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Abstract

Just as an explicit parameterisation of system dynamics by state, i.e., a choice of
coordinates, can impede the identification of general structure, so it is too with an ex-
plicit parameterisation of system dynamics by control. However, such explicit and fixed
parameterisation by control is commonplace in control theory, leading to definitions,
methodologies, and results that depend in unexpected ways on control parameterisation.
In this paper a framework is presented for modelling systems in geometric control theory
in a manner that does not make any choice of parameterisation by control; the systems
are called “tautological control systems.” For the framework to be coherent, it relies in
a fundamental way on topologies for spaces of vector fields. As such, classes of systems
are considered possessing a variety of degrees of regularity: finitely differentiable; Lip-
schitz; smooth; real analytic. In each case, explicit geometric seminorms are provided
for the topologies of spaces of vector fields that enable straightforward descriptions of
time-varying vector fields and control systems. As part of the development, theorems
are proved for regular (including real analytic) dependence on initial conditions of flows
of vector fields depending measurably on time. Classes of “ordinary” control systems
are characterised that interact with the regularity under consideration in a comprehen-
sive way. In this framework, for example, the statement that “a smooth or real analytic
control-affine system is a smooth or real analytic control system” becomes a theorem.
Correspondences between ordinary control systems and tautological control systems are
carefully examined, and trajectory correspondence between the two classes is proved
for control-affine systems and for systems with general control dependence when the
control set is compact.
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1. Introduction

One can study nonlinear control theory from the point of view of applications, or from
a more fundamental point of view, where system structure is a key element. From the
practical point of view, questions that arise are often of the form, “How can we...”, for
example, “How can we steer a system from point A to point B?” or, “How can we stabilise
this unstable equilibrium point?” or, “How can we manoeuvre this vehicle in the most
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efficient manner?” From a fundamental point of view, the problems are often of a more
existential nature, with, “How can we” replaced with, “Can we”. These existential questions
are often very difficult to answer in any sort of generality.

As one thinks about these fundamental existential questions and looks into the quite
extensive existing literature, one comes to understand that the question, “What is a control
system?” is one whose answer must be decided upon with some care. One also begins to
understand that structure coming from common physical models can be an impediment to
general understanding. For example, in a real physical model, states are typically physical
quantities of interest, e.g., position, current, quantity of reactant X, and so the explicit
labelling of these is natural. This labelling amounts to a specific choice of coordinates, and
it is now well understood that such specific choices of coordinates obfuscate structure, and
so are to be avoided in any general treatment. In like manner, in a real physical model,
controls are likely to have meaning that one would like to keep track of, e.g., force, voltage,
flow. The maintenance of these labels in a model provides a specific parameterisation of the
inputs to the system, completely akin to providing a specific coordinate parameterisation
for states. However, while specific coordinate parameterisations have come (by many) to
be understood as a bad idea in a general treatment, this is not the case for specific control
parameterisations; models with fixed control parameterisation are commonplace in control
theory. In contrast to the situation with dependence of state on parameterisation, the
problem of eliminating dependence of control on parameterisation is not straightforward. In
our discussion below we shall overview some of the common models for control systems, and
some ways within these modelling frameworks for overcoming the problem of dependence on
control parameterisation. As we shall see, the common models all have some disadvantage or
other that must be confronted when using these models. In this paper we provide a means for
eliminating explicit parameterisation of controls that, we believe, overcomes the problems
with existing techniques. Our idea has some of its origins in the work on “chronological
calculus” of Agrachev and Gamkrelidze [1978] (see also [Agrachev and Sachkov 2004]), but
the approach we describe here is more general (in ways that we will describe below) and
more fully developed as concerns its relationship to control theory (chronological calculus
is primarily a device for understanding time-varying vector fields and flows). There are
some ideas similar to ours in the approach of Sussmann [1998], but there are also some
important differences, e.g., our families of vector fields are time-invariant (corresponding to
vector fields with frozen control values) while Sussmann considers families of time-varying
vector fields (corresponding to selecting an open-loop control). Also, the work of Sussmann
does not touch on real analytic systems.

We are interested in models described by ordinary differential equations whose states
are in a finite-dimensional manifold. Even within this quite narrow class of control systems,
there is a lot of room to vary the models one might consider. Let us now give a brief outline
of the sorts of models and methodologies of this type that are commonly present in the
literature.

1.1. Models for geometric control systems: pros and cons. By this time, it is well-
understood that the language of systems such as we are considering should be founded in
differential geometry and vector fields on manifolds [Agrachev and Sachkov 2004, Bloch
2003, Bullo and Lewis 2004, Isidori 1995, Jurdjevic 1997, Nijmeijer and van der Schaft
1990]. This general principle can go in many directions, so let us discuss a few of these.
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Our presentation here is quite vague and not very careful. In the main body of the paper,
we will be less vague and more careful.

Family of vector field models. Given that manifolds and vector fields are important, a first
idea of what might comprise a control system is that it is a family of vector fields. For these
models, trajectories are concatenations of integral curves of vector fields from the family.
This is the model used in the development of the theory of accessibility of Sussmann and
Jurdjevic [1972] and in the early work of Sussmann [1978] on local controllability. The work
of Hermann and Krener [1977], while taking place in the setting of systems parameterised
by control (such as we shall discuss in Section 1.1), uses the machinery of families of vector
fields to study controllability and observability of nonlinear systems. Indeed, a good deal
of the early work in control theory is developed in this sort of framework, and it is more
or less sufficient when dealing with questions where piecewise constant controls are ample
enough to handle the problems of interest. The theory is also highly satisfying in that it is
very differential geometric, and the work utilising this approach is often characterised by a
certain elegance.

However, the approach does have the drawback of not handling well some of the more
important problems of control theory, such as feedback (where controls are specified as
functions of state) and optimal control (where piecewise constant controls are often not a
sufficiently rich class [cf. Fuller 1960]).

It is worth mentioning at this early stage in our presentation that one of the ingredients
of our approach is a sort of fusion of the “family of vector fields” approach with the more
common control parameterisation approach to whose description we now turn.

Models with control as a parameter. Given the limitations of the “family of vector fields”
models for physical applications and also for a theory where merely measurable controls are
needed, one feels as if one has to have the control as a parameter in the model, a parameter
that one can vary in a quite general manner. These sorts of models are typically described
by differential equations of the form

where t — wu(t) is the control and ¢ — x(t) is a corresponding trajectory. For us, the
trajectory is a curve on a differentiable manifold M, but there can be some freedom in
attributing properties to the control set € in which u takes its values, and on the properties
of the system dynamics F. (In Section 7 we describe classes of such models in differential
geometric terms.) This sort of model is virtually synonymous with “nonlinear control
system” in the existing control literature. A common class of systems that are studied are
control-affine systems, where

k
Fla,u) = fola) + 3 ufula),

for vector fields fo, f1, ..., fr on M, and where the control u takes values in a subset of R¥.
For control-affine systems, there is an extensively developed theory of controllability based
on free Lie algebras [Bianchini and Stefani 1993, Kawski 1990a, Kawski 1999, Kawski 2006,



6 S. JAFARPOUR AND A. D. LEWIS

Sussmann 1983, Sussmann 1987]. We will see in Section 7.3 that control-affine systems fit
into our framework in a particularly satisfying way.

The above general model, and in particular the control-affine special case, are all exam-
ples where there is an explicit parameterisation of the control set, i.e., the control u lives in
a particular set and the dynamics F' is determined to depend on w in some particular way.
It could certainly be the case, for instance, that one could have two different systems

2(t) = Fi(x(t), wmi(t), &(t) = Fo(z(t), uz(t))

with exactly the same trajectories. This has led to an understanding that one should study
equivalence classes of systems. A little precisely, if one has two systems

i1(t) = Fi(z1(t),ua(t)), d2(t) = Fa(z2(t), ua(t)),

with z4(t) € Mg and uy(t) € Cq, a € {1,2}, then there may exist a diffeomorphism ®: M; —
My and a mapping k: M; x € — Gy (with some sort of regularity that we will not bother
to mention) such that

1. Ty, ® o Fi(z1,u1) = Fo(®(z1), k(x1,u1)) and

2. the trajectories t — x1(t) for the first system are in 1-1 correspondence with those of
the second system by t + ® o 27 (¢).!

Let us say a few words about this sort of “feedback equivalence.” One can imagine it being
useful in at least two ways.

1. First of all, one might use it as a kind of “acid test” on the viability of a control
theoretic construction. That is, a control theoretic construction should make sense,
not just for a system, but for the equivalence class of that system. This is somewhat
akin to asking that constructions in differential geometry should be independent of
coordinates. Indeed, in older presentations of differential geometry, this was often how
constructions were defined: they were given in coordinates, and then demonstrated
to behave properly under changes of coordinate. We shall illustrate in Example 1.1
below that many common constructions in control theory do not pass the “acid test”
for viability as feedback-invariant constructions.

2. Feedback equivalence is also a device for classifying control systems, the prototypical
example being “feedback linearisation,” the determination of those systems that are
linear systems in disguise [Jakubczyk and Respondek 1980]. In differential geometry,
this is akin to the classification of geometric structures on manifolds, e.g., Riemannian,
symplectic, etc.

In Section 8.7 we shall consider a natural notion of equivalence for systems of the sort

we are introducing in this paper, and we will show that “feedback transformations” are

vacuous in that they amount to being described by mappings between manifolds. This is
good news, since the whole point of our framework is to eliminate control parameterisation
from the picture and so eliminate the need for considering the effects of varying this param-
eterisation, cf. “coordinate-free” versus “coordinate-independent” in differential geometry.

We understand that there are many ways of formulating system equivalence. But here we are content
to be, not only vague, but far from comprehensive.
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Thus the first of the preceding uses of feedback transformations simply does not come up
for us: our framework is naturally feedback-invariant. The second use of feedback transfor-
mations, as will be seen in Section 8.7, amounts to the classification of families of vector
fields under push-forward by diffeomorphisms. This is generally a completely hopeless un-
dertaking, so we will have nothing to say about this. Studying this under severe restrictions
using, for example, (1) the Cartan method of equivalence [e.g., Bryant and Gardner 1995,
Gardner 1989], (2) the method of generalised transformations [e.g., Kang and Krener 1992,
Kang and Krener 2006], (3) the study of singularities of vector fields and distributions [e.g.,
Jakubczyk and Respondek 1980, Pasillas-Lépine and Respondek 2002], one might expect
that some results are possible.

Let us consider an example that shows how a classical control-theoretic construction, lin-
earisation, is not invariant under even the very weak notion of equivalence where equivalent
systems are those with the same trajectories.

1.1 Example: (Linearisation is not well-defined) We consider two control-affine sys-

tems
@1 (t) = x2(t), o1(t) = z2(2),
wz(t) = z3(t)ur(t), Eo(t) = x3(t) + z3(t)ur (),
E3(t) = ua(t), o3(t) = ua(t),

with (z1,22,23) € R3 and (uy,u3) € R?  One can readily verify that these two sys-
tems have the same trajectories. If we linearise these two systems about the equilibrium
point at (0,0,0)—in the usual sense of taking Jacobians with respect to state and con-
trol [Isidori 1995, page 172], [Khalil 2001, §12.2], [Nijmeijer and van der Schaft 1990,
Proposition 3.3|, [Sastry 1999, page 236], and [Sontag 1998, Definition 2.7.14]—then we
get the two linear systems

010 00 010 0 0
A =10 0 0|, Bi=|0 0|, As=10 0 1|, Bo=10 0,
000 0 1 00 0 0 1

respectively. The linearisation on the left is not controllable, while that on the right is.
The example suggests that (1) classical linearisation is not independent of parameteri-
sation of controls and/or (2) the classical notion of linear controllability is not independent
of parameterisation of controls. We shall see in Section 9.5 that both things, in fact, are
true: neither classical linearisation nor the classical linear controllability test are feedback-
invariant. This may come as a surprise to some. °

This example has been particularly chosen to provide probably the simplest illustration
of the phenomenon of lack of feedback-invariance of common control theoretic constructions.
Therefore, it should not be a surprise that an astute reader will notice that linearising the
“uncontrollable” system about the control (1,0) rather than the control (0,0) will square
things away as concerns the discrepancy between the two linearisations. But after doing this,
the questions of, “What are the proper definitions of linearisation and linear controllabil-
ity?” still remain. Moreover, one might expect that as one moves to constructions in control
theory more advanced than mere linearisation, the dependence of these constructions on the
parameterisation of controls becomes more pronounced. Thus the likelihood that a sophis-
ticated construction, made using a specific control parameterisation, is feedback-invariant
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is quite small, and in any case would need proof to verify that it is. Such verification is
not typically part of the standard development of methodologies in control theory. There
are at least three reasons for this: (1) the importance of feedback-invariance is not univer-
sally recognised; (2) such verifications are generally extremely difficult, nearly impossible,
in fact; (3) most methodologies will fail the verification, so it is hardly flattering to one’s
methodology to point this out. Some discussion of this is made by Lewis [2012].

