = f(x1 +tv, x2) — f(x1, 22) — tD1 f(21, 22) - V.

Note that (¢, @2) — +ga, v (L, 2) is continuous for ¢ sufficiently near zero (taking its value
when ¢t = 0 to be zero). This implies that, for every € € R, there exists § € Rsg such
that |19z, (t,@2)|| < € for every t € [—6,6] and @2 € K. From this the result follows. V¥

Applying the lemma successively to all derivatives, and recalling the notation from
Section 2.8, we have

=0
r, K

t—0

limH%(@f{)*Y YY)~ [X,Y]

for every compact K C U and every r € Zx>g, using [Abraham, Marsden, and Ratiu 1988,
Theorem 4.2.19]. This shows that

lim %(((I)f()*Y ~Y)=[X,Y]

t—0

in I'°(TM|U) in the weak C*°-topology described in Section 2.8. Since we are assuming
that %, is closed, ;. (%) is closed (since my, is continuous as in [Kothe 1969, §19.5]).

By hypothesis, +((®%)*'Y —Y) € ry ! () for every sufficiently small ¢, it follows that

(X.Y] € ri L (F). Thus m.([X,Y]) € & for every sufficiently small neighbourhood U of
x and so [[X, Y]], € %, which is the result in the smooth case.
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Now we consider the real analytic case. We let [Y], € % and suppose that Y is defined
in a neighbourhood V of . As above, let U C 'V be a neighbourhood of z and let T € R+
be such that ®X (y) € V for every y € V and t € [T, T]. We suppose that V is the domain
of a coordinate chart and work locally in Euclidean space. We let Z be a neighbourhood
in the complexification of (—7,7T) x V. Let T be the image of z in this complexification.
By shrinking Z we extend the vector fields X and Y to holomorphic vector fields X and Y,
respectively, on Z. We can extend the real analytic map

(=T, 7)xU> (t,y) — <I>tX(y) eV (6.2)

to a holomorphic map defined in a neighbourhood of (=7,T) x V in Z. Let us denote
the variables in the complexification by (7,2). Let us write the complexification of the

map (6.2) as (7,2) — Ef (z). Note that %‘TIO (Ef)*?(z) is the holomorphic extension of
[X, Y], since it agrees with [X, Y] at points in V using [Abraham, Marsden, and Ratiu 1988,
Theorem 4.2.19]. Let us denote this extension by [X,Y]. Using the lemma above (noting
that complex differentiation with respect to 7 =t +1is is represented by the Jacobian of the

corresponding real mapping) and recalling the notation from Section 2.8,
l, X .o = ==
I H* )Y V) - [X.Y
tim |~ ((®5)Y - V) - [X,
for every compact set K C V. We now recall the notation introduced preceding the proof of

Theorem 2.26. Since every submodule of ?XE is closed by Theorem 2.26, the definition of the
topology on &’ ensures that r%li(p%;, (%)) is closed, cf. [Kothe 1969, §19.5]. Thus [X,Y] €
r%lf(pglx(%)) since, by hypothesis, %((5f)*? -Y) e r%lf(pglx(%)) for 7 sufficiently near

zero. It follows, therefore, that [[X,Y]], € %, giving the theorem. |

The theorem then has the following immediate corollary, when combined with Theo-
rem 2.26 and Proposition 4.6.

6.16 Corollary: (Real analytic invariant sheaves) Let M be a real analytic manifold,
let F be a subsheaf of G5y, let X € T"(TM), and let © € M. Then the following two
statements are equivalent:

(i) & is invariant under X at x;
(ii) for each T € R there exists a neighbourhood W of = such that F is invariant under
(®X,U) at = for each t € [~T,T).
Next we consider the relationship between invariance of distributions under vector fields

and their flows.
6.17 Theorem: (Invariant distributions) Let r € {oo,w}, let M be a C"-manifold, let
D be a C"-distribution, and let X € I'"(TM). Consider the following two statements:

(i) D is invariant under X ;

(ii) for each T € Rsq and each x € M there exists a neighbourhood U of x such that D|U
is invariant under (®;X,U) for each t € [-T,T).

Then (i) = (i) always, and (i) = (i) if G5 is locally finitely generated.
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Proof: (i) = (ii) This follows from the corresponding part of Theorem 6.15, taking par-
ticular note that in the proof of the theorem the equation (6.1) holds in a neighbourhood
of z.
(ii) = (i) Let € M and let ¢ € R5¢ be such that ®;*(z) exists for ¢ € (—¢,¢). Then,
for each t € (—e¢, €), we have
(®%).Y (x) € D,.

Therefore, since D, is a subspace, we use [Abraham, Marsden, and Ratiu 1988, Theo-
rem 4.2.19] to compute

VX)) = | @)@ €D

as desired. |

Of course, the preceding theorem then has the following immediate corollary, when
combined with Proposition 4.6.

6.18 Corollary: (Real analytic invariant distributions) Let M be a real analytic man-
ifold, let D be an analytic distribution on M, and let X € T"(TM). Then the following two
statements are equivalent:

(i) D is invariant under X at x;

(ii) for each T € R~ and each x € M there exists a neighbourhood U of = such that D|U
is invariant under (®X,U) for each t € [-T,T).

7. The Orbit Theorem

In this section we consider an important theorem that is not so immediately connected
to the theory of distributions, but, as we shall see, leads to important theorems regarding
special classes of distributions. Contributions to the Orbit Theorem have been made by
Hermann [1962], Krener [1974], Lobry [1970], Stefan [1974a], Stefan [1974b], and Sussmann
[1973].

7.1. Partially defined vector fields. In our development of the Orbit Theorem, we follow
Sussmann [1973] and consider the quite general setting where vector fields are not only not
necessarily complete, but only defined on an open subset of the manifold. In this section
we develop the notation and rules for dealing with these sorts of vector fields.

7.1 Definition: (Partially defined vector field, everywhere defined family of par-
tially defined vector fields) Let r € {oco,w} and let M be a manifold of class C”.
(i) A partially defined vector field of class C" is a pair (X,U) where U C M is open
and where X is a C"-vector field on U.

(ii) Afamily & = ((X;,U;)); es of partially defined vector fields of class C" is everywhere
defined if, for every x € M, there exists j € J such that x € U;. °

Let us outline, for clarity, how some of the standard vector field constructions apply to
partially defined vector fields. The sum of two partially defined vector fields (X,U) and
(Y,V) is the partially defined vector field

(X,U) + (Y, V) = (X[UNV+YUNV,UNV).
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Given partially defined vector fields (X,U) and (Y,V), their Lie bracket is the partially
defined vector field

(X, W), (Y, V)] = ((X[UNV,YUNV],UNY).

Motivated by the constructions of Section 6.3, let us say that a family & = ((X;,U;))jes
of partially defined vector fields is a Lie algebra of partially defined vector fields if

(levuh) + (Xj27 uj2)7 [(ijujl), (Xj27uj2)] e

for every ji,j2 € J. For a family & = ((X;,U;));es of partially defined vector fields on M,
we denote by F(>) (&) the smallest Lie algebra of partially defined vector fields containing
Z .

Associated in a natural way to a partially defined family of vector fields is a distribution.

7.2 Definition: (Distribution associated to a partially defined family of vec-
tor fields) Let r € {oo,w} and let M be a manifold of class C". Given a family
Z = ((X;,U;))jes of partially defined vector fields of class C", we can define a distri-
bution D(Z’) by

D(Z), = spang (X;(z)| =z € U;). o

In the definition we did not assert anything about whether the distribution D(Z) is
of class C" if & is a family of partially defined C"-vector fields. In the smooth case, the
resulting distribution s smooth, provided that all vector fields are bounded.

7.3 Proposition: (Distributions defined by families of partially defined smooth
vector fields are smooth) Let M be a smooth paracompact Hausdorff manifold and let G
be a smooth Riemannian metric on M. If & = ((X;,U;));es s a family of smooth partially
defined vector fields M such that

sup{[1X; (@)ll6 | @ €y} < oo

for each j € J, then the distribution D(Z) is smooth. (Here ||-||g denotes the norm on the
tangent spaces induced by the Riemannian metric G.)

Proof: For each j € J, we use Lemma 2 from the proof of Theorem 5.1 to assert the
existence of f; € C°°(M) such that f;(z) € Ry for z € U; and fj(z) = 0 for z € M\ U;.
We can then define a smooth vector field X; on M by

X () =  IOXi@), e,
J 0, ze M\ ;.

Define the family & = (X;)jeu of vector fields on M. Tt is clear that D(Z) = D(Z), giving
the result. |

For families of partially defined analytic vector fields, the corresponding assertion does
not generally hold.
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7.4 Example: (Distributions defined by families of analytic partially defined vec-
tor fields are not generally analytic) Note that Example 7.7-4 below shows that families
of partially defined C“-vector fields do not define C*-distributions. Indeed, in this example,
the family of analytic partially vector fields & = ((X},U;));ef1,2y defines the distribution

ox
D(Z) (01,20) = { sPang(3%), @1 > —1,
R

By Proposition 3.7, this is not an analytic distribution. It s, however, a smooth distribu-
tion. °

Let & be a family of partially defined vector fields and, following our notation of
Section 6.3, let us abbreviate D(Z(*)(Z)) by L(>)(Z). By Proposition 6.3, L(®)(Z), is
generated by tangent vectors of the form

[(Xjk’ujk)7 [(Xjk—ﬁujk—l)? RER) [(ijv uj2)v (Xj17uj1)] (),

where k € Z~o and (X;,,U;,),...,(Xj,,U;,) € & are such that z € U, N---NUj,.

It is also convenient to introduce some notation regarding germs of partially defined
vector fields. Thus we let Z = ((X;,U;))jes be a family of partially defined vector fields
and we denote by

Zo = {ry(X5) | z €U}
the set of germs at x of vector fields from & . Note that

D). = spang (X («)] [X]. € Z5). (7.1)

7.2. Orbits. Now we turn to defining orbits for partially defined families of vector fields.
The first step is to study a “group” of diffeomorphisms associated with a partially defined
family of vector fields. For a partially defined vector field (X,U) and for ¢ € R, we recall
from Section 6.1 that U(X,#) C U is the open set such that ®(x) is defined for each
r € WX, 1).

7.5 Definition: (Local group of diffeomorphisms generated by a family of vector
fields) Let r € {oo,w}, let M be a C"-manifold, let & be a family of C"-local diffeomor-
phisms, and let & be a family of partially defined vector fields of class C.

(i) A group of C"-local diffeomorphisms is a family & = ((®;,U;));es of C"-local
diffeomorphisms such that (®;,,Uj,) o (®;,,U;,) € & and (®;,U;)"! € F for every
jajl:jQ cJ.

(ii) A group & = ((®;,U;))jes of C"-local diffeomorphisms is everywhere defined if,
for each & € M, there exists j € J such that z € U;.

(iii) The group of local diffeomorphisms generated by & is the smallest group of
C"-local diffeomorphisms containing & and which is closed under the operations of
composition and inverse of local diffeomorphisms.

(iv) The group of local diffeomorphisms generated by & is the group of C"-local

diffeomorphisms generated by those local diffeomorphisms of the form (®X, U(X,t))
for (X,U) € & and for t € R. o
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Note that a group of local diffeomorphisms is not a actually a group in the usual sense of
the word since, for example, local diffeomorphisms with empty domain do not have unique
inverses.

Let us obtain a concrete description of Diff(Z°). First of all, to simplify notation, since
the open set U(X,t) associated with the mapping ®;% is implicit, we shall write ®;* for the
local diffeomorphism (®;X, U(X,t)). Then, if X = (X1,...,X}) is a family of vector fields
from & and if t = (t1,...,t;) € R*, then we denote

X _ Xk X1
(pt _étk O'..O@h’

which we think of as a composition of local diffeomorphisms and so a local diffeomorphism.
For x € M we shall also write

X
O () = B3f o0 B (),

with the understanding that this is defined if = is in the domain of the local diffeomorphism
<I>ZX. The set of such z’s we denote by U(X,t), noting that this is an open subset of M.
One can then directly verify that

Diff(Z) = {®F | X e ¥, teR*, k€ Z.o}. (7.2)

The preceding discussion is greatly complicated by the fact that we allow vector fields
from & to possibly not be complete and/or not globally defined. If all vector fields from
& are complete and globally defined, then one easily sees that

Diff(Z) = {® o o) | X1,..., X, €Z, t,....t €R}.

The reader would benefit by keeping this special case in mind.
We can now define what we mean by an orbit for a family of partially defined vector
fields.

7.6 Definition: (Orbit) Let r € {oo,w}, let M be a C"-manifold, and let & =
((X;,Uj))jes be an everywhere defined family of partially defined C"-vector fields. The
orbit of & through zg € M is the set

Orb(zo, &) = {® (x0) | X e ¥, t e R, k € Zsy}. .

Note that two distinct orbits are disjoint. Thus the set of orbits defines a partition of
M.

Let us understand the concept of an orbit by using some examples. Most of our examples
involve complete vector fields, so obviating some of the complications of the constructions
above.

7.7 Examples: (Orbits)
1. We take M = R? and define

The flows of X; and X, are easily determined explicitly. Using these flows one can
readily determine the orbits for & = (X1, X2). Let us illustrate how to do this in two
cases; the other cases follow in the same manner.
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(a) @y = (w01, z02) with xog1 € Rsg and x99 = 0: Since Xy = 0 on the xj-axis and
since X is tangent to the zj-axis, Orb(xo, &) will be contained in the x;-axis.
Moreover, if z1 € Rso and if we define ¢; = log ;-, then @gl(mo) = (x1,0).
Moreover, for any t € R+,

X (o) € {(21,0) | 1 € Rug).
Thus we must have
Ol"b(il)o,%) = {(ml,O) | xr1 € ]R>0}.

(b) =z = (w01, —T02) With xo1, 202 € Rsg: Here we let (z1, —x2) € R? with 1,29 €
R~o. We then define ¢t; = log j—ll and to = log ;—22 and note that <I>f§2 ° (IJt)fl (xg) =
(x1,x2). Moreover, for t1,...,t; € R and for ji,...,jx € {1,2},

X

73

X.
P 0-"O(I)t1'71(w0) S {(1‘1,—%2) ‘ x1,X2 EIR>()}.
This shows that
Ol“b(il}o,%) = {($1, —xg) | xr1,To € ]R>0}.

In any case, it is easy to see that there are nine distinct orbits for the family of vector
fields & = (X1, X2), and these are determined to be

Orby((0,0),2) = {(0,0)},

Orby((1,0), &) = {(21,0) | 1 € Rxo},
Orb3((—1,0),%Z) = {(—x1,0) | 1 € Ry},

Orby((0,1),&) = {(0,22) | x2 € Rxo},
Orbs((0,—1),%Z) = {(0, —z2) | z2 € Rso},

Orbg((1,1),&) = {(z1,22) | 1,22 € Ry},
Orb7((—=1,1), %) = {(—x1,22) | z1,22 € Rso},
Orbg((1,-1),&) = {(x1, —x2) | x1,22 € Rso},

Orbg((—1,-1),&) = {(—x1,—x2) | 1,22 € Rsp}.

We depict these orbits in Figure 3.
2. We let M = R? and define

0 0
X1 = — Xo = -
1 8.’1,'1’ 2 f(x1)8$27
where ,
—1/x R
f(.’]j) — € Y € e >07
0, S IRSQ.

We take & = (X1, X2) and claim that Orb(xz, &%) = R? for every & € R2. It suffices
to show that, for example, Orb(0, %) = R2. For (x1,72) € R? with 1 > 0 we define

t1 =x1 and to = %, and directly compute

7,2 0 B\ (0) = (21, 72).
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Figure 3. Orbits

If (z1,22) € R? with 1 < 0 we define t; = 1, to = féfl), and t3 = —1 4+ x1, and directly
compute

D30 D)2 0 0)1(0) = (21, 72).
This shows that Orb(0, %) = R? as desired.
For u € R define a vector field X,, on R? by

Xu(x) = (z, Az + bu),

0 1 0
bl
We then consider the family of vector fields on R? given by & = (Xu)uer. Let
(w11, 212), (221, T22) € R? and let T € R\ {0}. Define

where

_ —3Tx12 — Txge — 4wy + 40y

uy = T2 3
Tx19 + 3Tx90 + 4211 — 4297

U9 = T2 .

One can then directly verify (by solving the linear differential equations defining the

flow) that
Xuy o+ Xu
(w21, 222) = P /5 © Py (211, 12), (7.3)

showing that Orb(z,Z) = R? for every & € R%.

The final example we consider is one where the vector fields are partially defined, but
not globally defined. We take M = IR? and define a family & = (X5,U5))jeqr,2y of
partially defined vector fields by

u1 = {(xl,xg) ‘ 1 < 1}, ug = {(.%1,1'2) ‘ xr1 > —1}
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and

It is easy to see that

{(z1,22) | ®1 <1}, zp1 <1,

Orb((zo1,202), &) =
(o, 202), %) {{(9001,372” z2 € R}, zo1 > 1.

Note that the orbits are analytic submanifolds. °

7.3. Fixed-time orbits. In this section we consider a modification of the notion of an orbit
as defined in the previous section. Let r € {co,w}, let M be a C"-manifold, and let & be a
family of partially vector fields of class C". Above we defined Diff (Z’) as the subgroup of
local diffeomorphisms defined by flows of vector fields from & . In this section we modify
this construction slightly to give the orbit corresponding to flows whose “total time” is
fixed. To make this construction, we first consider flows whose “total time” is zero.

For convenience and to reestablish notation, we recall the explicit characterisation of
Diff (&) from above. As above, for a vector field X we shall often denote the local diffeo-
morphism (&, U(X,t)) simply by ®X. Let X = (X1,...,X}) be a finite family of vector
fields from & and let t = (t1,...,t;) € R¥. Then we define a local diffeomorphism

X _ Xk X1
(bt _(I)tk o...oq)tl’

understanding implicitly that this is only interesting when the resulting composition has
nonempty domain. With this notation,

Diff (&) = {® | X e ¥, t e R*, k€ Z.o}.

Now let T' € R. Define
k
Diffp (&) = {(1)5 ‘ Xe%k, tE]Rk, Ztk:T, k€Z>0}.
j=1

The case where T = 0 is particularly interesting, as we shall see below. The following
properties of Diffy(Z’) are useful in understanding some of the subsequent constructions.

7.8 Proposition: (Diffo (&) is a “normal subgroup” of Diff (Z)) Let r € {oo,w}, let
M be a C"-manifold, and let & C T"(TM). Then the following statements hold:
(i) Diffo(Z’) is a subgroup of the group Diff(Z) of local diffeomorphisms; that is, if
(®,U), (V,V) € Diffo(Z), then (®,U)~! € Diffo(Z) and (®,U) ° (¥, V) € Diffo(Z);
(ii) Diffo(Z') is a normal subgroup; that is, if (®,U) € Diffo(Z) and if (V,V) € Diff (Z),
then (¥, V) o (®,U) o (¥, V)L € Diffo(Z).

Proof: (i) Let X = (X1,...,X;) and Y = (Y1,...,Y},) be families of vector fields and
t = (t1,...,tx) and s = (s1,...,8m,) be families of real numbers such that ® = ® and
¥ = &Y. Thus

k m
Zt]‘:ZSlZO.

j=1 =1
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Then (®,U)~! is defined by

O =X} or o™y

—ty

and so (®,U)~! € Diffy(Z). Similarly, (®,U) o (¥, V) is defined by

X X, Y; Y1
(I)tk, o...o@t1 o@t::o...(btl,

and so (®,U) o (¥, V) € Diffo(Z).

(t1,..

(ii) Let X = (Xy,...,X,) and Y = (Y1,...,Y},) be families of vector fields and ¢t =
., tx) and s = (s1, ..., Sm) be families of real numbers such that ® = ®X and ¥ = &Y.

Thus

k

> ti=0.
j=1

Note that (¥, V) o (®, U)o (¥, V)"t is defined by

q)sygo...()QSYllOq)giko...o(I)gflo(I)Yl o...o@Ym

—S1 —Sm?

and so (¥, V) o (®, U)o (¥, V)" € Diffo(F), as desired. [ ]

7.9

We can now make the following definition.