But the bottom line is that our framework simply eliminates the need for any of this
sort of verification. As long as one remains within the framework, feedback-invariance is
guaranteed. One of the central goals of the paper is to provide the means by which one
does not have to leave the framework to get things done. As we shall see, certain technical
difficulties have to be overcome to achieve this.

Fibred manifold models. As we have tried to make clear in the discussion just preceding,
the standard model for control theory has the unpleasant attribute of depending on param-
eterisation of controls. A natural idea to overcome this unwanted dependence is to do with
controls as one does with states: regard them as taking values in a differentiable manifold.
Moreover, the manner in which control enters the model should also be handled in an in-
trinsic manner. This leads to the “fibred manifold” picture of a control system which, as
far as we can tell, originated in the papers of Brockett [1977] and Willems [1979], and was
further developed by Nijmeijer and van der Schaft [1982]. This idea has been picked up on
by many researchers in geometric control theory, and we point to the papers [Barbero-Lindn
and Munoz-Lecanda 2009, Bus 1984, Delgado-Téllez and Ibort 2003, Langerock 2003] as
illustrative examples.

The basic idea is this. A control system is modelled by a fibred manifold 7: C — M and
a bundle map F': C — TM over idy:

One says that F' is “a vector field over the bundle map w.” Trajectories are then curves

t — x(t) in M satisfying @(t) = F'(u(t)) for some ¢ — u(t) satisfying x(t) = mou(t). When
it is applicable, this is an elegant and profitable model for control theory. For example, for
control models that arise in problems of differential geometry or the calculus of variations,
this can be a useful model.

The difficulty with the model is that it is not always applicable, especially in physical
system models. The problem that arises is the strong regularity of the control set and,
implicitly, the controls: C is a manifold so it is naturally the codomain for smooth curves.
In practice, control sets in physical models are seldom manifolds, as bounds on controls lead
to boundaries of the control set. Moreover, the boundary sets are seldom smooth. Also, as
we have mentioned above, controls cannot be restricted to be smooth or piecewise smooth;
natural classes of controls are typically merely measurable. These matters become vital in
optimal control theory where bounds on control sets lead to bang-bang extremals. When
these considerations are overlaid on the fibred manifold picture, it becomes considerably less
appealing and indeed problematic. One might try to patch up the model by generalising
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the structure, but at some point it ceases to be worthwhile; the framework is simply not
well suited to certain problems of control theory.

Differential inclusion models. Another way to eliminate the control dependence seen in the
models with fixed control parameterisation is to instead work with differential inclusions. A
differential inclusion, roughly (we will be precise about differential inclusions in Section 7.4),
assigns to each z € M a subset Z'(x) C T,M, and trajectories are curves ¢t — x(t) satisfying
#(t) € Z(x(t)). There is a well-developed theory for differential inclusions, and we refer to
the literature for what is known, e.g., [Aubin and Cellina 1984, Filippov 1988, Smirnov 2002].
There are many appealing aspects to differential inclusions as far as our objectives here are
concerned. In particular, differential inclusions do away with the explicit parameterisations
of the admissible tangent vectors at a state x € M by simply prescribing this set of admissible
tangent vectors with no additional structure. Moreover, differential inclusions generalise the
control-parameterised systems described above. Indeed, given such a control-parameterised
system with dynamics F', we associate the differential inclusion

X (x) ={F(x,u) | uecC}.

The trouble with differential inclusions is that their theory is quite difficult to understand if
one just starts with differential inclusions coming “out of the blue.” Indeed, it is immediately
clear that one needs some sort of conditions on a differential inclusion to ensure that trajec-
tories exist. Such conditions normally come in the form of some combination of compact-
ness, convexity, and semicontinuity. However, the differential inclusions that arise in control
theory are highly structured; certainly they are more regular than merely semicontinuous
and they automatically possess many trajectories. Moreover, it is not clear how to develop
an independent theory of differential inclusions, i.e., one not making reference to standard
models for control theory, that captures the desired structure (in Example 8.13—4 we suggest
a natural way of characterising a class of differential inclusions useful in geometric control
theory). Also, differential inclusions do not themselves, i.e., without additional structure,
capture the notion of a flow that is often helpful in the standard control-parameterised
models, e.g., in the Maximum Principle of optimal control theory, cf. [Sussmann 2002].
However, differential inclusions are a useful tool for studying trajectories, and we include
them in our development of our new framework in Section 8.

The “behavioural” approach. Starting with a series of papers [Willems 1986a, Willems
1986b, Willems 1987] and the often cited review [Willems 1991], Willems provides a frame-
work for studying system theory, with an emphasis on linear systems. The idea in this
approach is to provide a framework for dynamical systems as subsets of general functions of
generalised time taking values in a set. The framework is also intended to provide a mathe-
matical notion of interconnection as relations in a set. In this framework, the most general
formulation is quite featureless, i.e., maps between sets and relations in sets. With this
level of generality, the basic questions have a computer science flavour to them, in terms of
formal languages. When one comes to making things more concrete, say by making the time-
domain an interval in R for continuous-time systems, one ends up with differential-algebraic
equations describing the behaviours and relations. For the most part, these ideas seem to
have been only reasonably fully developed for linear models [Polderman and Willems 1998];
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we are not aware of substantial work on nonlinear systems in the behavioural approach. It
is also the case that the considerations of feedback-invariance, such as we discuss above, are
not a part of the current landscape in behavioural models, although this is possible within
the context of linear systems, cf. the beautiful book of [Wonham 1985].

Thus, while there are some idealogical similarities with our objectives and those of the
behavioural approach, our thinking in this paper is in a quite specific and complementary
direction to the existing work on the behavioural point of view.

1.2. Attributes of a modelling framework for geometric control systems. The preceding
sections are meant to illustrate some standard frameworks for modelling control systems
and the motivation for consideration of these, as well as pointing out their limitations. If
one is going to propose a modelling framework, it is important to understand a priori just
what it is that one hopes to be able to do in this framework. Here is a list of possible
criteria, criteria that we propose to satisfy in our framework.

1. Models should provide for control parameterisation-independent constructions as dis-
cussed above.

2. We believe that being able to handle real analytic systems is essential to a useful theory.
In practice, any smooth control system is also real analytic, and one wants to be able
to make use of real analyticity to both strengthen conclusions, e.g., the real analytic
version of Frobenius’s Theorem [Nagano 1966], and to weaken hypotheses, e.g., the in-
finitesimal characterisation of invariant distributions [e.g., Agrachev and Sachkov 2004,
Lemma 5.2].

3. The framework should be able to handle regularity in an internally consistent man-
ner. This means, for example, that the conclusions should be consistent with hypothe-
ses, e.g., smooth hypotheses with continuous conclusions suggest that the framework
may not be perfectly natural or perfectly well-developed. The pursuit of this internal
consistency in the real analytic case contributes to many of the difficulties we encounter
in the paper.

4. The modelling framework should seamlessly deal with distinctions between local and
global. Many notions in control theory are highly localised, e.g., local controllability of
real analytic control systems. A satisfactory framework should include a systematic way
of dealing with constructions in control theory that are of an inherently local nature.
Moreover, the framework should allow a systematic means of understanding the passage
from local to global in cases where this is possible and/or interesting. As we shall see,
there are some simple instances of these phenomena that can easily go unnoticed if one
is not looking for them.

5. Our interest is in geometric control theory, as we believe this is the right framework
for studying nonlinear systems in general. A proper framework for geometric control
theory should make it natural to use the tools of differential geometry.

6. While (we believe that) differential geometric methods are essential in nonlinear control
theory, the quest for geometric elegance should not be carried out at the expense of a
useful theory.

1.3. An outline of the paper. Let us discuss briefly the contents of the paper.
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One of the essential elements of the paper is a characterisation of seminorms for the
various topologies we use. Our definitions of these seminorms unify the presentation of
the various degrees of regularity we consider—finitely differentiable, Lipschitz, smooth,
holomorphic, and real analytic—making it so that, after the seminorms are in place, these
various cases can be treated in very similar ways in many cases. The key to the construction
of the seminorms that we use is the use of connections to decompose jet bundles into direct
sums. In Section 2 we present these constructions. As we see in Section 5, in the real analytic
case, some careful estimates must be performed to ensure that the geometric seminorms we
use do, indeed, characterise the real analytic topology.

In Sections 3, 4, and 5 we describe topologies for spaces of finitely differentiable, Lip-
schitz, smooth, holomorphic, and real analytic vector fields. (While we do not have a per
se interest in holomorphic systems, holomorphic geometry has an important part to play
in real analytic geometry.) While these topologies are more or less classical in the smooth,
finitely differentiable, and holomorphic cases, in the real analytic case the description we
give is less well-known, and indeed many of our results here are new, or provide new and
useful ways of understanding existing results.

Time-varying vector fields feature prominently in geometric control theory. In Section 6
we review some notions concerning such vector fields and develop a few not quite standard
constructions and results for later use. In the smooth case, the ideas we present are probably
contained in the work of Agrachev and Gamkrelidze [1978] (see also [Agrachev and Sachkov
2004]), but our presentation of the real analytic case is novel. For this reason, we present a
rather complete treatment of the smooth case (with the finitely differentiable and Lipschitz
cases following along similar lines) so as to provide a context for the more complicated real
analytic case. We should point out that, even in the smooth case, we use properties of the
topology that are not normally called upon, and we see that it is these deeper properties that
really tie together the various regularity hypotheses we use. Indeed, what our presentation
reveals is the connection between the standard pointwise—in time and state—conditions
placed on time-varying vector fields and topological characterisations. This is, we believe,
a fulfilling way of understanding the meaning of the usual pointwise conditions.

In Section 7 we review quite precisely a fairly general standard modelling framework in
geometric control theory. While ultimately we wish to assert that there are some difficulties
with this framework, understanding it clearly will give us some context for what will be,
frankly, our rather abstract notion of a control system to follow. Also, we do wish to make
sure that our proposed model does indeed generalise this more concrete and standard no-
tion, so to prove this we need precise definitions. Additionally, as with time-varying vector
fields, we show how natural pointwise regularity conditions are equivalent to topological
characterisations of systems. Thus, while we do generalise the standard modelling frame-
work for control theory, in doing so we arrive at a deeper understanding of this framework.
For example, we introduce for the first time the notion of a “real analytic control system,”
which means that the real analytic structure is fully integrated into the structure of the con-
trol system; this is only made possible by understanding the topology for the space of real
analytic vector fields. As a result, seemingly tautological statements like, “A real analytic
control-affine system is a real analytic control system,” now are theorems in our framework.
Also, interestingly, we will show that, in many cases, our more general modelling framework
can be cast in the standard framework, albeit in a non-obvious way; see Example 8.10-2.

In Section 8 we provide our modelling framework for geometric control systems, defining
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what we shall call “tautological control systems.?” After developing the background needed,

we provide the definitions and then give the notion of a trajectory for these systems. We
also show that our framework includes the standard framework of Section 7 as a special
case. We carefully establish correspondences between our generalised models, the standard
models, and differential inclusion models. Included in this correspondence is a description
of the relationships between trajectories for these models. One feature of our framework
that will appear strange initially is our use of presheaves and sheaves. These are the devices
by which we can attempt to patch together local constructions to give global constructions.
We understand that the use of this language will seem unnecessarily complicated initially.
However, it will have its uses in the paper, e.g., our notion of transformations between
tautological control systems is based on a standard construction in sheaf theory, and we
will point out places where the reader may have unwittingly encountered some shadows of
sheaf theory, even in familiar places in control theory.

We study the linearisation of tautological control systems in Section 9. The theory
here has many satisfying elements attached to it. First of all, the framework naturally
suggests two sorts of linearisation, one with respect to a reference trajectory and another
with respect to a reference flow. This is an interesting distinction, and one that is, as far as
we know, hitherto not made clear in the literature. Also, of course, our theory comprehends
and rectifies the problems encountered in Example 1.1.

What is presented in this paper is the result of initial explorations of a modelling frame-
work for geometric control theory. We certainly have not fully fleshed out all parts of this
framework ourselves, despite the substantial length of the paper. In the closing section of
the paper, Section 10, we outline places where there is obvious further work to be done.

1.4. Summary of contributions. This is a long and complex paper with many results, some
significant, and some necessary for the foundations of the approach, but not necessarily sig-
nificant per se. In order to facilitate the reading of the paper, we highlight the contributions
that we feel are important. First we point out the more significant contributions.