Definition: (Fixed-time orbit) Let r € {oo,w}, let M be a C"-manifold, let & C

I'"(TM) be a family of C"-vector fields, and let T' € R. The T-orbit of & through xy € M
is the set

k
Orby(z0, &) = {cpgf(xo) ‘ Xe* teR S t;=T ke z>0}.
j=1

A fized-time orbit of & through zp € M is a set of the form Orbp(xg, &) for some
T eR. °

Let us give some examples of fixed-time orbits.

7.10 Examples: (Fixed-time orbits) We resume some of the examples whose orbits we
studied in Example 7.7.

1.

Let M = R? and take X; = 3:18%1 and X9 = :L'Qaim. We determined the orbits of
Z = (X1, X2) in Example 7.7-1. One readily computes

Orbr((x1,0), &) = {(x1e”,0)}

and
Orbr((0,22), Z) = {(0, z0eT)}.

Thus the T-orbits for points on the coordinate axes are singletons. With a little more
effort, or better, an application of Theorem 7.21 below, we can determine the T-orbits
for the other points. The T-orbits are the submanifolds

SH= {(x,cxil) | x € Rso}, S, = {(ac,ca:*l) | € Ry},

parameterised by the nonzero real number c. In Figure 4 we show the collection of these
fixed-time orbits. To determine which of the submanifolds is a T-orbit through a point
(x1,x2) that is not on a coordinate axis, one follows the integral curve of either X; or
Xo (it matters not which) for time 7" and the submanifold upon which one finds oneself
is the T-orbit for (x1,z2).
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2.

Figure 4. Fixed-time orbits

We consider here the example first considered in Example 7.7-3. Thus we consider the
family (Xy)yuer of vector fields with

Xu(x) = (x, Az + bu),

0 1 0
A=lo o o=
We saw in (7.3) that Orby(x,Z) = R? for every z € R? and T € R \ {0}.

Let us now consider the partially defined vector fields & = ((X1,U;), (X2,Uz2)) from
Example 7.7-4. As with Example 1 above and by Theorem 7.21, it suffices to determine
the 0-orbit through each point. The T-orbit for a point is then determined by following
a curve that is a concatenation of integral curves for X; and X5 for a total time T. The
T-orbit with be the 0-orbit through the resulting point. A few moments of thought will
lead one to conclude that

where

{(x1+s,20—5)| s€(—o0,1 —x1)}, 1 <1,
{(xlva)}a Ty 2> 1.

The 0-orbits are depicted in Figure 5. Note that the dimensions of the 0-orbits differ
on disjoint open sets. °

Orbo((xl,wg),%) = {

The following result gives a useful characterisation of Diff7(Z).

7.11 Proposition: (Characterisation of Orbr(xg, &)) Let r € {oo,w}, let M be a C”-
manifold, and let & be a family of partially defined vector fields of class C". For xqg € M
and T € R suppose that Orbr(zo, &) # @. Then, for every x € Orby(zg, &), we have

OI“bT(SUQ,%) = {(I)($) | [ONS Diffo(%)}.

Proof: Write x = ®;X (x¢) for X € &% and t € R* with Z?:l t; =T. If & € Diffo(Z’) then

we have ® = ®Y for Y € ™ and s € R™ with }_]", s; = 0. Then,

®(z) = 7 o &7 (o),
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QONNRY

Figure 5. The O-orbits for a family of partially defined vector fields

and so it is evident that ®(z) € Orbr(xo, &). Thus
{(I)($) ’ (S Diffo(%)} - OFbT(l’o,%).

Conversely, let y € Orbr(z¢,Z) and write y = ®Y (x¢) for Y € ™ and s € R™ with
St s =T. If we write t = (tg,...,t1), then

y =07 (m0) = 7 0 ¥y(),
from which we deduce that
Orbr (20, &) € {®(x) | © € Diffo(2)},
as desired. ]

The following corollary gives a particular simple form for the fixed-time orbit in some
cases.

7.12 Corollary: (Characterisation of Orbr(zo, &) in nice cases) Let r € {oo,w}, let
M be a C"-manifold, and let & be a family of partially defined vector fields of class C".
Let X € X, xg € M, and T € R+ satisfy x € W(X,T). Then

Orby (20, &) = {® 0 &7 (x0) | @ € Diffo(Z)}.

7.4. The Orbit Theorem. Before we state the Orbit Theorem we need some terminology
and notation.

Let r € {oo,w} and let M be a C"-manifold. For a C"-local diffeomorphism (®,U) and
for a partially defined vector field (X, V), denote by ®,X the partially defined vector field
with domain ®(UNV) and defined by ®. X (x) = Tgp-1(;)Po X o o~ 1(z).

With this terminology, we are ready to state the Orbit Theorem.
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7.13 Theorem: (Orbit Theorem) Let r € {oo,w}, let M be a C"-manifold, and let & be
an everywhere defined family of partially defined vector fields of class C". Then, for each
xg € M,
(i) Orb(zo, &) is a connected immersed C"-submanifold of M and
(ii) for each x € Orb(zo, &),
T, Orb(zg, &) = spang (. X (z) | @ € Diff(Z), X € &).
Moreover, M is the disjoint union of the set of orbits.
Proof: Let us denote a family of partially defined vector fields by
OZF)={0.X| ®eDiff (&), X e X}
We also define a distribution O by
O, = spang (®. X (z)| ® € Diff (&), X € &).
The following lemma gives a useful property of these subspaces.
1 Lemma: For zg € M and for x € Orb(z, Z), dim(0;) = dim(Oy,).
Proof: If & € Orb(zg, %) then there exists ¥ € Diff (&) such that x = ¥(xg). Let ® €
Diff (Z) be such that z is in the image of ® and let X € & so that ®,X (z¢) € Oy,. Then
Tzo\I’(q)*X(xO)) = Tmo\I’ °© T’b—l(xo)q) °oXo (I)_l($0)
=Ty W o Tp1(p)P o X 0@ o U™ o W(ap)
= T(gow)-1(z) (¥ o ) 0 X o (W o @) (z)
=(Vod),X(z)€ O,
since ¥o® € Diff (Z). Since T,V is an isomorphism, this shows that dim(Oz) > dim(Og, ).
This argument can be reversed to give the opposite inequality. v
For z € M suppose that dim(O,) = my. Let %, = (Y1,...,Yn,) € @(Z) be such that
(Y1(z),...,Yn,(x)) is a basis for O,. Define ¢,: R™* — M by

Ying
Gu(ty. . tm,) = O, o0 D)1 ().

tmg

Since %‘f; is equal to Yj(z) when evaluated to t; = --- = t,,, = 0, it follows that ¢, is an

embedding in a neighbourhood of 0 € IR™=*; let us denote the image of this neighbourhood
under ¢, by U(%;). Thus U(%;) is a C"-submanifold.

2 Lemma: U(%,) C Orb(z,Z).

Proof: By definition we can write Y; = ®;,,X; for ®; € Diff(&) and X; € &, j €
{1,...,mz}. We recall from [Abraham, Marsden, and Ratiu 1988, Proposition 4.2.4] the
formula ®) = ® o ®;¥ o ®~! which holds if Y = ®,X for vector fields X and Y and a
diffeomorphism ®. Using this formula we have, for t € ¢, 1(U(%)),

Y, o Xmg — —
¢.’L‘(t) = @tmx O o O@Zl(x) — ®mz o(btnlw o@mi O« o¢1 O@ifl O¢11(x),

showing that U(%,;) C Orb(z, &), as desired, since all mappings in the above composition
are in Diff(Z). v
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3 Lemma: T,U(%;) = Oy for every y € W(%).

Proof: Let j € {1,...,m;} and let
m. Y;
by = @Zn; 6...0 (bt;:ll )
Then
Oy 3} oY

8tj :aitj tma
0 Y, Yo Y,

= gqu °®,7 o ®, ! 0@, o0 B} (z)

J

=T®s0Yjo 0, " 0 gy(t) = DpY;(da(t)) € Oy, (t)-

o...oq)fll(zg)

Since this holds for every j € {1,...,m.}, it follows that image(Typ,) C Oy, ). By
Lemma 1 we have

dim(Og, 1)) = dim(0;) = dim(image (T3¢ ))-

Therefore,
Oy, ¢) = image(Tyds) = Ty, 1y U(Z),

as desired. v

4 Lemma: The subsets (UW(%:))zem for Yy as defined above, form a basis for a topology
on M.

Proof: By, e.g., Theorem 5.3 of [Willard 1970], it suffices to show that for any pair U(%,)
and U(%,,) of such subsets there exists U(%,) such that

U(ZHe) € W(Her) N W(H os)-
Let # € W%, ) N W(Hs,) and let Y3, ...,Y,, € @(Z) be such that

Oy = spang (Y1(z), ..., Y, (2)).

Let ¢5: R™* — M be the map defined above. By Lemma 3 it follows that

Yl(y)v cee asz (y) € Tyu(%1)7 Yi(y)v tee ’sz (y) € Tyu(?xz)

for every y in a neighbourhood of x. Therefore, the integral curves of the vector fields
Yi,...,Y,,, with initial conditions in U(%,) (resp. U(%,)) nearby x remain in U(%;,)
(resp. U(%s,)). Therefore, concatenations of these integral curves nearby z will also remain
in W%, ) (resp. W(%s,)). In short, for ¢y, ..., t,,, sufficiently near zero,

Yo,
tmk

Ym
& ™ oo q)zil (z) € W(%,) (resp. ‘I)tm: 0---0 CIDE? () € W(H,))-

Thus, by restricting ¢, to a small enough neighbourhood N of 0, if we define U(%;) = ¢(N),
we have

UW(Ze) © W(Hey) N W(H ) v
Let us call the topology on M generated by the sets (U(%))zem the orbit topology.
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5 Lemma: In the orbit topology, the orbits are connected, open, and closed.

Proof: Let X € &. Since the integral curve t — ®;(z) is a continuous curve of M and
since it is tangent to U(%,), it follows that the curve is continuous in the relative topology
on U(%,). Since U(%;) is a submanifold, the relative topology is the same as the topology
induced by the immersion ¢,. Thus the integral curve ¢ — ®;X(z) is continuous in the orbit
topology. Therefore, by definition of orbits, orbits are path connected and so connected.