1. The main contribution of the paper is the general feedback-invariant framework. This
main contribution has with it a few novel components.

(a) Our framework generalises the standard formulation and has some satisfying re-
lationships with the standard theory and the theory of differential inclusions; see
Proposition 8.11 and the trajectory equivalence results of Section 8.6. We conclude,
for example, that our generalised formulation agrees with the standard formula-
tion in two important cases: (i) for control-affine systems with arbitrary control sets
(Theorem 8.37); (ii) for systems depending generally on the control with compact
control sets (Theorem 8.35).

(b) The framework relies in an essential and nontrivial way on topologies for spaces of
vector fields. The full development of these topologies, and their integration into
a theory for control systems, is fully executed here for the first time.

(¢) The formulation uses the theory of presheaves and sheaves in an essential way.

2The terminology “tautological” arises from two different attributes of our framework. First of all, when
one makes the natural connection from our systems to standard control systems, we encounter the identity
map (Example 8.10-2). Second, in our framework we prove that the only pure feedback transformation is
the identity transformation (cf. Proposition 8.47).
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(d) Using a notion of morphism borrowed from sheaf theory, we prove that equiv-
alence for our systems is simply diffeomorphism equivalence of vector fields; see
Proposition 8.47. That is to say, we prove that our framework cannot involve any
“feedback transformation” in the usual sense.

2. We provide, for the first time, a comprehensive treatment of real analytic time-varying
vector fields and control systems. In particular,

(a) we provide a concrete, usable, geometric characterisation of the real analytic topol-
ogy by specifying a family of geometric seminorms (Theorem 5.5),

(b) we provide conditions that ensure that a real analytic vector field with measurable
time dependence will have a flow depending on initial conditions in a real analytic
manner (Theorem 6.26),

(¢) we provide conditions that ensure that trajectories for a real analytic control system
depend on initial conditions in a real analytic manner (Propositions 7.18 and 7.22),
and

(d) we show that real analytic vector fields depending measurably on time and/or
continuously on a parameter can often be extended to holomorphic vector fields
depending on time or parameter (Theorems 6.25 and 7.14).

The last three results rely, sometimes in highly nontrivial ways, on the properties of the
real analytic topology for vector fields.

¢

3. We fully develop various “weak” formulations of properties such as continuity, bound-
edness, measurability, and integrability for spaces of finitely differentiable, Lipschitz,
smooth, and real analytic vector fields. These weak formulations come in two forms,
one for evaluations of vector fields on functions by Lie differentiation, which we call the
“weak-Z” topology (see Theorems 3.5, 3.8, 3.14, and 5.8 and their corollaries), and one
for evaluations in time and space (see Theorems 6.4, 6.10, and 6.22). These results use
deep properties of the topologies for spaces of vector fields derived in Sections 3 and 5.
In the existing literature, these weak formulations are often used without reference to
their “strong” counterparts; here we make the (unsurprising, but sometimes nontrivial)
link explicit.

4. In Section 9 we provide a coherent theory for linearisation of systems in our framework.
The theory of linearisation that we develop is necessarily feedback-invariant, and as a
consequence reveals some interesting structure that has previously been hidden by the
standard treatment of linearisation which is not feedback-invariant, as we have seen in
Example 1.1.

Along the way to these substantial definitions and results, we uncover a few minor, but still
interesting, results and constructions.

5. We use to advantage some not entirely elementary geometric constructions to make
elegant coordinate-free proofs. Here are some instances of this.

(a) We provide a decomposition for jet bundles of sections of a vector bundle using
the theory of connections; see Lemma 2.1. This decomposition is used to pro-
vide a concrete and useful collection of seminorms for the finitely differentiable,
Lipschitz, and smooth compact-open topologies, and the real analytic topology.
Indeed, without these seminorms, our descriptions of these topologies would be
incomprehensible, as opposed to merely difficult as it already is in the real analytic
case.
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(b) We use our seminorms in an essential way to prove the equivalence of “weak-
&7 and “strong” versions of the finitely differentiable, Lipschitz, and smooth
compact-open topologies, and the real analytic topology for vector fields; see The-
orems 3.5, 3.8, 3.14, and 5.8.

(¢) These seminorms allow for relatively clean characterisations of the finitely differ-
entiable, Lipschitz, and smooth compact-open, and real analytic topologies for
vector fields on tangent bundles, using induced affine connections and Riemannian
metrics on tangent bundles. These constructions appear in the proofs concerning
linearisation; see Lemmata 9.2 and 9.7.

(d) The double vector bundle structure of the double tangent bundle TTM is used to
provide a slick justification of our definition of linearisation, culminating in the
formula (9.12).

6. We provide a “weak-%"” characterisation of the compact-open topology for holomorphic
vector fields on a Stein manifold; see Theorem 4.5.

1.5. Notation, conventions, and background. In this section we overview what is needed
to read the paper. We do use a lot of specialised material in essential ways, and we certainly
do not review this comprehensively. Instead, we simply provide a few facts, the notation
we shall use, and recommended sources. Throughout the paper we have tried to include
precise references to material needed so that a reader possessing enthusiasm and lacking
background can begin to chase down all of the ideas upon which we rely.

We shall use the slightly unconventional, but perfectly rational, notation of writing
A C B to denote set inclusion, and when we write A C B we mean that A C B and
A # B. By ids we denote the identity map on a set A. For a product [, ; X; of sets,
prj: [[;c; Xi — Xj is the projection onto the jth component. For a subset A C X, we
denote by x4 the characteristic function of A, i.e.,

(2) 1, x€A,
€Tr) =
XA 0, zd A

By card(A) we denote the cardinality of a set A. By &} we denote the symmetric group on
k symbols. We shall have occasion to talk about set-valued maps. If X and Y are sets and
® is a set-valued map from X to Y, i.e., ®(z) is a subset of Y, we shall write ®: X — Y.
By Z we denote the set of integers, with Z>( denoting the set of nonnegative integers and
Z~o denoting the set of positive integers. We denote by R and C the sets of real and
complex numbers. By IR>¢ we denote the set of nonnegative real numbers and by R~q the
set of positive real numbers. By R>g = R>o U {co} we denote the extended nonnegative
real numbers. By d;i, 7,k € {1,...,n}, we denote the Kronecker delta.

We shall use constructions from algebra and multilinear algebra, referring to [Hungerford
1980], [Bourbaki 1989a, Chapter III], and [Bourbaki 1990, §IV.5]. If F is a field (for us,
typically F € {RR,C}), if V is an F-vector space, and if A C V, by spang(A) we denote the
subspace generated by A. If F is a field and if U and V are F-vector spaces, by Homg(U; V)
we denote the set of linear maps from U to V. We denote Endr(V) = Homg(V;V) and
V* = Homg(V;F). If « € V* and v € V, we may sometimes denote by («;v) € F the natural
pairing. The k-fold tensor product of V with itself is denoted by T¥ (V). Thus, if V is
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finite-dimensional, we identify T*(V*) with the k-multilinear F-valued functions on V¥ by

1

(@ @a®)(v1,...,05) = al(v1) - F(up).

By Sk(V*) we denote the symmetric tensor algebra of degree k, which we identify with the
symmetric k-multilinear F-valued functions on V¥, or polynomial functions of homogeneous
degree k on V.

If G is an inner product on a R-vector space V, we denote by G e Homp (V;V*) the
associated mapping and by G* € Homg (V*; V) the inverse of G’ when it is invertible.

For a topological space X and A C X, int(A) denotes the interior of A and cl(A) denotes
the closure of A. Neighbourhoods will always be open sets. The support of a continuous
function f (or any other kind of object for which it makes sense to have a value “zero”) is
denoted by supp(f).

By B(r,xz) C R™ we denote the open ball of radius r and centre x. In like manner,
B(r,z) denotes the closed ball. If r € R~ and if # € F, F € {R,C}, we denote by

D(r,z) ={2' € F| |2/ — x| <7}
the disk of radius r centred at x. If » € R and if « € [F", we denote by
D(r,x) =D(r1,x1) x -+ x D(rp, )

the polydisk with radius = centred at . In like manner, D(r, ) denotes the closed polydisk.

Elements of F", F € {R,C}, are typically denoted with a bold font, e.g., “x.” The
standard basis for [F" is denoted by (ei,...,e,). By I, we denote the n x n identity
matrix. We denote by L(IR™;IR™) the set of linear maps from R™ to R™ (this is the
same as Hompg (R™;R™), of course, but the more compact notation is sometimes help-
ful). The invertible linear maps on R™ we denote by GL(n;R). By L(R™,...,R";R™)
we denote the set of multilinear mappings from H?zl R™ to R™. We abbreviate by
LF(R™; R™) the k-multilinear maps from (R"™)* to R™. We denote by LY _(R";R™)

sym
the set of symmetric k-multilinear maps from (R™)¥ to R™. With our notation above,
Lfym(IR"; R™) ~ S¥((R™)*) @ R™, but, again, we prefer the slightly more compact notation
in this special case.

If U € R™ is open and if ®: U — R™ is differentiable at € U, we denote its derivative
by D®(x). Higher-order derivatives, when they exist, are denoted by D"®(x), r being
the order of differentiation. We will also use the following partial derivative notation. Let
U; € R™ be open, j € {1,...,k}, and let ®: Uy x --- x U, — R™ be continuously
differentiable. The derivative of the map

Zj— (IZ‘(:BL(), cey Ly ,:Bk’o)

at x; o is denoted by D;®(x1,...,xk,0). Higher-order partial derivatives, when they exist,
are denoted by Dj®(x1,...,%k0), r being the order of differentiation. We recall that if
®: U — R™ is of class C*, k € Z~, then Dki’(m) is symmetric. We shall sometimes find
it convenient to use multi-index notation for derivatives. A multi-index with length n is
an element of Z%, i.e., an n-tuple I = (i1, ...,%,) of nonnegative integers. If ®: U — R™
is a smooth function, then we denote

D!'®(x) = D! - - Di»®(x).
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We will use the symbol |I| = i3 + -+ + iy, to denote the order of the derivative. Another
piece of multi-index notation we shall use is

I i in
a' =af'---ar,

for a € R" and I € ZZ,. Also, we denote I! =iq!---4,!.

If V is a R-vector space and if A C V, we denote by conv(A) the convex hull of A, by
which we mean the set of all convex combinations of elements of A.

Our differential geometric conventions mostly follow [Abraham, Marsden, and Ratiu
1988]. Whenever we write “manifold,” we mean “second-countable Hausdorff manifold.”
This implies, in particular, that manifolds are assumed to be metrisable [Abraham, Mars-
den, and Ratiu 1988, Corollary 5.5.13]. If we use the letter “n” without mentioning what
it is, it is the dimension of the connected component of the manifold M with which we are
working at that time. The tangent bundle of a manifold M is denoted by wtm: TM — M
and the cotangent bundle by mr«m: T*M — M. The derivative of a differentiable map
®: M — N is denoted by T®: TM — TN, with 7, ® = T®|T,M. If I C R is an interval
and if £: I — M is a curve that is differentiable at ¢ € I, we denote the tangent vector
field to the curve at ¢t by &'(t) = Tr£(1). We use the symbols ®* and ®, for pull-back and
push-forward. Precisely, if g is a function on N, ®*g = go ®, and if ® is a diffeomorphism,
if f is a function on M, if X is a vector field on M, and if Y is a vector field on N, we have
O, f =fod 1 X =TPoXod ! and ®*Y = TP oY o ®. The flow of a vector field
X is denoted by ®;¥, so t — ®;X(x) is the integral curve of X passing through z at ¢t = 0.
We shall also use time-varying vector fields, but will develop the notation for the flows of
these in the text.

If 7: E = M is a vector bundle, we denote the fibre over x € M by E, and we sometimes
denote by 0, the zero vector in E,. If S C M is a submanifold, we denote by E|S the
restriction of E to S which we regard as a vector bundle over S. The vertical subbundle
of E is the subbundle of TE defined by VE = ker(T'w). If G is a fibre metric on E, i.e., a
smooth assignment of an inner product to each of the fibres of E, then ||-||g denotes the
norm associated with the inner product on fibres. If 7: E — M is a vector bundle and if
®: N — M is a smooth map, then ®*7: ®*E — N denotes the pull-back of E to N [Kolar,
Michor, and Slovék 1993, §II1.9.5]. The dual of a vector bundle 7: E — M is denoted by
m: BE* — M.

Generally we will try hard to avoid coordinate computations. However, they are some-
times unavoidable and we will use the Einstein summation convention when it is convenient
to do so, but we will not do so slavishly.