If x € Orb(zg, &) then every set U(%,) is a subset of Orb(z¢,Z"). Since U(%;) is open,
it follows that Orb(zg, &) is open.

Note that M is a disjoint union of orbits. Therefore, the complement of an orbit is a
union of orbits. Thus the complement of an orbit is a union of open sets and so open. Thus
an orbit is closed. v

This last lemma shows that the orbits are the connected components of M in the orbit
topology. This, in particular, gives the final assertion of the theorem.

6 Lemma: For xg € M,

Orb(zo, &)= |J WZ),

2€Orb(z0,&)

the union being over the neighbourhoods U(%,) constructed above.

Proof: It is trivial that Orb(zo,2") € U corb(z,2) U(Z)- The converse inclusion follows
from Lemma 2. v

Since each of the sets U(%,) is diffeomorphic to an open subset of R™= by ¢, !, it follows
that (U(%), ;1) is a chart for Orb(zg, &) for every x € Orb(zo, Z). The overlap map
between intersection charts (U(%, ), ¢5,!) and (UW(%,), ¢z, ) are obtained by concatenations
of flows of vector fields from &, and so are diffeomorphisms. This shows that Orb(xo, &)
is an immersed submanifold as in (i). Assertion (ii) follows from the Lemma 3 and the
definition of the differentiable structure on the orbits. |

7.14 Remark: (The orbit topology) In the proof of the Orbit Theorem we prescribed
a topology on M that we will, on occasion, make reference to. This topology is called the
orbit topology, and is defined as follows, using the notation from the proof of the Orbit
Theorem. For a family & of partially defined C"-vector fields, r € {oco,w}, and for z € M,
let %, = (Y1,...,Y,,,) be vector fields from the family

OX)={2.X| ®eDiff(&), X e X}
for which (Y1 (z),...,Y,, (z)) are a basis for T, Orb(x,&’). Define ¢, : R™* — M by

Ym
Gu(ty ... tm,) = O, o0 D)1 (),

b

and note that this map, restricted to a neighbourhood of 0 € R™=_ is an embedding. The
image of this neighbourhood under ¢, is denoted by U(%;). The sets U(%,) form a basis
for a topology, and this topology is the orbit topology. In the proof of the Orbit Theorem
it was shown that the orbits are the connected components of M in the orbit topology.
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Sometimes the following characterisation of the orbit topology is useful. Let © € M, let
k€ Zwo let X = (X1,...,X;) € &, and let U € R* be a neighbourhood of 0 be such
that the map

USte &X(z) e M

is defined. One may then define the orbit topology as the final topology induced by the
above family of mappings, i.e., the finest topology for which all of these maps are continuous.
[ ]

It is interesting to consider whether there are stronger conclusions that can be drawn
from the Orbit Theorem when the vector fields are globally defined. In the smooth case
when the partially defined vector fields are bounded, by Proposition 7.3, there is no extra
structure present when the vector fields from & are globally defined. In the analytic case,
however, if the vector fields are globally defined, there are additional conclusions that can
be drawn. To state this clearly, the following definition is convenient.

7.15 Definition: (Regular and singular orbits) Let r € {co,w}, let M be a C"-manifold,
and let & be a family of partially defined vector fields of class C". An orbit O C M for &
is

(i) regular if, for each zyp € O there exists a neighbourhood U of z such that
dim(Orb(z,&)) = dim(O) for each x € U and is
(ii) stngular if it is not regular. .

With this terminology, we have the following result, first for the smooth case.

7.16 Proposition: (Regular orbits for families of smooth vector fields) Let M be a
smooth manifold and let & be a family of smooth partially defined vector fields. Then the
union of the reqular orbits for & is an open dense subset of M.

Proof: By the Orbit Theorem, the distribution whose subspace at = is T, Orb(z, &) is
the distribution associated to a family of smooth partially defined vector fields. Thus, by
Proposition 7.3, this is a smooth distribution. The result follows from Proposition 3.6. W

7.17 Proposition: (Regular orbits for families of analytic vector fields) Let M be a
real analytic manifold and let & C T'Y(TM) be a family of real analytic vector fields. Then
the following statements hold:

(i) the set of singular orbits for & is a locally analytic subset of M;

(ii) if M is connected, then all reqular orbits of & have the same dimension.

Proof: By Theorem 7.21 below it follows that the distribution whose subspace at z is
T, Orb(z, &) is analytic. The result then follows from Proposition 3.7. [ |

Note that in the analytic case, we really do require that the vector fields be globally
defined; Example 7.7—4 suffices to illustrate this.

The Orbit Theorem gives us an insightful description of the tangent spaces to & -orbits.
However, computationally the description is not the most useful since it requires that we
know something about the group Diff(%’). One can wonder whether there is a simpler
“infinitesimal” description. If one has some intuition about things analytic, one might
imagine that such an infinitesimal description is possible for the analytic version of the
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Orbit Theorem. We shall show that this is true. We begin by describing a subspace of the
tangent spaces to the & -orbits.

The proof of the next theorem is adapted from that of Jakubczyk [2002, Proposi-
tion 4.15].

7.18 Theorem: (A subspace of the tangent space of an orbit) Let r € {co,w}, let M
be a C"-manifold, and let & be a family of C"-partially defined vector fields on M. Then

LN (Z) 4y € Tap Orb(a0, &)
for every xg € M.

Proof: We abbreviate a local diffeomorphism (®,U) by ® and a partially defined vector
field (X, U) by X.
Let xg € M. By Proposition 6.3 it suffices to show that

Xk, [Xi_1, .., [X2, X1] -+ ]](z0) € Tay Orb(zo, &) (7.4)

for any vector fields X1, ..., X € & whose domains contain xg. We prove this using some
notation and three lemmata. First the notation. For local diffeomorphisms ® and ¥ of M
denote

(B, U] =0 oW lodol,

With this notation we have the following lemma.
1 Lemma: Let X1,...,X; € I'"(TM) and recursively define
Uy(t) =0,
Uy(ty, o) =[O, D7,
\113(t1a t27 t3) = Hq)Xl ¢i§2]7 q’igg]a

t1

(b, g, ..o ty) = [+ [O q’iQ],---,q’ik]v

t1

for ti,...,tx € R such that all flows are defined. Then

0 0 X X

— Ui(ty,..., te)(xg) = —X1(20) + =— O F oW, 1(ty,...,th_1)° D;.2(x0).

B, |1,-0 k(t1 k) (o) 1(z0) Bty =0t k—1(t1 k—1) © ®; % (w0)
Proof: It is easy to see by induction that if any of the numbers #1,...,%; are zero, then

U, = idp. We shall use this fact frequently.
First note that differentiation of the relation

g1ty the1) o Wpoa(bry o temr) (@) = @
gives

(;Zl(\pkl(tl, o te1) T (@)
0

=TV _1(tq1,... 7tk*1)_1 ’ ((Ttl

\I/kfl(tl, e ,tk,1)> o \I/kfl(tl, e ,tkfl)_l(.%')> .
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Evaluating at t; = 0 and using the fact stated at the beginning of the proof then gives

0
— U1ty te1) H(z)) = = X1 ().
], (Tt ) @) =~ @)
Using this fact along with the statement made at the beginning of the lemma, we calculate
0 0 X
—_— We(ty,...,t = — Wy (t1,...,tp—1), P "
Bt 1o k(t1, .. te)(20) ot tl:O[ k—1(t1, s tk—1), @3, %] (w0)
9 X
= | Wi (tr, . te1) Lo @2 oW (ty, .. tp1) 0 DE
TR L 1(t s te—1) h o Weoa(ty, .oy tk—1) o " (w0)
9 X X
=-X; («TO) + 76%1 t1:0(1)tkk o \I’k_l(tl, - ,tk_l) o (I)t22 (1’0),
giving the result. v

We also recall the definition of the pull-back of a vector field X by a diffeomorphism ®:
O*X = Td o X o ®. With this notation we have the following lemma.
2 Lemma: With the notation from Lemma 1,
0 0 0 0 X e
L XYL (PpR2)F X i
ot, ot ((23,7)" -+ (@3,%)" X1) (o)

Proof: We prove this by induction on k. For k = 2 we use Lemma 1 to determine that

0 0 0 0

Uity ) (20) = —— e ——
fym et =0 k( 1, k)( 0) atk 8t2 tom==ty=0

T A Wo(ty.t - (I)X2 O¢X10¢X2
Otg Oty It1=ty=0 2(t1, 22)(@o) Otg Ot lty=t,=0 2 4 " (20)
9 X X 0 x
= — TP2 o X,(D2 - NP ¢
Otg lta=0 —t2 1( t2 (.CL'(])) Oto t2:(](( to ) 1)($0)a

giving the lemma for k = 2.
Now suppose the lemma holds for k € {1,...,m — 1}. An application of Lemma 1 and
the induction hypothesis gives

8‘; . 8‘?1 oy Bt t)(w0)
= 6;; - 88151 tl:m:tmzocbi(;; oWy 1 (1, s tm1) © B (20)
= ain- aatQ tP.:tmon@ﬁ; : <£1 tl:O\lJm,l(tl, oy tpt) 0 B (:,;0))
= afm - 88752 tz,_.tmo(qﬁ;m)*;h o Ymei(t o)
o N A . N S
- 8fm tm=0(®§”m)*8tz_1 ...8‘?2 @y @)
e () (X0 ),

which is the result. (Note that our freely swapping partial derivatives with pull-backs is
justified since we are differentiating the pull-back with respect to its argument, and the
pull-back is linear in its argument.) v

Now we prove the key fact.
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3 Lemma: We use the notation from Lemma 2. For xy € M, if we define ¥y (s) =

Ui(s,...,s)(zo) for all s € R such that the expression makes sense, then
d7
S Ta(s) =0, jE{0L. k1],

and
dk

dsk 520‘11330(3) = kX, ..., [ X2, X1] - ](z0).

Proof: Now let j € {0,1,...,k—1}. By the Chain Rule for high-order derivatives, [Abraham,
Marsden, and Ratiu 1988, Supplement 2.4A],

d7 4! o HIk
- Vi (s) = E = riror- D (ty, ... tg)(zo). (7.5)
dS] sI=0 jl)"'?jk€{0‘?17“:7j} J1 o Ik atil ati‘k t1=-=t3=0

Jittie=]

Note that each term in the above will have j, = 0 for some a € {1,...,k}. The partial
derivatives in (7.5), when evaluated at t; = - - - = t}, = 0, will then necessarily be taken with
to = 0 for some a € {1,...,k}. By our comment at the beginning of the proof of Lemma 1,
it follows that all such partial derivatives will be zero.

By the same reasoning, in the expression

d* Koo ok
— U, (s) = > o Dp(ty, ... ty)(x0)
% o il i) g T P B
ds¥| ., e gy e akt ot ot In=m=n=0
N
for the kth derivative, the only nonzero term in the sum occurs when j; = --- = ji = 1,
since otherwise at least one of the numbers j1, ..., jr will be zero. That is to say,
a* 0 0
— U, (s)=kl—- - — Dp(t1,...,t5)(xg).
dsk o 7o(s) Ot; Oty lty=—-=ty=0 Kt te) (o)
sh=

Let us now turn to the proof of the fact that this expression is the iterated Lie bracket in
the statement of the lemma.
We prove this by showing that, for any j € {2,...,k},

9
ot

tj=0((q>ik)* (@) (Ko (X2, Xa] ) (o)

= ((@]F)" - (@) (X, .., [Xo, Xa] -+ ]) (o). (7.6)

tjt1
This we prove by induction on j. For j = 2 we have

9
Ot

(O (@) X)) = (@) (@) | @) ao)

= ((7,1)" -+~ (835) [ X2, X1]) (o),

using the well-known characterisation of the Lie bracket by

XY@ =G| @FYE
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[see Abraham, Marsden, and Ratiu 1988, Theorem 4.2.19]. Now suppose that (7.6) holds
for j € {2,...,m —1}. Then we use the induction hypotheses to get

0 . .
5| (@) (@) Ko, [Xe, X)) (a0)
* m * 6 m
_ ((cpik) -"(‘I’ffnﬁl) ]| :0q>§; (X1, [X2, X1] - ])(z0)

= ((@15) - (@) Xy ., [Xo, X3 -+ ]) (20),

m—+1
giving (7.6).
Now we use Lemma 2 and recursively apply (7.6) to give

0 0 0 0 . .
Wiltn, o te)(20) = o 5 tFm:tk:O((‘I’fik) o (@3,7)" X1) (20)

= [Xk, [kal, e [XQ; Xl] o ]](-750)

Oty 871 ti=-=t=0

as desired. v

We can now complete the proof of the theorem by verifying (7.4). Recalling the distribu-
tion O from the proof of the Orbit Theorem, the vector fields X1, ..., X are O-valued and
so tangent to Orb(zg,&). Therefore, with the notation of Lemma 3, W, (s) € Orb(xo, &)
for every s € IR. Therefore, since the first £ — 1 derivatives of ¥, at s = 0 vanish by
Lemma 3, the kth derivative of U, is tangent to Orb(zg, Z). That is to say, by Lemma 3,

dk
TF S:O\I/wO(S) = K![Xg,...,[ X2, X1] - ](x0) € Ty, Orb(zo, &),
showing that (7.4) holds. [ |

An immediate consequence of Theorems 7.13 and 7.18 is the following well-known result
of Rashevsky [1938] and Chow [1940/1941]. The proof of Chow is given in the Cartan-like
framework of differential forms, whereas the proof of Rashevsky is, like our proof, a vector
field proof.

7.19 Corollary: (The Rashevsky—Chow Theorem) Let M be a connected C*°-manifold
and let & be a family of smooth partially defined vector fields. If L(>) (&) = TM then, for
x1,22 € M, there exists X1,..., X, € & and t1,...,t, € R such that

wy =)k o0 @) (1)

Proof: Let z; € M. By Theorem 7.18 we have L()(%), C T, Orb(z, %) for every = €
Orb(z1,Z") and so

LN ), C T, Orb(z1,Z) C ToM = L®)(F),,

giving T, Orb(z1,&) = TzM for every z € Orb(z;,&). Thus Orb(z;,&) is an open
submanifold of M. Thus, recalling the basis for the orbit topology from the proof of the
Theorem 7.13, open subsets of Orb(z1, &) in the orbit topology are open subsets in the
relative topology on M. Since M is a disjoint union of its orbits, it is a disjoint union of
open sets. Each component in this disjoint union is necessarily closed since its complement
is open, being a union of open sets. Thus each orbit is a connected component of M. Since
M is assumed connected it follows that Orb(z1, &) = M, which is the result. |

The converse of the Rashevsky—Chow Theorem is generally false.
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7.20 Example: (Failure of the converse of the Rashevsky—Chow Theorem) Recall
Example 7.7-2 where M = R? and where & = (X1, X3) is defined by

0 0
X{i=—, Xo= —_—
L= 2 f(im)am,
where a2
e /%" xRy,
fla) = g
0, WS ]Rgo.

In Example 7.7-2 we explicitly showed that M = Orb(0,Z"). However, one can also directly
show that
T(:pl,:pg)IRQ z1 > 0,

L(oo) Z r1,22) — k
CUCES {spanR({fCl), x1 <0.

Thus L(>)(Z) ¢ TM. .

7.5. The finitely generated Orbit Theorem. Now we turn to characterising situations
where the tangent spaces to the orbits are ezactly the subspaces L(°) (&).

7.21 Theorem: (The Orbit Theorem in the finitely generated case) Let r € {oo,w},
let M be a C"-manifold, and let & be a family of partially defined vector fields of class C”
such that LX), is a finitely generated submodule of G +m for each x € M. Then, for
each g € M, 7

(i) Orb(zo, &) is a connected immersed C"-submanifold of M and
(ii) for each x € Orb(zg, &), T, Orb(zo, &) = LI®N(F),.

Moreover, M is the disjoint union of the set of orbits.

Proof: From the Orbit Theorem and Theorem 7.18 it only remains to show that
T,Orb(zo, &) C LON(Z),. For X € & we have [X,Y] € F)N(F) for every
Y € Z)(Z), this since £ ()(ZF) is a Lie subalgebra. Since Z()(Z), is assumed
to be finitely generated, Theorem 6.15 and (7.1) gives (®5%).Y (z) € L(®)(Z), for every
X € Z and t € R such that z € ®(U(X,t)). A trivial induction then gives

(@) (P1)Y (2) = (D F o0 0)1), Y (2) € LON(F), (7.7)

for every suitable Xi,..., X, € & and t1,...,tr, € R, where we use the fact that
push-forward commutes with composition [Abraham, Marsden, and Ratiu 1988, Propo-
sition 4.2.3]. However, by Theorem 7.13,

T, Orb(zo, &) = {®. X () | ® € DIf (&), X € &},

and so (7.7) implies that T, Orb(zo, %) C L(®)(Z). [ |
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7.22 Remark: (The “submodule” assumption in the finitely generated Orbit The-
orem) In the statement of the preceding theorem we asked that Z(°)(Z), be a submodule
of ?;,TM for each © € M. For a general family & of vector fields, it will not be the case
that Z(*)(Z), is a submodule. However, if all one is interested in is the tangent spaces
to orbits, then, by Propositions 6.4 and 6.5, one can replace with &, with the module (%)
generated by Z,. Equivalently, also by Proposition 6.5, one can replace & (> (&), with
the module (Z(®)(ZF),) generated by £ () (Z),. As long as the module £ () ((Z,)) or
(FL®)N(F),) is locally finitely generated, it will hold that T, Orb(zg, &) = L(®)(ZF), for
all zyp € M and x € Orb(zo, Z). .

Again, it is important to distinguish between a distribution generated by a family of
vector fields being finitely generated and the module generated by a family of vector fields
being finitely generated.

This gives the following important results for families of analytic vector fields and certain
families of smooth vector fields.

7.23 Corollary: (The Orbit Theorem when L(>) (%) has constant rank) Let M be
a C*®-manifold and let & be a family of partially defined smooth vector fields such that the
distribution L(™)(Z) is regular. Then, for each xo € M,

(i) Orb(zo, &) is a connected immersed smooth submanifold of M and
(ii) for each x € Orb(xg, &), T, Orb(zg, &) = L1®)(ZF).

Moreover, M is the disjoint union of the set of orbits.

Proof: This follows from Theorem 7.21, along with Theorem 4.9. |

7.24 Corollary: (The Orbit Theorem in the analytic case) Let M be an analytic
manifold and let & be a family of partially defined analytic vector fields. Then, for each
xo € M,

(i) Orb(zo, &) is a connected immersed analytic submanifold of M and

(ii) for each x € Orb(zg,Z), T, Orb(z, &) = L1)(F).

Moreover, M is the disjoint union of the set of orbits.
Proof: This follows from Theorem 7.21, along with Theorem 4.10. |

The hypothesis of finite generation is necessary, and Example 7.20 serves to demonstrate
this necessity.

7.6. The fixed-time Orbit Theorem. In this section we give the version of the Orbit
Theorem corresponding to the fixed-time orbits considered in Section 7.3. In order to
understand the tangent spaces to the fixed-time orbits for a family & = ((X;,U;))jes of
partially defined vector fields, we introduce a family of partially defined vector fields by

k k
%:{ZAZ(X]UU.H)‘ jl,,]kEJ, )\177)\k€R, Z)\JZO’ k€Z>0}
=1 =1

For brevity, in the preceding expression we have suppressed the domain of the partially
defined vector fields.

With the family of vector fields 2% at our disposal, we can state the fixed-time Orbit
Theorem.
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7.25 Theorem: (Fixed-time Orbit Theorem) Let r € {oo,w}, let M be a C"-manifold,
and let & be a family of partially defined vector fields of class C". For xg € M and T € R+
satisfying Orbyp(xg, &) # &, it holds that

(i) Orbr(zo, &) is a connected immersed C”-submanifold of M and

(ii) for each x € Orbr(zo, &),

T, Orby(z0, &) = L(aff ({®. X (z) | ® € DIff (Z), X € &})),

where the right-hand side of this expression denotes the linear subspace associated with
the affine hull.

As a result, dim(Orb(zo, &) — dim(Orby(zo, &) € {0, 1}.