We will work in both the smooth and real analytic categories, with occasional forays into
the holomorphic category. We will also work with finitely differentiable objects, i.e., objects
of class C" for r € Z>o. (We will also work with Lipschitz objects, but will develop the
notation for these in the text.) A good reference for basic real analytic analysis is [Krantz
and Parks 2002], but we will need ideas going beyond those from this text, or any other
text. Relatively recent work of e.g., [Domaniski 2012], [Vogt 2013], and [Domanski and Vogt
2000] has shed a great deal of light on real analytic analysis, and we shall take advantage
of this work. An analytic manifold or mapping will be said to be of class C*. Let
r € Z>oU{oo,w}. The set of mappings of class C" between manifolds M and N is denoted
by C"(M;N). We abbreviate C"(M) = C"(M;R). The set of sections of a vector bundle
m: E — M of class C" is denoted by I'"(E). Thus, in particular, I'"(TM) denotes the set
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of vector fields of class C". We shall think of I'"(E) as a R-vector space with the natural
pointwise addition and scalar multiplication operations. If f € C"(M), df € I'"(T*M)
denotes the differential of f. If X € I'"(TM) and f € C"(M), we denote the Lie derivative
of f with respect to X by Fxf.

We also work with holomorphic, i.e., complex analytic, manifolds and associated geo-
metric constructions; real analytic geometry, at some level, seems to unavoidably rely on
holomorphic geometry. A nice overview of holomorphic geometry, and some of its connec-
tions to real analytic geometry, is given in the book of Cieliebak and Eliashberg [2012].
There are many specialised texts on the subject of holomorphic geometry, including [De-
mailly 2012, Fritzsche and Grauert 2002, Gunning and Rossi 1965, Hérmander 1966] and
the three volumes of Gunning [1990a], Gunning [1990b], and Gunning [1990c|. For our
purposes, we shall just say the following things. By TM we denote the holomorphic tan-
gent bundle of M. This is the object which, in complex differential geometry, is commonly
denoted by THOM. For holomorphic manifolds M and N, we denote by CP°'(M;N) the set
of holomorphic mappings from M to N, by ChOI(I\/I) the set of holomorphic functions on M
(note that these functions are C-valued, not R-valued, of course), and by I'"°!(E) the space
of holomorphic sections of an holomorphic vector bundle 7: E — M. We shall use both the
natural C- and, by restriction, IR-vector space structures for Fh°1(E).

We will make use of the notion of a “Stein manifold.” For practical purposes, these
can be taken to be holomorphic manifolds admitting a proper holomorphic embedding in
complex Euclidean space.® Stein manifolds are characterised by having lots of holomorphic
functions, distinguishing them from general holomorphic manifolds, e.g., compact holomor-
phic manifolds whose only holomorphic functions are those that are locally constant. There
is a close connection between Stein manifolds and real analytic manifolds, and this explains
our interest in Stein manifolds. We shall point out these connections as they arise in the
text.

We shall occasionally make use of Cartan’s Theorems A and B for Stein manifolds and
real analytic manifolds; these are theorems about the cohomology of certain sheaves. In
the holomorphic case, the original source is [Cartan 1951-52], but there are many good
treatments in textbooks, including in [Taylor 2002]. For the real analytic case, the only
complete reference seems to be the original work of Cartan [1957], although the short book
of Guaraldo, Macri, and Tancredi [1986] is also helpful. In using these theorems (and
sometimes in other places where we use sheaves) we will use the following notation. Let
r € Z>oU{oo,w,hol} and let M be a smooth, real analytic, or holomorphic manifold, such
as is demanded by r. By %)) we denote the sheaf of functions of class C" and by €, the
set of germs of this sheaf at z € M. If 7: E - M is a C"-vector bundle, then & denotes
the sheaf of C"-sections of E with &) ¢ the set of germs at x. The germ of a function
(resp. section) at x will be denoted by [f]x (resp. [€]z).

We will make use of jet bundles, and a standard reference is [Saunders 1989]. Appropri-
ate sections of [Kolar, Michor, and Slovak 1993] (especially §12) are also useful. If 7: E — M
is a vector bundle and if k € Z>¢, we denote by J¥E the bundle of k-jets of E. For a section

3The equivalence of this to other characterisations of Stein manifolds is due to RR:55. A reader un-
familiar with holomorphic manifolds should note that, unlike in the smooth or real analytic cases, it is
not generally true that an holomorphic manifold can be embedded in complex Euclidean space, even af-
ter the usual elimination of topological pathologies such as non-paracompactness. For example, compact
holomorphic manifolds can never be holomorphically embedded in complex Euclidean space.
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¢ of E, we denote by j,¢ the corresponding section of J*E. The projection from J*E to J'E,
[ <k, is denoted by 7le. If M and N are manifolds, we denote by J¥(M;N) the bundle of &
jets of mappings from M to N. If ® € C*(M;N), jr® denotes its k-jet, which is a mapping
from M to J¥(M;N). In the proof of Theorem 6.6 we will briefly make use of jets of sections
of fibred manifolds. We shall introduce there the notation we require, and the reader can
refer to [Saunders 1989] to fill in the details.

We shall make use of connections, and refer to [Kolar, Michor, and Slovédk 1993, §11,
§17] for a comprehensive treatment of these, or to [Kobayashi and Nomizu 1963] for another
comprehensive treatment and an alternative point of view.

We shall make reference to elementary ideas from sheaf theory; indeed we have already
made reference to sheaves above. It will not be necessary to understand this theory deeply,
at least not in the present paper. In particular, a comprehensive understanding of sheaf
cohomology is not required, although, as indicated above, we do make use of Cartan’s
Theorems A and B in places. A nice introduction to the use of sheaves in smooth differential
geometry can be found in the book of Ramanan [2005]. More advanced and comprehensive
treatments include [Bredon 1997, Kashiwara and Schapira 1990], and the classic [Godement
1958]. The discussion of sheaf theory in (Stacks 2013) is also useful. For readers who are
expert in sheaf theory, we comment that our reasons for using sheaves are not always the
usual ones, so an adjustment of point of view may be required.

We shall make frequent and essential use of nontrivial facts about locally convex topo-
logical vector spaces, and refer to [Conway 1990, Grothendieck 1973, Horvath 1966, Jarchow
1981, Rudin 1991, Schaefer and Wolff 1999] for details. We shall also access the contem-
porary research literature on locally convex spaces, and will indicate this as we go along.
We shall denote by L(U;V) the set of continuous linear maps from a locally convex space
U to a locally convex space V. In particular, U’ is the topological dual of U, meaning
the continuous linear scalar-valued functions. We will break with the usual language one
sees in the theory of locally convex spaces and call what are commonly called “inductive”
and “projective” limits, instead “direct” and “inverse” limits, in keeping with the rest of
category theory.

By A we denote the Lebesgue measure on IR. We will talk about measurability of maps
taking values in topological spaces. If (T, #) is a measurable space and if X is a topological
space, a mapping ¥: T — X is Borel measurable if V=1(O0) € A for every open set
O C X. This is equivalent to requiring that W—!(B) € 4 for every Borel subset B C X.

One not completely standard topic we shall need to understand is integration of functions
with values in locally convex spaces. There are multiple theories here,* so let us outline what
we mean, following [Beckmann and Deitmar 2011]. We let (T,.Z, ) be a finite measure
space, let V be a locally convex topological vector space, and let ¥: T — V. Measurability
of U is Borel measurability mentioned above, and we note that there are other forms of
measurability that arise for locally convex spaces (the comment made in footnote 4 applies
to these multiple notions of measurability as well). The notion of the integral we use
is the Bochner integral. This is well understood for Banach spaces [Diestel and Uhl,
Jr. 1977] and is often mentioned in an offhand manner as being “the same” for locally
convex spaces [e.g., Schaefer and Wolff 1999, page 96]. A detailed textbook treatment does

“Most of the theories of integration in locally convex spaces coincide for the sorts of locally convex spaces
we deal with.
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not appear to exist, but fortunately this has been worked out in the note of [Beckmann
and Deitmar 2011], to which we shall refer for details as needed. One has a notion of
simple functions, meaning functions that are finite linear combinations, with coefficients
in V, of characteristic functions of measurable sets. The integral of a simple function

L .
[odu=3uta,
T =

in the usual manner. A measurable function ¥ is Bochner approximable if it can be
approximated with respect to any continuous seminorm by a net of simple functions. A
Bochner approximable function ¥ is Bochner integrable if there is a net of simple func-
tions approximating ¥ whose integrals converge in V to a unique value, which is called the
integral of V. If V is separable and complete, as will be the case for us in this paper, then
a measurable function ¥: T — V is Bochner integrable if and only if

/po\I/du<oo
T

for every continuous seminorm p on V [Beckmann and Deitmar 2011, Theorems 3.2 and 3.3].
This construction of the integral clearly agrees with the standard construction of the
Lebesgue integral for functions taking values in R or C (or any finite-dimensional vec-
tor space over R or C, for that matter). If A C V, by L}(7;A) we denote the space of
Bochner integrable functions with values in A. The space L(T;V) is itself a locally convex
topological vector space with topology defined by the seminorms

mmzémww,

where p is a continuous seminorm for V [Schaefer and Wolff 1999, page 96]. In the case where
T = I is an interval in R, Llloc(] ; A) denotes the set of locally integrable functions, i.e., those
functions whose restriction to any compact subinterval is integrable.

While it does not generally make sense to talk about integrability of measurable func-
tions with values in a topological space, one can sensibly talk about essentially bounded
functions. This means that one needs a notion of boundedness, this being supplied by
a “bornology.”® Bornologies are less popular than topologies, but a treatment in some
generality can be found in [Hogbe-Nlend 1977]. There are two bornologies we consider in
this paper. One is the compact bornology for a topological space X whose bounded sets
are the relatively compact sets. The other is the von Neumann bornology for a locally
convex topological vector space V whose bounded sets are those subsets B C V for which,
for any neighbourhood N of 0 € V, there exists A € Rsg such that B C AN. On any
locally convex topological vector space we thus have these two bornologies, and generally
they are not the same. Indeed, if V is an infinite-dimensional normed vector space, then
the compact bornology is strictly contained in the von Neumann bornology. We will, in

5A bornology on a set 8 is a family % of subsets of 8, called bounded sets, and satisfying the axioms:
1. 8 is covered by bounded sets, i.e., § = UgcgB;
2. subsets of bounded sets are bounded, i.e., if B € & and if A C B, then A € &;
3. finite unions of bounded sets are bounded, i.e., if B1,..., By € %, then U?lej € A.
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fact, have occasion to use both of these bornologies, and shall make it clear which we mean.
Now, if (T, A, 1) is a measure space and if (X, &) is a bornological space, i.e., a set X with
a bornology 9, a measurable map ¥: T — X is essentially bounded if there exists a
bounded set B C X such that

u({teT| U(t) ¢ BY) =0,

By L*°(7;X) we denote the set of essentially bounded maps. If T = I is an interval in
R, a measurable map ¥: I — X is locally essentially bounded in the bornology % if
U|J is essentially bounded in the bornology A for every compact subinterval J C I. By

i (I; X) we denote the set of locally essentially bounded maps; thus the bornology is to
be understood when we write expressions such as this.

Apologia. This is a paper about differential geometric control theory. It is, therefore, a
paper touching upon two things, (1) differential geometry and (2) control theory.

It is our view that differential geometry is the language of nonlinear control theory. As
such, our attitude toward the differential geometric aspects of what we do is unflinching in
that our presentation relies, sometimes in nontrivial ways, on all of the tools of a differential
geometer, including some that are not always a part of the nonlinear control theoretician’s
tool box, e.g., jet bundles, connections, locally convex topologies. In this paper, apart from
presenting a new framework for control theory, we also hope to illustrate the value of differ-
ential geometric tools in analysing these systems, and, for that matter, any sort of geometric
model in control theory. We have, therefore, eschewed the use of coordinates wherever pos-
sible, since it is our opinion that unfettered coordinate calculations are dangerous; they can
lead one astray if one forgets for too long the necessity of developing definitions and results
that do not depend on specific choices of coordinates. Also, overuse of coordinates has a
tendency to mask structure, and it is structure that we are emphasising in this paper. We
accept that our approach will make the paper difficult reading for some.