Proof: We shall consider the manifold R x M and so let us introduce some convenient
notation for using this manifold. For U C M open, note that TR x U) = TR x TU =~
R x R x TU. For a partially defined vector field (X,U) define a partially vector field
(X,R x U) by
X(s,z) =(s5,1,X(z)) e R x R x TU.

The following simple lemma gives some of the useful properties—the last of which we shall
not use until the proof of Theorem 7.30 below—of this natural extension of vector fields
from M to R x U.

1 Lemma: For partially defined vector fields (X,U) and (Y,V), the following statements
hold when they make sense:

(i) o (s,z) = (s + 1,8 (2));
(ii) (®7).Y = (®F).Y;
(iii) [X,Y](s,x) = (5,0,[X,Y](z)).

Proof: (i) We have

d .

e+t O () = (s +1,1, X (2] (2))) = X(s + 1,9 (2)),

from which the desired conclusion follows by definition of integral curves.
(ii) Using (i) we compute

(B5).Y (s,2) = TOX oY 0 %, (5,2) = TN (s — 1,1,V (85, (x)))

= (5,1,T®} oY 0 d%,(2)) = (%)Y (s,2),

as desired.
(iii) Let f € C"(R x W), denote by fs: U = R and f*: R — R the functions fs(x) =
f%(s) = f(s,x). Then compute

. df® df®
X[f(s,z)= dj:S /

ds

+st(x), Yf(‘g?x) = +st(x)’
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which gives

o s &frof of
(XY = YX)f(s,x) = 2 + YE(S,:U) + Xg(s,x) + XY fs(x)
42 fe of of B
o Xg(s,x) - Yg(s,m) —YXfs(z) =[X,Y]fs(x),
and our result follows from this. v

Now let us define a family & of partially defined C"-vector fields on R x M by
Z ={X,RxU| (X,U) e X}

As usual, when it is convenient we will suppress the domain R x U when we write the
partially defined vector field (X, R x U). We can describe the fixed-time orbit in terms of
the orbits of & .

2 Lemma: For each sg € R,

A~

Orbr(z0, &) = {x € M| (so +T,x) € Orb((so,x0),&)}.

Proof: Let = € Orbyp(zo, &) so that x = <I>;5X(a:0)AWhere X € &% and t € RF satisfies

Z?:l ti=T. If X = (Xy1,...,X}), let us denote X = (Xl, .. ,Xk) Then, by Lemma, 1,
note that

@ (s0,20) = (s0 + T, 25 (w0)) = (s0 + T, x).
This shows that

Orbr(z0, %) C {z € M| (so+ T,z) € Orb((so, z0), Z)}.

Conversely, suppose that (sg+ T, z) € Orb((so, o), ﬁ”) Thus there exists X € 2% and

t € R¥ such that (so+ T, ) = ®X (so, x0). By the form of the flow of vector fields from &
as given in Lemma 1 we must have Z?Zl t; =T and x = ®;X(z), giving

{x e M| (so+T,x) € Orb((so, 0), &)} € Orby(zo, &),
as desired. v

(i) In what follows, we make the identification
Orby (20, &) = {(T,2) € R x M| (T, ) € Orb((0,z0), %)}, (7.8)

according to the lemma. We can now prove the first part of the theorem. Let My = {T'} xM,
noting that Mt is obviously a submanifold of R x M. We claim that

A~

T(T,x) Orb((O, l’o), 29) + T(T,x)MT = T(T,ac) (]R X M)

This follows since codim(My) = 1 and since, for each X € 2, the vector field X is tangent to

Orb((0,zp), &) and is not tangent to Mp. Thus Orbr(z, &) and My intersect transversely,
and so it follows from Abraham, Marsden, and Ratiu [1988, Corollary 3.5.13] that

~

Orbr(xo, &) = Orb((0,z0), &) N Mp
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is an immersed submanifold of class C" by the Orbit Theorem. To prove the first part of
the theorem, it remains to show that Orbr(zg, &) is connected. Let = € Orbr(zo, &), let
Xi,..., X €&, and let t1,...,tr € R be such that

ALY A th_o,

this being possible by Proposition 7.11. Then the curve
[0,1] 3¢ — @00 &% ()

is a curve in Orbp(zo, &) (again by Proposition 7.11) connecting zp and x, giving path
connectedness and so connectedness of Orbr(zg, &).

(ii) Given our identification of Orbr(xo, &) as an immersed submanifold of R x M, we
can describe its tangent space accordingly:

Tr2) Orbr (20, Z) = {(a,v:) € Ty (R x M) | @ =0, (0,v;) € T Orb((0,z0), &)}
(7.9)
By the Orbit Theorem,
Tp.2) Orb((0,20), &) = spang (&, X (T,2) | & € Diff(Z), X € Z).

By Lemma 1, the definition of Diff(2) from (7.2), and an elementary induction, for ® €
Diff (%) and X € & we have

b, X(T,2) =, X(T,z) = (T,1,0.X (x)) (7.10)

for ® € Diff(Z). Let ®1,...,®; € Diff(Z), let X1,..., X, € &, and let A1,..., Ay € R.
Then

k
Z T x S T(T:z:) Ol"bT(l‘(),%)
=1

.

k k
= (TN Y A5 X,(@)) € Tirg) Orbr (w0, 2)

Jj=1 Jj=1

/N

using (7.10). We immediately conclude from (7.9) that 25:1 Aj =0, and so
T, Orby(z0, &) = L(aff({®,. X (z) | ® € Diff(Z), X € Z})),
recalling that the linear part of the affine hull of a subset S of a vector space V is given by
k k
>N, kE€Zsg v €8 AL M ER, D N =0
— =

(this follows directly from the definition of the affine hull, cf. Theorem 1.2.5 of [Webster
1994] and Theorem 1.2 of [Rockafellar 1970]).
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For the final assertion of the theorem, let us abbreviate
V,; =spang ({®. X (z) | ® € Diff (&), X e Z}) C T,M

and
A, =aff({®. X (x)| ® € DIff (&), X e X}) C T,M.

We have two cases, cf. the discussion on the bottom of page 8 of [Webster 1994].
1. Az = V,: In this case we have V, = A, = L(A,;) and so
dim(Orb(zo, &)) = dim(Orbr(zo, &))
since the tangent spaces to the orbit and the fixed-time orbits agree.
2. A, C V,: In this case there exists vy € V, \ A; and
V, = spang ({vo} UA,),

which gives
dim(Orb(zp, &)) = dim(Orbp(zo, &)) + 1

as desired. [ |

7.26 Remark: (The fixed-time orbit topology) As with the proof of the Orbit Theorem,
the proof of the fixed-time Orbit Theorem prescribes a topology on M. Let us extract this
fized-time orbit topology here. We will use the notation from the proof of the fixed-
time Orbit Theorem. In the proof we saw that Orbp(xg, &) was naturally identified with
an immersed submanifold of R x M and was also a subset of the (non-fixed-time) orbit
Orb((O,xo),ﬁﬁ). Since Orb((O,xo),gzﬁ) has the orbit topology, the natural topology on
Orby(zo, &) is that induced by this orbit topology.

As with the orbit topology, one can describe the fixed-time orbit topology as a final

topology. We do this as follows. Denote
Rg:{tGIRk‘ t1+"‘+tk:0},

noting that R% is a (k — 1)-dimensional subspace. Now let = € M, let k € Zg, let
X = (X1,...,Xx) €&, and let U C R* be a neighbourhood of 0 be such that the map

REAUSt— dX(z) eM

is defined. One may then define the orbit topology as the final topology induced by the
above family of mappings. °

As with Theorem 7.18 for orbits, there is an easily described subspace of the tangent
spaces to the fixed-time orbits. Let us describe this here. We let (&) be the derived
algebra of Z(®)(Z). That is to say, D () is the subspace of F(*)(F) generated by
vector fields of the form [V}, Ys] where Y7, Ys € Z()(Z). (Here again we are suppressing
the domain of partially defined vector fields.) As with Lie algebras of globally defined vector
fields, we have the notion of an ideal in £ () (). Indeed, a subset ¥ C L(*)(ZF) is an
ideal if [X,Y] € F for every X € F and Y € Z(*®)(Z). Note that _% is then an ideal of
L)), in the usual sense.

With the preceding comments, we have the following explicit characterisation of the
derived algebra.



100 A. D. LEwis

7.27 Proposition: (Characterisation of D (Z’)) Let r € {oo,w}, let M be a C"-
manifold, and let & be a family of partially defined C"-vector fields. Then the derived
algebra £ () (&) is comprised of finite R-linear combinations of vector fields of the form

[Xky[Xk—I)"'7[X2)Xl]”'H’ X,..., X €&, k>2.

Proof: We first claim that the derived algebra is an ideal of Z(°) (%), indeed the ideal
generated by elements of the form [X;, Xo| for X, Xy € &. First, it is clear from the
definition that @ (%) is an ideal. It is also clear, since & C Z(®)(Z), that [X;, Xo] €
D (X ) for every X1, Xo € Z. Thus D (Z’) contains the ideal generated by brackets from & .
Now consider an element from @ () of the form [Y7, Yz] for Y1, Yy € L) (), noting that
all elements of (&) are finite linear combinations of such elements. By Proposition 6.3
(more properly, its adaptation to partially defined vector fields), [Y1, Y2] is a finite linear
combination of brackets of the type in the statement of the result. Moreover, if we consider
the proof of Proposition 6.3, we can see that the brackets involved will be of the form in
the statement of the proposition with & > 2. From this we conclude our claim that & (&)
is the ideal of Z (%) (%) generated by brackets [X1, Xs] for X1, X, € Z.

From the fact that the derived algebra is an ideal and that it contains all vector fields
of the form [X7, Xo] for X7, Xy € &, it follows that

(X, [Xp—1,..., [Xo, X1]--- ] e D(X)

for every X1,..., X, € &, k > 2. Conversely, the set of finite R-linear combinations of the
form in the statement of the result is easily shown to be an ideal of Z(*)(Z) and it clearly
contains the brackets [X7, Xy| for X, Xy € &. Thus (&) is contained in the this set of
linear combinations, which completes the proof. [ |

We then define
F(Z)=spang( X +Y| X e, Y € D(Z)).

The following characterisation of ¥ (%) is useful.