This is also a paper about control theory. And, as such, we wish to make the paper
as faithful to the discipline as possible, within the confines of what we are doing. We
are certainly not including in our modelling all of the elements that would be demanded
by a practicing control engineer, e.g., no uncertainty, no robustness, no adaptive control,
etc. And we are only considering our very limited class of models with ordinary differential
equations on finite-dimensional manifolds, e.g., no partial differential equations, no discrete-
time systems, no hybrid systems, etc. However, with respect to those elements of control
theory that we do touch upon, we have tried to be sincere in making a framework that
captures what one is likely to encounter in practice. This means, for example, that we
assiduously refrain from imposing geometric structure that is not natural from the point of
view of control theory. This tends to be a weakness of some purely differential geometric
approaches to control theory, and it is a weakness that we have avoided duplicating.
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in the Department of Mathematics at University of Hawaii, Manoa, when the paper was
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2. Fibre metrics for jet bundles

One of the principal devices we use in the paper are convenient seminorms for the
various topologies we use for spaces of sections of vector bundles. Since such topologies rely
on placing suitable norms on derivatives of sections, i.e., on jet bundles of vector bundles, in
this section we present a means for defining such norms, using as our starting point a pair
of connections, one for the base manifold, and one for the vector bundle. These allow us
to provide a direct sum decomposition of the jet bundle into its component “derivatives,”
and so then a natural means of defining a fibre metric for jet bundles using metrics on the
tangent bundle of the base manifold and the fibres of the vector bundle.

As we shall see, in the smooth case, these constructions are a convenience, whereas
in the real analytic case, they provide a crucial ingredient in our global, coordinate-free
description of seminorms for the topology of the space of real analytic sections of a vector
bundle. For this reason, in this section we shall also consider the existence of, and some
properties of, real analytic connections in vector bundles.

2.1. A decomposition for the jet bundles of a vector bundle. We let 7: E — M be a

smooth vector bundle with m,,: J?"E — M its mth jet bundle. In a local trivialisation of

J™E, the fibres of this vector bundle are
oLl

Sym

(R™; R¥),

with n the dimension of M and k the fibre dimension of E. This decomposition of the
derivatives, order-by-order, that we see in the local trivialisation has no global analogue,
but such a decomposition can be provided with the use of connections, and we describe how
to do this.

We suppose that we have a linear connection VY on the vector bundle E and an affine
connection V on M. We then have a connection, that we also denote by V, on T*M defined
by

FHr(o; X) = (Vya; X) + (o; Vy X).

For ¢ € T*°(E) we then have V¢ € T™°(T*M ® E) defined by V%(X) = V4¢ for X €
['>°(TM). The connections V° and V extend naturally to a connection, that we denote by
V™ on T™(T*M) ® E, m € Z~q, by the requirement that

V' ® - ®a™®E)

=N (@@ ®(Vxa)® - ®am &) +al @2 a™ @ (ViE)
j=1

for al,... ™ € I°(T*M) and ¢ € I'°(E). Note that

vime & gm(gmlo o (VYY) e T°(T™H(T*M) @ E). (2.1)



22 S. JAFARPOUR AND A. D. LEWIS

Now, given & € I'°(E) and m € Z>, we define

PZE6(E) = Symy, 4 @ide(VIME) € T(S™H(T*M) ® E),

where Sym,,: T™(V) — S™(V) is defined by
1
Sym,,(v1 ® -+ @ vp) = ooy Z V(1) @ -+ @ Vg(m)-

We take the convention that P%,vo &) =¢.

The following lemma is then key for our presentation. While this lemma exists in
the literature in various forms, often in the form of results concerning the extension of
connections by “bundle functors” [e.g., Kolaf, Michor, and Slovédk 1993, Chapter X], we
were unable to find the succinct statement we give here. Pohl [1966] gives existential results
dual to what we give here, but stops short of giving an explicit formula such as we give
below. For this reason, we give a complete proof of the lemma.

2.1 Lemma: (Decomposition of jet bundles) The map
T go: JE = &0 (S/(T*M) ® E)
Jmé(x) = (E(2), Py go () (@), ., Pggo(€)(@))
is an isomorphism of vector bundles, and, for each m € Z~g, the diagram

Sm+1

JmHE 2T gmil(ST(T*M) © E)

1 1
ot L iprﬁJr

v,v0

m+1

mTh is the obvious projection, stripping off the last component of the

commutes, where pr
direct sum.

Proof: We prove the result by induction on m. For m = 0 the result is a tautology. For
m = 1, as in [Koldr, Michor, and Slovdk 1993, §17.1], we have a vector bundle mapping
Sgo: E — J'E over idy that determines the connection VY by

VO%(2) = ji&(z) — Syo(€()). (2.2)

Let us show that S$ o is well-defined. Thus let &, 7 € T°°(E) be such that j1&(z) = jin(z).
Then, clearly, £(z) = n(x), and the formula (2.2) shows that V&(z) = Vn(z), and so

5’% vo is indeed well defined. It is clearly linear on fibres, so it remains to show that it is

an isomorphism. This will follow from dimension counting if it is injective. However, if
S%VO (j1€(x)) = 0 then j1&(z) = 0 by (2.2).

For the induction step, we begin with a sublemma.
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1 Sublemma: Let F be a field and consider the following commutative diagram of finite-
dimensional F-vector spaces with exact rows and columns:

0 0 0
0 N 0
V_/ V———/
pP1 Y1

a'1<lq iLQ
0 Ay -2 Co 2B 0
v
P2 Y2

If there exists a mapping v2 € Homg(B; Ca) such that ooy = idg (with pa € Homg(Ca; Ag)
the corresponding projection), then there exists a unique mapping v1 € Homg(B; Cy) such
that 11 oy = idg and such that vo = 13 0v,. There is also induced a projection p; €
Homg(Cy;A1).

Moreover, if there additionally exists a mapping o1 € Homg(Ag; A1) such that o101 =
ida,, then the projection py is uniquely determined by the condition p1 = oy ©pa o Lo.

Proof: We begin by extending the diagram to one of the form

0 0 0

P1 B 0
L1 L2
G, .B 0

|
A

0 — coker(¢1) — %, coker(tg) —=0

0 Aq G

0 0

also with exact rows and columns. We claim that there is a natural mapping ¢3 between
the cokernels, as indicated by the dashed arrow in the diagram, and that ¢3 is, moreover,
an isomorphism. Suppose that us € image(t1) and let u; € Ay be such that t1(u1) = us.
By commutativity of the diagram, we have

P2(uz) = g2 0 11(u1) = 120 ¢1(u1),
showing that ¢o(image(c1)) C image(r2). We thus have a well-defined homomorphism

¢3: coker(ty) — coker(t2)
ug + image(e1) — ¢a(uz) + image(r2).

We now claim that ¢3 is injective. Indeed,

¢3(ug +1image(t1)) =0 =  ¢a(u2) € image(ta).
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Thus let v; € C; be such that ¢a2(u2) = t2(v1). Thus

0 =1hy o a(uz) = P2012(v1) = ¢1(v1)

= ) € ker(¢)1) = image(¢1).
Thus v1 = ¢1(u)) for some uf € A;. Therefore,

pa(ug) = 12 0 d1(uy) = ¢z 0 11(uy),

and injectivity of ¢o gives ug € image(c1) and so ug + image(¢1) = 0+ image(¢1), giving the
desired injectivity of ¢s.
Now note that
dim(coker(¢1)) = dim(Az) — dim(A;)

by exactness of the left column. Also,
dim(coker(t2)) = dim(Cy) — dim(Cy)
by exactness of the middle column. By exactness of the top and middle rows, we have
dim(B) = dim(Cy) — dim(Az) = dim(Cy) — dim(Ay).

This proves that
dim(coker(¢1)) = dim(coker(t2)).

Thus the homomorphism ¢3 is an isomorphism, as claimed.

Now we proceed with the proof, using the extended diagram, and identifying the bottom
cokernels with the isomorphism ¢3. The existence of the stated homomorphism v, means
that the middle row in the diagram splits. Therefore, Co = image(¢2) @ image(v2). Thus
there exists a well-defined projection ps € Hompg(Cg; Az) such that pa o pg = ida, [Halmos
1974, Theorem 41.1].

We will now prove that image(vy2) C image(t2). By commutativity of the diagram and
since 1 is surjective, if w € B then there exists v; € Cy such that 15 o t2(v1) = w. Since
19 0 y9 = idg, we have

PYaora(vr) = roye(w) == r2(v1) — 2(w) € ker(Y2) = image(¢2).

Let uz € Ay be such that ¢a(u2) = ta(vi1) — y2(w). Since pa o pa = idp, we have

ug = pa o La(v1) — p2 o Y2 (w),

whence
m(uQ) = K1opgo° L2(U1) —RKiop2° ’Y2(w> =0,
noting that (1) k1opy = k2 (by commutativity), (2) keote = 0 (by exactness), and (3) pgoys =
0 (by exactness). Thus uy € ker(k1) = image(t1). Let uy € Ay be such that ¢1(uy) = us.
We then have
12(v1) — y2(w) = g2 0 t1(u1) = 120 1 (u1),

which gives y2(w) € image(t2), as claimed.
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Now we define v1 € Homg(B;Cy) by asking that 71(w) € C; have the property that
t2 o y1(w) = y2(w), this making sense since we just showed that image(vy2) C image(t2).
Moreover, since (g is injective, the definition uniquely prescribes «;. Finally we note that

Proy1 =P oty oy = Py oy = idg,

as claimed.
To prove the final assertion, let us denote p; = o1 o ps o t9. We then have

Progr =01°p2otlgo g =010p20oPaotLy =010ty = ida,,
using commutativity. We also have
2510712010p20L20’71:G10p20’72=0.

The two preceding conclusions show that p; is the projection defined by the splitting of the
top row of the diagram, i.e., p1 = p;. v

Now suppose that the lemma is true for m € Z~q. For any k € Z~(y we have a short

exact sequence
k

0— = SHT*M) @ E—%~ JbE 2L Jh-1E g

for which we refer to [Saunders 1989, Theorem 6.2.9]. Recall from [Saunders 1989, Defini-
tion 6.2.25] that we have an inclusion ¢ 5, of J**E in JL(J™E) by jm+1£(x) = j1(jmé(z)).
We also have an induced injection

im: STTHT*M)®E = T*M ® JTE
defined by the composition

S™H(T*M) ® E—— T*M ® S™(T*M) @ E 222 T*M @ JE

Explicitly, the left arrow is defined by

m+1
o eameis Y dedo-odled oo™ v
j=1

® denoting the symmetric tensor product defined by

A®0B= Y o(A®B), (2.3)

0’66}“1

for A € S¥(V) and B € S!(V), and with Sy, the subset of &y consisting of permutations
o satisfying
o(l)<---<o(k), ok+1)<---<o(k+1).
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We thus have the following commutative diagram with exact rows and columns:

0 0 0 (2.4)
\L €m+1 l ﬂ'm+1 l
0> §™H(T*M) @ E s ymtig JTE >0
4 ~z--7 S
)\1,m| \L[Lm Pm+1 lLl,m Fm+1
\ €1,m m
0 T*M @ JmE — s jrgmE) T gmE g
- }_Dl;n ﬁI‘]:_m

We shall define a connection on (m,,)1: JY(J™E) — J™E which gives a splitting 'y ,,, and

P, of the lower row in the diagram. By the sublemma, this will give a splitting I';, 1 and

P,,+1 of the upper row, and so give a projection from J™'E onto Sm+1(T*M) ® E, which

will allow us to prove the induction step. To compute P41 from the sublemma, we shall

also give a map Ay, as in the diagram so that Ay ;, 0 i1, is the identity on Sm+1(T*M) ®QE.
We start, under the induction hypothesis, by making the identification

JTE ~ @S (T*M) ® E,
and consequently writing a section of J™E as
z = (€(x), Py yo(€(2)), .., PFgo(€(2)))-

We then have a connection V' on J™E given by

W(€7 Pé7V0 (5)5 LRI %n,VO (5)) = (vg('ga V&Pé,vo (6)7 sty an1 en,vo (6))
Thus
V& Py g0 (), PEgo(€) = (V6 VPG o (€), -, VI PE G0 (6)),

which—according to the jet bundle characterisation of connections from [Kolaf, Michor,
and Slovak 1993, §17.1] and which we have already employed in (2.2)—gives the mapping
P ;, in the diagram (2.4) as

PLm(jl (57 Pé,VO (5)7 ceey %n’VO (5))) = (v0€7 vlpé,VO (5)7 RN} Vmpgl,vo (6))

Now we define a mapping Ay, for which A, o i1, is the identity on SmTHT*M) ® E.
We continue to use the induction hypothesis in writing elements of J”"E, so that we consider
elements of T*M ® J™E of the form

(a®&a® Al,...,a® Ay),

for a € T*M and Ay € S*(T*M) ® E, k € {1,...,m}. We then define Ay, by

Mm@ & ap®al ®E,...,a0@ap, OO am®E)
= Sym,,, . ®ide(ag ® a7, ® -+ © A @ €).
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Note that, with the form of J”"E from the induction hypothesis, we have

im@ e 0a™ @)

)

1 M A A
:(0,...,0,15 oﬂ®a1®---®oﬂ‘1@oﬂ“@---@am“@g).
m
=1

We then directly verify that Ay, o i1, is indeed the identity.
We finally claim that

Pry1(jm+1§(x)) = P%% (&) (2.5)
which will establish the lemma. To see this, first note that it suffices to define P, 11 on
image(€p,+1) since
1. J"HE ~ (S™H(T*M) ® E) @ J™E,

2. Ppy1 is zero on JME C J™FLE (thinking of the inclusion arising from the connection-
induced isomorphism from the preceding item), and
3. Puny10€my is the identity map on S (T*M) ® E.