7.28 Proposition: (Characterisation of #(&)) Let r € {oo,w}, let M be a C"-
manifold, and let & be a family of partially defined C"-vector fields. Then the following
statements hold:

(i) F(Z) is an ideal of L)N(Z);

(ii) the codimension of F(X)s in L), is zero if F(X)e N & # & and is one

otherwise.

Proof: (i) If YV € Z()(Z) and if X € (&), then [V, X] is obviously in the derived
algebra of Z(*) (), by definition of the derived algebra. Since & (¥) C # (&), this part
of the result follows.

(ii) From Proposition 6.3 and Proposition 7.27 we have that any element of Z(>) (%)
can be written as

k
SNX; Y, X1, Xp €&, M, M ER, Y €Z(X)
j=1
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(suppressing the domains of partially defined vector fields, as usual). Thus Z()(Z),
is the sum of the subspaces &, and D (Z),. Referring to Proposition 7.27, F (&), is
the sum of the subspaces L(aff(%;)) and Z(&Z),. Note that L(aff(Z)) is a subspace of
Z. Moreover, as in the last step in the proof of Theorem 7.25, L(aff(%;)) = Z; if and
only if &, N L(aff(Z,)) # @. Also as in the last step in the proof of Theorem 7.25, if
Z, N L(aff (%)) = @, then the codimension of L(aff(%;,)) in &, is one. This gives this part
of the result. |

We define
(&) ={X(z) | X € Z(Z)}

so that I(Z) is a distribution on M. Since _# (&) is an ideal of Z(®)(Z), it is also a Lie
subalgebra, and so is a Lie subalgebra of I'"(TM). The picture one should have in mind is
that 7 (&) is to Orby(z, &) what F(®)(Z) is to Orb(x, ). For example, one should
think of Z(°) () as being the “Lie algebra” of the “Lie group” Diff(%). Upon doing so,
one should think of _# (&) as the Lie subalgebra (actually ideal) of () (%) corresponding
to the “subgroup” (actually, “normal subgroup”) Diffo(Z’) of Diff (). Moreover, we have
the following theorem.

7.29 Theorem: (A subspace of the tangent space of a fixed-time orbit) Let r €
{oo,w}, let M be a C"-manifold, and let & be a family of partially defined C"-vector fields
on M. For xo € M and T € R satisfying Orbp(xg, &) # &, it holds that

I(%)r g Tl« OI"bT(.Z‘(),%)
for every x € Orby(zo, &).

Proof: Let x € Orbp(x, Z). Let X1,..., X, € & and let A1,..., A\ € R satisfy 2?21 Aj =

0. Then take X = Z?Zl A;jX; (we remind the reader once again that we suppress the
domains of partially defined vector fields). We have

d d
X(z) =MXi(z) 4+ + M X () = & X (z) = = RN+ A ()
t=0 t=0
— i @Aleou~o®>\ka(x)— i (leo...o@Xk(x)
Codtf, ! Codt|,, M Apt

Since
(Pf\ilt 0-.-0 (I)i(:t S Diffo(%),

it follows from Proposition 7.11 that X (z) € T, Orby(zo, &).

Recalling the notation [®, V] for local diffeomorphisms ® and ¥ from the proof of
Theorem 7.18, note that for ¢1,t2 € R we have [q)ffl,q)t)g?] € Diff(Z’). An induction then
gives

[ (@, %2, %] € Diffg(%)

for vector fields Xq,..., X € & and tq,...,t; € R. Thus the curve

s [ [0 @X2] L dXK](2)
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is a curve in Orbp(z9, &) by Proposition 7.11. From Lemma 3 from the proof of Theo-
rem 7.18 we then have

[Xk, RN [Xg,Xl] . ](x) eT, OrbT(.%o,%)

for any X1,..., Xy € & and for x € Orbp(xo,Z’). Combining this conclusion with
that from the preceding paragraph, and using Proposition 6.3, we have that (&), C

T, Orby(zg, &), as desired. [ ]

7.7. The finitely generated fixed-time Orbit Theorem. Our final version of the Orbit
Theorem considers the fixed-time orbits, but under the assumption that _# (&) is a locally
finitely generated module.

7.30 Theorem: (The fixed-time Orbit Theorem in the finitely generated case)
Let r € {oo,w}, let M be a C"-manifold, and let & be a family of partially defined vector
fields of class OT such that L) (X), is a finitely generated submodule of "1y, for each
x € M. Then, for each gy € M and T € R such that Orbr(xg, &) # 9, ’

(i) Orbr(zo, &) is a connected immersed C”-submanifold of M and
(i) for each x € Orbr(xo, &), T4 Orbr(zo, &) = (X )s.

Proof: From Proposition 7.11, the fixed-time Orbit Theorem, and Theorem 7.29, it only
remains to show that T, Orby(zg, &) C 10°)(F),.

We shall adopt the notation and assume the setting of Theorem 7.25. In particular, we
recall the identifications (7.8) and (7.9). Note that since Z(*)(Z), is finitely generated,
it follows from Lemma 1 from the proof of Theorem 7.25 that Z () (%), is also locally
finitely generated. Let = € Orbp(zg,Z’). From the finitely generated Orbit Theorem we
have

Ti1.2) Orb((0,20), &) = L)L) (109

From Lemma 1 from the proof of Theorem 7.25 we have
LN D) 10y = {(T,0,v) € R x R x TM | v, € L))}

By Proposition 6.3, if ¥ € Z(°)(2’) then we can write
k
Y =) NXj+X
j=1

for Xq,..., Xy € &, for Ai,..., Ay € Rand for X € 9(22”) If Y further has the property
that Y(T,z) € T(r4) Orbr(xo, &) (under the identification (7.9)), then it follows that

E?:l Aj = 0, using the fact that X (T,z) = (T,0,X'(z)) for some X' € Z(Z). Thus

T(1,2) Orbr (20, &) € (X ), as desired. m

As with the finitely generated Orbit Theorem, the assumption that &£ () (%), is finitely
generated is necessary, and Example 7.20 serves to demonstrate this necessity.

As is usual with these notions of finite generatedness, one has the following two cases
where finite generation is guaranteed.
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7.31 Corollary: (The fixed-time Orbit Theorem when L(>) () has constant rank)
Let M be a C*®-manifold and let & be a family of partially defined smooth vector fields
such that the distribution L(®)(Z) is regular. Then, for each to € M and T € R such that
Orbr(zo, &) # @,

(i) Orbr(zo, &) is a connected immersed smooth submanifold of M and

(ii) for each x € Orbp(xo, &), T4 Orbr(ze, &) = (X ).

Proof: This follows from Theorem 7.30, along with Theorem 4.9. |

7.32 Corollary: (The fixed-time Orbit Theorem in the analytic case) Let M be an
analytic manifold and let & be a family of partially defined analytic vector fields. Then,
for each xg € M and T € R such that Orbrp(zy, &) # 9,

(i) Orbr(zo, &) is a connected immersed analytic submanifold of M and
(i) for each x € Orby(zo, &), T4 Orbr(zo, &) = (X )s.

Proof: This follows from Theorem 7.30, along with Theorem 4.10. |

8. Frobenius’'s Theorem for subsheaves and distributions

We next use the Orbit Theorem to prove Frobenius’s Theorem. We give the statement
in terms of both distributions and subsheaves.

8.1. Involutive distributions and subsheaves. Frobenius’s Theorem connects two concepts:
integrability and involutivity. Let us first consider involutivity.

8.1 Definition: (Involutive distributions and subsheaves) Let r € {oco,w}, let M be
a manifold of class C", let D be a distribution of class C", and let & = (F(U))y open be a
subsheaf of f,,.

(i) The subsheaf & is involutive if [X,Y] € F(U) for every X,Y € F(U) and every
open U C M, ie., if F is a Lie subalgebra of &7),.

(ii) The distribution D is snvolutive if L(®)(€}) = D. o

Let us explore the relationship between the two notions of involutivity. We start with

two examples that show that, in general, there will be no exact correspondence between
involutivity of sheaves and involutivity of the distributions they generate.

8.2 Example: (The distribution generated by an involutive subsheaf may not be
involutive) We consider one of the cases of Example 6.10. Specifically, we take M = R?
and take the two vector fields

where
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We let & = {X1,Xo} and let & = (F(U))yopen be the subsheaf defined by F(U) =
ZF)((Z|W)). By Proposition 6.6 we have

D(F) = L®)().

A simple inductive argument shows that the only nonzero Lie brackets of the form in
Proposition 6.3 are given by

0
X Xy o [ Xy X0 = £ 2
(X1, [X, o [X, Xo] -]l = f 02,
k times
Thus we conclude from Proposition 6.3 that
Tor o R?, 0,
D(g)(m,zz) _ (z1,22) ) ] #
spang(g;-), 21 =
From Example 6.10 we see that D(&) is not involutive, although & clearly is. .

8.3 Example: (A non-involutive subsheaf may generate an involutive distribu-
tion) Let us consider the vector fields

0 0
7 x — (22 4232
IR 2(21,72) = (z7 + x2)6[]32

Xi(21,29) = (2] + 23)
on R%. We let & = {X1, X5} and take F = (Z). By Proposition 3.16 the distribution
generated by these vector fields is

T R?, (21,2 0,0),
D(F Yy = {0 (0T O
0, (33’1,33‘2) = (070)
By Frobenius’s Theorem below, D(&) is involutive since it is integrable (integrability is
discussed in the next section).
We claim that & is also involutive. To see this, let X,Y € (X7, X3) and write

X =axXi+BxXo, Y =ayX;+BxXo

for smooth or analytic functions ax, ay, 8x, and Sy. A direct calculation then shows that
[X,Y] € (X1, X2). Thus, not only is D(&'), the generators (X1, X2) generate a subsheaf of
vector fields that is involutive.

Next consider the generators

0 0

Xj(@1,22) = (@f + a5, Xplar,aa) = (af +ad) 5

for D(¥). We let ' be the subsheaf generated by these vector fields. In this case we

calculate

229 (2] + 23) o3 (2% + 23)
X1, Xo|(x1, :—172)('—1—#)(.
[ 1 2](1 2) {L‘%—i—l‘% 1 41;_1_ 2
B

«
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We calculate
0B 4A(xf — 2823 + bat + 25 + 322a§)

Oy (z} + 23)?