In order to connect the algebra and the geometry, let us write elements of S™(T*M) ® E
in a particular way. We let £ € M and let f1,..., f™*! be smooth functions contained in
the maximal ideal of C*°(M) at =, i.e., f/(x) =0, j € {1,...,m + 1}. Let £ be a smooth
section of E. We then can work with elements of S™(T*M) ® E of the form

dff(z) ©--- 0 df™(z) @ &(x).
We then have

em1(df' (@) © - O df"H(z) @ E(x)) = Jmar (f1 - fTE (2);

this is easy to see using the Leibniz Rule [cf. Goldschmidt 1967, Lemma 2.1]. (See [Abra-
ham, Marsden, and Ratiu 1988, Supplement 2.4A] for a description of the higher-order
Leibniz Rule.) Now, using the last part of the sublemma, we compute

Prp1(Gmr (- 718 (@)
= A © Prm o b1 m (i (f1 - f7H1E) ()
= A 0 PLn(Gu(f1 - 7 Py o (f1 - F7H1E), o P (1 f771€)) ()
=M (VO ) (2), VIPG go(f1 - [ (@), VPG go(f1 - [ (2))
= Symy, 11 ®ide(V" P go (f1 -+~ f7F1E) ()
= PG5 (f1 - ") (@),
which shows that, with P41 defined as in (2.5), P41 © €41 is indeed the identity on
S™HHT*M) ® E.
The commuting of the diagram in the statement of the lemma follows directly from the
recursive nature of the constructions. |

2.2. Fibre metrics using jet bundle decompositions. We also require the following result
concerning inner products on tensor products.
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2.2 Lemma: (Inner products on tensor products) Let U and V be finite-dimensional
R-vector spaces and let G and H be inner products on U and V, respectively. Then the
element G @ H of T2(U* @ V*) defined by

G® ]H(u1 R v1,u2 ® 'UQ) = G(ul, UQ)H('Ul, Uz)
is an inner product on U ® V.

Proof: Let (e1,...,em) and (f1,..., fn) be orthonormal bases for U and V, respectively.
Then

{fea® fj| ac{l,...,m}, je{l,...,n}} (2.6)
is a basis for U ® V. Note that

G®@H(eq ® fj,e0 @ f) = Glea, es)H(f, fx) = abijk,
which shows that G ® H is indeed an inner product, as (2.6) is an orthonormal basis. W

Now, we let Gg be a fibre metric on E and let G be a Riemannian metric on M. Let us
denote by G~! the associated fibre metric on T*M defined by

G () B2) = G(GH(az), GH(Ba)).

By induction using the preceding lemma, we have a fibre metric G; on T/(T*M) ® E induced
by G~! and Go. By restriction, this gives a fibre metric on 5’ (T*M)®E. We can thus define
a fibre metric G,, on J™E given by

Gonlim€(), (@) = Y 65 (5P u (), 5 P o)),

with the convention that V(~D¢ = ¢, Associated to this inner product on fibres is the norm
on fibres, which we denote by |[|-[|g . We shall use these fibre norms continually in our
descriptions of our various topologies below.

2.3. Real analytic connections. The fibre metrics from the preceding section will be used
to define seminorms for spaces of sections of vector bundles. In the finitely differentiable
and smooth cases, the particular fibre metrics we define above are not really required to give
seminorms for the associated topologies: any fibre metrics on the jet bundles will suffice.
Indeed, as long as one is only working with finitely many derivatives at one time, the choice
of fibre norms on jet bundles is of no consequence, since different choices will be equivalent
on compact subsets of M, cf. Section 3.1. However, when we work with the real analytic
topology, we are no longer working only with finitely many derivatives, but with the infinite
jet of a section. For this reason, different choices of fibre metric for jet bundles may give
rise to different topologies for the space of real analytic sections, unless the behaviour of
the fibre metrics is compatible as the order of derivatives goes to infinity. In this section we
give a fundamental inequality for our fibre metrics of Section 2.2 in the real analytic case
that ensures that they, in fact, describe the real analytic topology.

First let us deal with the matter of existence of real analytic data defining these fibre
metrics.
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2.3 Lemma: (Existence of real analytic connections and fibre metrics) If 7: E —
M is a real analytic vector bundle, then there exist

(i) a real analytic linear connection on E,
(ii) a real analytic affine connection on M,
(11i) a real analytic fibre metric on E, and

(iv) a real analytic Riemannian metric on M.

Proof: By [Grauert 1958, Theorem 3], there exists a proper real analytic embedding ¢g of
E in RY for some N € Z-o. There is then an induced proper real analytic embedding
tm of M in RY by restricting g to the zero section of E. Let us take the subbundle E of
TRY |4\ (M) whose fibre at iy (x) € tm(M) is

w(z) =

Now recall that E ~ (*VE, where (: M — E is the zero section [Kolar, Michor, and Slovak
1993, page 55|. Let us abbreviate g = T'tg|¢*VE. We then have the following diagram

E~ (*VE 5~ RV x RV (2.7)
Trl lPTQ
M RV

m

describing a monomorphism of real analytic vector bundles over the proper embedding ¢,
with the image of ig being E.

Among the many ways to prescribe a linear connection on the vector bundle E, we
will take the prescription whereby one defines a mapping K: TE — E such that the two
diagrams

TE-X~E TE-X~E (2.8)
N
TMW—>|\/| E——M

™ ™

define vector bundle mappings [Kolar, Michor, and Slovak 1993, §11.11]. We define K as
follows. For e, € E; and X, € T, E we have

Tem ZE(Xez) eT;

LE

() RY x RY) 2 RN & RY,

and we define K so that
ZE ° K(Xex) = pr2 OTeac ZE (Xem)7

this uniquely defines K by injectivity of ig, and amounts to using on E the connection
induced on image(ig) by the trivial connection on RY x RY. In particular, this means that
we think of ig o K(X,,) as being an element of the fibre of the trivial bundle RV x RY at

im ().
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If v, € TM, if e,/ € E, and if X € T.E and X’ € TE satisfy X, X' € Tn~!(v,), then
note that

Tn(X)=Tun(X') = Te(tmonm)(X)=Tu(tmom)(X')
= Te(pryeie)(X) = To (pryoie)(X)
= T, ) Pra OTeZE(X) = CTLM (x) PT2 oTerig (XI)

m(z

Thus we can write
Teig(X) = (z,e,u,v), Tuig(X)=(z, €, u,v)
for suitable x,u, e, e’,v,v’ € RY. Therefore,
ieo K(X) = (x,v), ipoK(X')=(z,v), tgoK(X+X')=(xz,v+7),

from which we immediately conclude that, for addition in the vector bundle Tw: TE — TM,
we have

lEo K(X+X')=igo K(X)+igoK(X'),
showing that the diagram on the left in (2.8) makes K a vector bundle mapping.

On the other hand, if e, € E and if X, X’ € T._E, then we have, using vector bundle
addition in 7w1g: TE — E,

be o K(X + X') = pryoTs, ig(X + X'
= pryoT,, ig(X) + pryoT,, ig(X')
= ZEOK(X)+ZEOK(X/),

giving that the diagram on the right in (2.8) makes K a vector bundle mapping. Since K
is real analytic, this defines a real analytic linear connection V? on E as in [Kol4#, Michor,
and Slovak 1993, §11.11].

The existence of Gy, G, and V are straightforward. Indeed, we let Gy~ be the Euclidean
metric on RY | and define Gy and G by

Go(ex, ;) = Gra (ie(es), iE(e}))

and
G(vg,v)) = Gry (Tem(vz), Teem (VL))-

T

The affine connection V can be taken to be the Levi-Civita connection of G. [ |

The existence of a real analytic linear connection in a real analytic vector bundle is
asserted at the bottom of page 302 in [Kriegl and Michor 1997], and we fill in the blanks in
the preceding proof.

Now let us provide a fundamental relationship between the geometric fibre norms of
Section 2.2 and norms constructed in local coordinate charts.
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2.4 Lemma: (A fundamental estimate for fibre norms) Let U C R"™ be open, denote
lRﬁ =Ux R, let K CU be compact, and consider the trivial vector bundle pry : ]R{“L — U.
Let G be a Riemannian metric on U, let Gg be a vector bundle metric on lR{j, let V be an
affine connection on U, and let V° be a vector bundle connection on IR{}, with all of these
being real analytic. Then there exist C, o € R<q such that
o™ L I C
€@, < swp { D' @) | 11 <m, ae {1, 1} < —limé (@),

for every £ € I‘OO(]R{“L), x €K, and m € Z>y.

Proof: We begin the proof with a series of sublemmata of a fairly technical nature. From
these the lemma will follow in a more or less routine manner.

Let us first prove a result which gives a useful local trivialisation of a vector bundle and
a corresponding Taylor expansion for real analytic sections.

1 Sublemma: Let 7: E — M be a real analytic vector bundle, let VO be a real analytic linear
connection on E, and let V be a real analytic affine connection on M. Let x € M, and let
N C T,M be a convex neighbourhood of 0, and V C M be a neighbourhood of = such that the
exponential map exp, corresponding to V is a real analytic diffeomorphism from N to V.
For y €V, let 14 E; — E, be parallel transport along the geodesic t — exp,(texpy (y)).
Define
Kzt N x E; — E[V
(Uv e$) = Tz exp, (v) (e$)

Then

(i) ks is a real analytic vector bundle isomorphism over exp, and
(ii) if & € T“(E[V), then

[e.e]

— 1 m— 1)
€ o exp, (v mzzom,v £@)(v, tw)

for v in a sufficiently small neighbourhood of 0, € T,M.
Proof: (i) Consider the vector field Xy yo on the Whitney sum TM @ E defined by
Xy vo(ve, ex) = hlft(ve, ve) @ hlfto(es, v2),

where hlft(v,,u,) is the horizontal lift of u, € T,M to T,,TM and hlftg(es,u,) is the
horizontal lift of u, € T,M to T¢, E. Note that, since

Trrm(hift(vg, v,)) = Tr(hlfto(eq, vs)),

this is indeed a vector field on TM & E. Moreover, the integral curve of Xy o through
(g, €2) it = 7/ (t)®7(t), where 7 is the geodesic with initial condition 7/(0) = v, and where
t — 7(t) is parallel transport of e, along . This is a real analytic vector field, and so the flow
depends in a real analytic manner on initial condition [Sontag 1998, Proposition C.3.12].
In particular, it depends in a real analytic manner on initial conditions lying in N x E,.
But, in this case, the map from initial condition to value at t = 1 is exactly k.. This shows
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that k, is indeed real analytic. Moreover, it is clearly fibre preserving over exp, and is
linear on fibres, and so is a vector bundle map [cf. Abraham, Marsden, and Ratiu 1988,
Proposition 3.4.12(iii)].

(ii) For v € N, let v, be the geodesic satistying 7, (0) = v. Then, for ¢t € R+ satisfying
|t| <1, define

ay(t) = "1;1 o &(1(t) = Tx_,'iv(t) (€((t)).

We compute derivatives of a, as follows, by induction and using the fact that V., (t)'y{}(t) =
0:

Doy (t) = 7, (V(L(1))
D%a,(t) =7 7%()(V(”€( L0, 70(1))

D™ ay(t) = 7 o (VI DERL). .. A(1))):

m times

By these computations, we have

dm
| (s, " o &lexp,(tv) = VI UE(w, . w),
dgm +=0 ——
m times
and so -
exp,(tv)) = —V Vyonny V),
o &(exp, mZ::O — t. )

which is the desired result upon letting ¢ = 1 and supposing that v is in a sufficiently small
neighbourhood of 0, € T,M. v

Next we introduce some notation in the general setting of the preceding sublemma that
will be useful later. We fix x € M. We let N, C T,M and V, C M be neighbourhoods of
05 and z, respectively, such that exp,: N, — V, is a diffeomorphism. For y € V, we then
define

I;y: N;y x Ep — E|V;y
(v, ez) = 7, 1expy (vtexpgy (y))(ex)
for neighbourhoods N, € T,M of 0, € T;M and V;,, C M of y. We note that I;, is a real

analytic vector bundle isomorphism over the diffeomorphism
zgy: N;y — V;Cy
v exp, (v + expy ' (y)).

Thus I,y £ I}, ok, " is a real analytic vector bundle isomorphism from E[W,, to E[V,, for
appropriate neighbourhoods U’ C M of z and \7; C M of y. If we define iz, : U, y = \7’
by iy = zzy o expx , then I, 1s a vector bundle mapping over i,,. Along snnilar hnes
I, _— ki, oI, is a vector bundle isomorphism between the trivial bundles 07, x E, and
NL, X E for appropriate neighbourhoods 0%, € T:M and N;,, € T,M of the origin If we
deﬁne zmy O’ y = N, y by imy = exp; xy, then Imy is a Vector bundle map over zmy

The next sublernrna indicates that the neighbourhoods U, of z and O, of 0, can be
uniformly bounded from below.
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2 Sublemma: The neighbourhood V, and the neighbourhoods u;y and o;y above may be
chosen so that

int(Nyey, W,,) # @, int(Nyev,0,,) # 2.

Proof: By [Kobayashi and Nomizu 1963, Theorem II1.8.7] we can choose V, so that, if
y € V,, then there is a normal coordinate neighbourhood V, of y containing V,. Taking
V. = V2NV, and W}, =V, gives the sublemma. v

We shall always assume V, chosen as in the preceding sublemma, and we let U, C M
be a neighbourhood of z and O, C T,M be a neighbourhood of 0, such that

W, € int(Nyev,Upy), O, € int(Nyev, 0.

These constructions can be “bundled together” as one to include the dependence on
y € V., in a clearer manner. Since this will be useful for us, we explain it here. Let us
denote D, =V, x U, let pry: D, — W, be the projection onto the second factor, and

denote
Ig: Dy — M

(y,2") > dgy(2).

Consider the pull-back bundle prj 7: pry E|{U,, — D,. Thus
pr E[UL = {(4.2'). ) € Dy x EJUL | o/ =),
We then have a real analytic vector bundle mapping

I,: pryE|UW, — E
((ya .CC,), er’) = Ixy(er’)

which is easily verified to be defined over i, and is isomorphic on fibres. Given ¢ € I'*°(E),
we define ¢ € T'°°(pry E|UL) by

IZf(ya x/) = (Ia:)(_y%x/) 0ofo ix(y> -T/) = Ig?yl ofo ixy(ﬂf/)'
For y € V, fixed, we denote by I, & € T°°(E[U},) the section given by
I;yg(x/) = I;f(ya SL‘I) = Ig:_yl oo i:(:y(SU/)-

A similar construction can be made in the local trivialisations. Here we denote @m =
Vi x Og, let pry: D, — O, be the projection onto the second factor, and consider the map

iz: Dy — TM
(Ys vz) %xy(vx)-
Denote by n3ym: 71y E — TM the pull-back bundle and also define the pull-back bundle
pri iy prs iy E — D

Note that R
pry TrmE = {((¥, v2), (uy, €y)) € Do x mE | © =y}
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We then define the real analytic vector bundle map

I: prymrvE — m1vE
((yvvx)v (Umaex)) = (Umafzy(va:>€x))'

Given a local section n € I'*°(75,E) defined in a neighbourhood of the zero section, define
a local section I%n € T°°(pr} mmE) in a neighbourhood of the zero section of D, by

ffm(y, Ug) = (fx)(;lvw) ene %x(y’vx) = j;yl 010 g (Y, Va).

For y € V, fixed, we denote by 7, the restriction of 1 to a neighbourhood of 0, € T,M. We
then denote by
I;yny(vx) = I;n(y,vz) = Ir_yl © 1y © tay(Vz)
the element of (0’ x E,).

The following simple lemma ties the preceding two constructions together.
3 Sublemma: Let £ € T'*°(E) and let fe e (m3\E) be defined in a neighbourhood of the
zero section by )

&= n;loéoexpy.

Then, for each y € V,

1

I;ygy = K:; °© ::yg °© expx :

Proof: We have
In&(ve) = 1) 0 € oiny(vn)
= (I,) " oy o £ oexp, ! oily, (vy)
=Ky lo I;yl o ky o€ o expy_1 Olgy © €XPy (Vy)
= ’?;1 ° Ig;yl 0 & 0 gy 0 exp,(vz)
— 1 I € o expy (v).
as claimed. v
Let us leave these general vector bundle considerations and proceed to local estimates.

We shall consider estimates associated with local vector bundle maps. First we consider an
estimate arising from multiplication.

4 Sublemma: If U C R"™ is open, if f € CY(U), and if K C U is compact, then there exist
C,o € Ry such that

sup { D (fg)(a) | |1 <m} < Co ™ sup {1 D"g(a) | 1] < m}

for every g € C*°(U), x € K, and m € Z>y.

Proof: For multi-indices I,J € Z%, let us write J < I'if [ —J € Z%,. For I € Z%, we
have S (@) I (@)

1 D’g(x) D' f(x

—pI —

J<I
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by the Leibniz Rule. By [Krantz and Parks 2002, Lemma 2.1.3], the number of multi-indices

in n variables of order at most |I| is (T;:,F“II'P' Note that, by the binomial theorem,

1 n+|I| (TL + |I|)' I
n+|I| _ § : : J L=
o2 S+ I[—jt
Evaluating at a; = ag = 1 and considering the summand corresponding to j = |I|, this

gives
(n + [1])! < ontlI|.
VA .

Using this inequality we derive

Lt a@) < 3 s { PO g < ) sop {22900y < )
|J|<II]
- (nn;I!I!I)!SHp{!DJf z)| 11 |I|}Sup{!D°’g(w)! 1<}

|D7g(z)]
=22 <}

By [Krantz and Parks 2002, Proposition 2.2.10], there exist B,r € R~ such that

DJ
< ontl| sulo{|Jf,ﬂlcl ) [J] < !II}SUP{

1
ﬁ|DJf(ar:)\ <pr 'V, Jez, zecK.
We can suppose, without loss of generality, that » < 1 so that we have

{U?]

LD o)) <28(2) " su s}, eex

We conclude, therefore, that if |I| < m we have

1 2\™m D’
LD () @)| < 2B(2) s {PIDL |y <) ek
I r J!
which is the result upon taking C' = 2"B and ¢ = % v

Next we give an estimate for derivatives of compositions of mappings, one of which is
real analytic. Thus we have a real analytic mapping ®: U — V between open sets U C R"™
and V C R* and f € C*(V). By the higher-order Chain Rule [e.g., Constantine and Savits
1996], we can write

D'(fo®)(x)= Y Aru(@)D"f(®(z))
HeZZ,
|H|<[I|

for © € U and for some real analytic functions A; g € C¥(U). The proof of the next
sublemma gives estimates for the Ay p’s, and is based on computations of Thilliez [1997] in
the proof of his Proposition 2.5.
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5 Sublemma: Let U C R™ and V C R¥ be open, let ® € C*(W;V), and let K C U be
compact. Then there exist C,o € Rsqg such that

|D7 Apu(@)| < Co~ WD (1) + ] - |HI)!
for every x € K, I,J € Z%), and H € Zgo
Proof: First we claim that, for ji,...,75, € {1,...,n},
(fO‘I’ o o f
5( P
8:5]1 .. x]r Szlal Zaél ]1 ]7‘ 8ya1 . 8ya5 ( (.’IJ)),

where the real analytic functions B %, a1,...,as € {1,...,k}, ji,...,4r € {1,...,n},

7,8 € Z>0, s <, are defined by the following recursion, starting with B} = %;
1 opr = B

Jidr T 8.’E]1 )

OBt s OdY

ai-Gs __ g2 Jr az--as > B ]
2. le r Ozt + it B]2 Gy r > 2, s € {27 RN & 1}’
3. BitAr = oo™ az--ar

’ Jiedr T gpdr T dedr

This claim we prove by induction on r. It is clear for r = 1, so suppose the assertion true
up to 7 — 1. By the induction hypothesis we have

87" l(f ° @ k . asf
A zz a9 YY) @ .
8:6]2 :1;.77 SZI o Zaél J2r ]r 8ya1 .. 8ya5 ( (.'I/'))
We then compute
o o foD)
8le ax]? e axjr

r—1 k Bazl,; 8sf
=3 Y (E g g (2@

s=1ay,...,as=1

()

(I)b 8s+1f
ay-- ag
Z sz ]r 8xj1 (= )aybayal Oy (@(w)))
_ k aBal ‘Qs 85f
_ J2gr
Sy (@) g~ yer (B@)

s=1ay,.. ,a5:1

i Y mre@?®e P e

s=2ai,...,as=1 aﬂﬂl 8ya1 . ayas
k
8Ba af
S N [
- ) Oxi (CC) 8ya ((I)(w))

7’—1 k al-a
OBY % oD o' f
J2:jr az2:as
> Y (@t @B C”DW(‘I’(%))

s=2at,....,as=1
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k

oP® — o f
Z Ot (=) B3, 5, (m)w(‘ﬁ(-’ﬂ)),

ay,...,ar=1

from which our claim follows.
Next we claim that there exist A, p, a, 8 € R such that

r+|J|—s

D7 By @) < (e (0) Tk 1]

foreveryx € K, J € Z%, a1,...,as € {1,...,k} j1,-- gk €{1,...,n}, r,s € Zso, s < 7.
This we prove by induction on r once again. First let 8 € R be sufficiently large that

3 gl <o,

Iezz,

and denote this value of this sum by S. Then let a = 2S. By [Krantz and Parks 2002,
Proposition 2.2.10] there exist A, p € R+¢ such that

|D’ Do ()| < AJlp~!7!

for every x € K, J € Z%,, j € {1,...,n}, and a € {1,...,k}. This gives the claim for

r = 1. So suppose the claim true up to r — 1. Then, for any ay,...,as € {1,...,k} and
Jiye-sgr€{1,...,n}, s <r, B?ll,'f.'j‘»lj has one of the three forms listed above in the recurrent
definition. These three forms are themselves sums of terms of the form
al--as
OB, 0P 4.
Oxir Qv Iz
———
P Q

Let us, therefore, estimate derivatives of these terms, abbreviated by P and () as above.
We directly have, by the induction hypothesis,

D7P(@)] < (day () 11 - o
ﬁ>7‘+\J|—s

§Arof*15(g (r+|J|—s)l,

noting that a = 25. By the Leibniz Rule we have

D'Q(x) = ) d

15!
T JilJo!

J j Jo paz---as
D' D7 " (x)D™* B2 ().

By the induction hypothesis we have

. . r+|J2|—s
DB @) < Aoy (0 el - o)

for every € K and Jy € Z>(. Therefore,
J! 1/ B\rH=s

J < r=1(Z

D/Q@) < 3 A7)

Jitde=a 7%

B 4 1| = )t
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for every ¢ € K and J € Z%,. Now note that, for any a,b, ¢ € Z~( with b < ¢, we have

(a+b)!
b!

Thus, if L, J € Z% satisfy L < J (meaning that J — L € Z%;), then we have

(a+c)!
cl

=({1+4b)---(a+b)<(1+c)---(a+c)=

(a+ jx)!

((I—I— lk)'
< e
T (a+Iy)!

<
ly! Ji! -

. a+ ji)! Jk!
Iy < jk ( ) A

for every a € Z~o and k € {1,...,n}. Therefore,

(1t 1+ Gn)! o !
(Ji+ - Fjno1 + ) T 1!

and

(jl +"‘+jn—2 +jn—1 +]n)'
1+ F -2+ b1 + 1n)!
Gt A ner 4+ 4n) Gt A g2 Gt H 1) ! !
(jl + g1 +ln)! (Jl + ot Jn—2 + a1 +ln)! ! ln!'

Continuing in this way, we get

J! |J]!

R Qi by

L' — L)
We also have

(r+ |Jo| — s)! < (r+|J| —s)!
| Jo|! B ]!
Thus we have
r+|J|—s

D)< Y J!A(Aa)’”_1<§> Bl (r 4 || — s)!

Jo!
JitJa=T 72

SA(AOZ)T1<§>T+J_S(T+’J’ —8)! Z ﬁf\Jﬂ

J1+Jo=J

< AS(Aa)™! (i)”"]'_s(r 1] - s)!

Combining the estimates for P and @ to give an estimate for their sum, and recalling that
a =25, gives our claim that there exist A, p, o, 8 € R~( such that

‘DJBql'",as(mN < (Aa)r(i)v’ﬂﬂs(r N |J| B 5)!