9

which is not continuous since

ap B
Dy (z1,0) =4, By (0,22) =0
Thus, while D(¥') = D(&) is involutive, the subsheaf & is not. )

Note that the second of these examples applies to the analytic case. The first example,
however, is smooth but not real analytic. Indeed, by Theorem 6.7, if & is an involutive
analytic subsheaf of vector fields, then D(&) is necessarily involutive.

8.2. Integral manifolds. A related notion to an orbit is the following.
8.4 Definition: (Integral manifold, integrable distribution, foliation) Let r €
{00, w}, let M be a C"-manifold, let # be a subsheaf of &7,,, and let D be a C"-distribution.

(i) An integral manifold of D is a C"-immersed submanifold S of M such that T,S = D,
for every x € S.

(ii) An integral manifold S for D is mazimal if it is connected, and if every connected
integral manifold S’ for D such that S’ NS # & is an open submanifold of S.

(iii) The distribution D is integrable if, for each x € M, there exists an integral manifold
of D containing .

(iv) The subsheaf & is integrable if the distribution D(&) is integrable.
(v) A C"-foliation of M is a family (Sy)eea of pairwise disjoint immersed C"-
submanifolds such that
(a) M =UgeaS, and
(b) for each oy € M, there exists a neighbourhood N of z and a family (Xp)secp of
C"-vector fields for which T,S, = spang (Xp(z)| b € B). o

Let us illustrate these definitions with examples.

8.5 Examples: (Integral manifolds)

1. In Example 7.7-1 we considered an example with M = IR? and define

X1 :ﬂflaaml, ngl‘gaiQ.
By D we denote the distribution generated by the vector fields & = (X1, X3). The orbits
for & are shown in Figure 3, and we note that these are also the maximal integral
manifolds for D. Note that the dimension of the integral manifolds passing through
distinct points may have different dimensions. Moreover, the family of maximal integral
manifolds comprises a foliation.

2. Let M = R3 and define



106 A. D. LEwis

We let D be the distribution generated by these vector fields. We shall see that Frobe-

nius’s Theorem provides an easy means of verifying that this distribution does not

possess integral manifolds. However, let us verify this “by hand” to possibly get some
insight. Let us fix ¢ € R and compute

o

cI)%Xz o (I)i( 1

X1 o X2 0 @

Xo X1 Xo X1
%2 0 X1 0 372 0 @

0,0,0
0,0,0
0,0,0
0,0,0

(0,t,0),

(t,t,%),
(t,0,8%),
= (0,0,t%).

~~ ~~ —~
—_ — — —

Now suppose that S is an integral manifold for D containing 0 = (0,0,0). Thus S must
be two-dimensional. Since X1, X2 € I'"(D) and since TS C D, it must be the case the
integral curves, and therefore concatenations of integral curves, of X; and Xo with initial
conditions in S must remain in S. Therefore, for each ¢ € R, we must have (0,0,t2) € S.
Therefore, 8%3 € ToS. However, one readily checks that (X1(0), X2(0), 8%3) is linearly
independent, prohibiting S from being two-dimensional. Thus D has no integral manifold
passing through 0. One can show, in fact, that D possesses no integral manifolds passing
through any point.

3. We next consider the example from Example 7.7-2. We take M = R? and define
0

0
Xi1(z1,20) = —, Xa(x1,29) = f(wl)%7

8331 ’
where

fz) =

6_1/127 T € IR>07
0, S IRSO.

In Example 7.7-2 we showed that there was one orbit, and this was all of R?.
If (201, 202) € R? with 291 > 0 we can see that

{(33‘1,33‘2) S ]R2 | T € ]R>0}

is the unique maximal integral manifold of D through (z1,z02). For (zo1,z02) € R?
with z9; < 0, the maximal integral manifold of D through (z¢1, zo2) is

{(—331,3302) ’ T € R>0}.

Note that there are no integral manifolds through points on the zs-axis.

4. Our next example shows that integral manifolds can be isolated. We consider the vector
fields
0 0

0
Xi (21,22, 23) = TG + pr X3(z1,m2,72) = e

on R3, and let D be the distribution generated by these vector fields. Note that

S = {(IE1,$2,IE3) ‘ = O}
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is an integral manifold for D. However, D is not integrable. Let us verify this, using
Frobenius’s Theorem below. We calculate
[Xl XQ](.%‘l xTo xg) = —$1i
) » T2, I
and note that [X1, Xo](x1, 22,23) € D(4, 4, ) if and only if #; = 0. Thus D|(IR*\ S) is
not involutive and so D possesses no integral manifolds other than S.

5. Let us now consider the family & = ((X;,U;));jcq1,2y of partially defined vector fields
from Example 7.7-4. In this example, the orbits are also integral manifolds for D(Z).
The resulting family of immersed submanifolds defines a smooth foliation (cf. Proposi-
tion 7.3) but not an analytic foliation (cf. Example 7.4). .

8.3. Frobenius’s Theorem, examples, and counterexamples. The smooth part of the
following theorem was proved by Frobenius [1877] and the analytic part was proved by
Nagano [1966]. Contributions also come from [Hermann 1960].

8.6 Theorem: (Frobenius’s Theorem) Let r € {oo,w}, let M be a C"-manifold, let F
be a subsheaf of Gy, and let D be a C"-distribution on M. Then the following statements
hold:

(i) if D is integrable then it is involutive;
(i1) if G5 is locally finitely generated and if D is involutive, then it is integrable;
(i13) if F is locally finitely generated and involutive, then it is integrable.
In particular,
(iv) if r = oo and if rankp is locally constant, then D is integrable if and only if it is
mwvolutive and
(v) if r=w then D is integrable if and only if it is involutive.
Moreover, in case the hypotheses are satisfied in either of the above cases, the set of mazimal
integral manifolds forms a foliation of M.

Proof: In the proof of the theorem we shall use the Orbit Theorem for a certain class of
partially defined vector fields. Specifically, given a distribution D, we shall consider the
partially defined vector fields (X,U) where U C M is open and X € I'"(D|U). Thus the
class of partially defined vector fields is exactly the collection of local sections of the subsheaf
5. For this reason, we this family of partially defined vector fields simply by &g.

(i) First suppose that D is integrable. Let xyp € M and let S be the maximal integral
manifold through xy. Since every D-valued vector field is tangent to S since TS C D, it
follows that U C S for some neighbourhood U of xg in the orbit topology. Thus TU C TS.
Moreover, if z € U and if v, € T,S = D, then let X € G5(U) be such that v, = X(z)
(recalling Theorem 5.1 if 7 = oo or Theorem 5.2 if r = w). Then, since ®;X(z) € U C
Orb(z, %5) for t sufficiently small, it follows that X(z) = v, € T,U. That is to say,
for z € U, T,S C T, Orb(xp,%y). Thus T,S = T, Orb(zg, &) since we obviously have
T, Orb(z0, G35) C T,S. Since L(®)(€}), C T, Orb(zg, %5) by Theorem 7.18, it follows that
L(>) (), = Dy, so D is involutive.

(ii) Conversely, suppose that D is involutive and that &7 is locally finitely generated.
Involutivity of D implies that if X, Y € I'"(D|U) for some open set U C M, then [X,Y](x) €
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D, for every x € U. Thus [X,Y] € I'"(D|U) and so &J is an involutive subsheaf. Since
FR)N(GE) = G5, it follows that F () (%) is locally finitely generated. Therefore, by
Theorem 7.21, T, Orb(z,%75) = D, for every x € M. Thus Orb(z,%]) is an integral
manifold for D through x.

(iii) By Theorem 6.7 and involutivity of &, L(>)(F) = L(>)(%7). This part of the
result then follows from part (ii).

Parts (iv) and (v) follow from Theorem 4.9 and Theorem 4.10, respectively.

Now we verify the final assertion of the theorem. Disjointness of the orbits ensures
that the orbits are maximal integral manifolds, and moreover shows that the maximal
integral manifolds form a partition of M. That this partition is a foliation follows since
local generators for D will satisfy part (b) in the definition of a foliation. [ |

Example 8.3 shows that part (i) of the proceeding theorem is not generally true for
subsheaves; that is, it may be the case that an integrable locally finitely generated subsheaf
may not be involutive. Note that Example 8.5-3 shows that any attempt to relax the
constant rank condition in the C'*°-case will be met with failure in general. Let us clarify
this.

8.7 Example: (Failure of the converse of Frobenius’s Theorem in the smooth
case) We consider the vector fields

Xi(r1,22) = 57—, Xo(z1,22) = f(fﬂl)éT]U2

on R?, where

—1/x? R
f(.f[]) _ {e y X € >0,

0, WS ]Rgo.

As we have seen in Example 8.5-3, the distribution D generated by (X7, X») is not integrable
since there is no integral manifold for D passing through the points of the form (0, z2),
x9 € R. We claim that D is involutive. To see this, suppose that X,Y € I'>°(D) and write

0 0 0 0
X =ax— + Bx— Y—ay—+ﬂy8$

8 8932 0 T1 2

for smooth functions ax, ay, fx, and Sy. Then compute

(X, Y](x1,20) = <8aX dax o ay _ Oday >8

8.7)1 ay + 833‘2 ﬂy X 81‘1 B @.7}2 6$1

_< 0By L 0Bx aﬁxﬂ +/BX35Y> 0

Y .
8 T 8$1 B:EQ
We consider three cases.

1. z1 € R<g: Here, in some neighbourhood of (x1, a:g) Bx and By are zero. In this case,
in this neighbourhood [X, Y] is collinear with 57— and so [X,Y](21,22) € Dy 4,)-

2. 21 = 0: In this case, the requirement that X and Y are D-valued implies that

Bx (w1, x2) = Py (x1,22) = 0, 88%1((361,@) = (Zi);(xlal?) =0.
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Thus, in this case we again have [X,Y](x1,22) collinear with 6%1’ and so
[Xv Y](xl’xQ) € D(ml,IZ)'

3. 71 € R5o: Here we obviously have [X, Y](x1,22) € D(y, 4, since Dy, 4,) = T(ml,m)]R2
when 1 € Ryg.

This gives the desired involutivity of D. °
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