JiJr
for every ¢ € K, J € Z%, a1,...,as € {1,...,k}, and ji,...,j. € {1,...,n}, r,s € Z>o,
s<r.
To conclude the proof of the lemma, note that given an index j = (j1,...,Jr) €
{1,...,n}" we define a multi-index I(j) = (i1,...,in) € Z%, by asking that i; be the
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number of times | appears in the list j. Similarly an index a = (ay,...,as) € {1,...,k}*
gives rise to a multi-index H(a) € Z’;O. Moreover, by construction we have

Bl = A1) Ha)-

Let C = 1 and 0! = max{Aq, %} and suppose, without loss of generality, that o < 1.
Then

(A < oI+, (ﬁ)’“*"’"s < - (I1+D)

p

for every I, J € Z%,. Thus we have
|D7 A (@) < Com VD (1] + |7 - |H])!
as claimed. v
Next we consider estimates for derivatives arising from composition.
6 Sublemma: Let U C R™ and V C R¥ be open, let ® € C(W;V), and let K C U be
compact. Then there exist C,o € Rsq such that
1 m 1
sup { |D!(f o ®)(@)] | 1| <m} < Cosup { DT f(@(@))| | |H] <m}

for every f e C¥(V), x € K, and m € Z>y.
Proof: As we denoted preceding the statement of Sublemma 5 above, let us write
D'(fe@)(x)= > Aru(x)D"f(®())

HezZ?,
|H|<|T]

for £ € U and for some real analytic functions Ay g € C¥(U). By Sublemma 5, let A,r €
IR~ be such that
D7 Ap ()| < A= WTHID(|1] 4 7] = |H)!

for x € K. By the multinomial theorem [Krantz and Parks 2002, Theorem 1.3.1] we can

write !
1 i
(a1+~-+an)||: Z Ta
[J1=[1]
for every I € Z%,. Setting a1 = --- = a, = 1 gives % < nMl for every I € Z%,. Asin

the proof of Sublemma 4 we have that the number of multi-indices of length k and degree
at most |I| is bounded above by 2¢+!/l. Also, by a similar binomial theorem argument, if
|H| < |I|, then we have
(11— [HDUHD _
]! -
Putting this together yields

1D (70 ®)(@)| < Anlllr V1S
[H|<|T|

(] = [HDH]' 1
1! H!

D" f(@(x))|

_ 1
< Anl2t 9l sup { | DF f(@()] | 17| < |11}

= 2 Aanr ™) sup { D7 (@ ()] | 8] < |1}
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whenever € K. Let us denote C' = 24 and o~ ! = 4nr~! and take r so that 4nr—" > 1,
without loss of generality. We then have
1

sup { 11D (f e ®)(@)) | 1] <m} < Co sup{

for every f € C*(Usg), € K, and m € Z>, as claimed. v

D" f(®()| | |H] <m}

Now we can state the following estimate for vector bundle mappings which is essential
for our proof.

7 Sublemma: Let U C R” and V C R* be open, let | € Z~g, and consider the trivial
vector bundles Rl and R},. Let ® € C¥(U; V), let A € C¥(U; GL(I;R)), and let K C U be
compact. Then there exist C,o0 € Rsqg such that

sup{%]DI(A_l-(Eoé))b(wﬂ‘ Tl<m be (...}
< Co™m Sup{%|DH§a(<I'(:L'))\ ‘ \H| <m, ac {1,...,1}},

for every & € I‘OO(]R{;), x € K, and m € Z>o.
Proof: By Sublemma 6 there exist C1, 01 € Ry such that

sup{%]Dl(qu))“(:cﬂ Il<m ae{l...1}}
< Clal_msup{%|DH§a(¢(az))] [ <m, ae 1,0}

for every £ € I°(RY,), ¢ € K, and m € Zx.
Now let n € I*°(R})). Let BY € C*(U), a € {1,...,1}, b€ {1,...,1}, be the components
of A~!. By Sublemma 4, there exist Cy, 02 € Rsq such that

Sup{%]DI(Bs(a:)na(m))] lI| <m, a,be{1,.. .,l}}
1
I

for every @ € K and m € Z>¢. (There is no implied sum over “a” in the preceding formula.)
Therefore, by the triangle inequality,

< Cyoz™sup { LD (@)| | 11| <m, a € {1,...,1}}

1 _
sup { ZID" (A~ m)l(@)| | 1] <m, be L0}
1
< zcga;msup{ﬁmfna(am ‘ 1| <m, ae {1,...,1}}

for every x € K and m € Z>.
Combining the estimates from the preceding two paragraphs gives

sup { D' (€0 ®)(@)] | 1 <m, be (1.1}
1
T

for every & € FOO(IR%), x € K, and m € Z>(, which is the desired result after taking
C =1C1Cy and 0 = 0109. v

< 10102(0102)—%@{ DHed(®(x))] ‘ |H| <m, ac {1,...,l}}
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Now we begin to provide some estimates that closely resemble those in the statement
of the lemma. We begin by establishing an estimate resembling that of the required form
for a fixed x € U.

8 Sublemma: Let U C R"™ be open, denote lleL = U x R¥, and consider the trivial vector
bundle pry : IRﬁ — U. Let G be a Riemannian metric on U, let Gy be a vector bundle metric
on IR{}, let V be an affine connection on U, and let V° be a vector bundle connection on
lRﬁ, with all of these being real analytic. For & € FOO(IR{}) and x € U, denote by éw the
corresponding section of Ny x R¥ defined by the isomorphism kg of Sublemma 1. For
K C U compact, there exist C,o € Rsq such that the following inequalities hold for each
e FOO(]R”‘), x e K, and m € Z>p:

(i) lim€@)lg,, < Comsup {FIDIEO)] | 11 <m, ae {1,... . k}};
(ii) {HID"EO) | 11 <m, ae{l,....kH} < Cojné(@)]g,

Proof: By Sublemma 1 we have

o0

1
—‘V )(’U,. ..,’U)
m: SN——
=0 m times

for v in some neighbourhood of 0 € R™. We also have

)= Y - DTE0)@. )

meZ>o m times

for every v in some neighbourhood of 0 € R™. As the relation

oo
1 .
L@y, .0y = S =D, 0)(v,...,v)
m! A,’_/ m! z 2
m=0 m times meZxo m times
holds for every v € IR”, it follows that
g0 (€)(x) = D€, (0)
for every m € Z>o. Take m € Z>o. We have
m
1 A AT
Z 2 1Py w0 (&) (®)E, < Z 2 ID"E,.(0)[?,
'r:0

where A’ € R+ depends on Gy, A € R-q depends on G, and where ||| denotes the 2-
norm, i.e., the square root of the sum of squares of components. We can, moreover, assume
without loss of generality that A > 1 so that we have

m

> Gl ©@IE, < 447 | DE O

r=0 r=0 ( )
By [Krantz and Parks 2002, Lemma 2.1.3],

(n+m)!

card({I € ZZ | |I| <m}) = o
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Note that the 2-norm for R” is related to the co-norm for RY by ||alz2 < v/N||a||« so that

m

> D e O <k (s (LD ) | 11 <m0 e 1)’

r:O

By the binomial theorem, as in the proof of Sublemma 4,

(n+m)!

2n+m
nlm!

Thus
lin(@)ls,, < VEAT(VIA" sup { L[ DIEO)] | 1 <m, ac (i1} (29)

for every m € Zs>¢. The above computations show that this inequality is satisfied for
a real analytic section £. However, it also is satisfied if £ is a smooth section. This we
argue as follows. Let & € T°°(IRE) and, for m € Z, let &,, € [“(RY) be the section whose
coefficients are polynomial functions of degree at most m and such that j,,&,,(x) = jm&(x).
Also let émm be the corresponding section of N x R¥. We then have

Jm€m(®) = jmé(x), D'€,,,(0) = D'E,(0),

for every I € Z%, satisfying |/ | < m, the latter by the formula for the higher-order Chain
Rule [Abraham, Marsden, and Ratiu 1988, Supplement 2.4A]. Since &, is real analytic,
this shows that (2.9) is also satisfied for every m € Zx¢ if £ is smooth.

To establish the other estimate asserted in the sublemma, let @ € K and, using the
notation of Sublemma 1, let N, be a relatively compact neighbourhood of 0 € R"™ ~ T,R"
and V5 C U be a relatively compact neighbourhood of @ such that xg: Ny x RF — V, x R*
is a real analytic vector bundle isomorphism. Let € € F“’(]R{%m) and let £, € F“(]Réffm) be

defined by &,(v) = k3! o &(exp,(v)). As in the first part of the estimate, we have

D™¢,(0) = Pg'go(é)(@)

for every m € Zso. For indices j = (j1,...,jm) € {1,...,n}"™ we define I(j) =

W

(i1,...,0n) € Z%, by asking that i; be the number of times j appears in the list j.
We then have

Sup{%]DIég(Oﬂ [<m aeq,.. 1} =
1
sup{ 75 (P 0 (€)@))f.|
Jieegr € {1, n), r e {0,1,...,m)}, ae{l,...,k}}.

B?f an application of the multinomial theorem as in the proof of Sublemma 6, we have
!
% < nll for every I € Z%,. We then have

7l (P oo €)@ < T (P col€) (@)
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for every ji,...,jr € {1,...,n} and a € {1,...,k}. Using the fact that the co-norm for
RY is related to the 2-norm for RN by ||ac < ||a|2, we have

o 1/2
sup{%\Dlég(Oﬂ ‘ l[I| <m, a€ {1,...,/{:}} < (ZO(Z!)2B,BTHP€,VO(£)(m)H%T> ;

where B’ € R+ depends on Gy and B € R~ depends on G. We may, without loss of
generality, suppose that B > 1 so that we have

sup{p D'é(0)] ‘ [ <m ae{l,....k}} < VBEOVB)"|jmé@)g,

for every m € Zso. As in the first part of the proof, while we have demonstrated the
preceding inequality for € real analytic, it can also be demonstrated to hold for €& smooth.
The sublemma follows by taking

C = max{VkA’2", VB'}, ¢! =max{V24,nVB}. v

The next estimates we consider will allow us to expand the pointwise estimate from the
preceding sublemma to a local estimate of the same form. The construction makes use of
the vector bundle isomorphisms I, and fxy defined after Sublemma 1. In the statement
and proof of the following sublemma, we make free use of the notation we introduced where
these mappings were defined.

9 Sublemma: Let U C R” be open, denote RE = U x R*, and consider the trivial vector
bundle pry : lRﬁ — U. Let G be a Riemannian metric on U, let Go be a vector bundle metric
on ]R{j, let V be an affine connection on U, and let VO be a vector bundle connection on
lRﬁ, with all of these being real analytic. For each x € U there exist a neighbourhood Va4 and
Cy,02 € Rsqg such that we have the following inequalities for each & € FOO(]R{“L), m € Z>o,
and Yy € Vg:

(i) sup {%|D"€(0)] | |I|<m ae{l Lk}

< Cgoyt sup{%|DI ) 1£y 0)] ‘ lI| <m, a€{l,. k}},
(ii) Sup{%]DI ygy | 1| <m, a€{l,...,k}}
<Ca‘lsup{p|DI§“ )| | IIISm,ae{ly-'-,k}};

(iii) [ im€Y)g,, < Caog ' llim((Lzy) " E)(@)g,,/
(iv) im (L&) (@)lg,, < Caoz'im€W)llg,, -

Proof: We begin the proof with an observation. Suppose that we have an open subset
U C R™ x RF and f € C¥(U). We wish to think of f as a function of & € R™ depending on
a parameter p € R¥ in a jointly real analytic manner. We note that, for X C U compact,
we have C, 0 € R5( such that the partial derivatives satisfy a bound

Dl f(2,p)| < CIlo )

for every (x,p) € K and I € Z%,. This is a mere specialisation of [Krantz and Parks
2002, Proposition 2.2.10] to partial derivatives. The point is that the bound for the partial
derivatives is uniform in the parameter p. With this in mind, we note that the following
are easily checked:
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1. the estimate of Sublemma 4 can be extended to the case where f depends in a jointly
real analytic manner on a parameter, and the estimate is uniform in the parameter over
compact sets;

2. the estimate of Sublemma 5 can be extended to the case where ® depends in a jointly
real analytic manner on a parameter, and the estimate is uniform in the parameter over
compact sets;

3. as a consequence of the preceding fact, the estimate of Sublemma 6 can be extended
to the case where ® depends in a jointly real analytic manner on a parameter, and the
estimate is uniform in the parameter over compact sets;

4. as a consequence of the preceding three facts, the estimate of Sublemma 7 can be
extended to the case where ® and A depend in a jointly real analytic manner on a
parameter, and the estimate is uniform in the parameter over compact sets.

Now let us proceed with the proof.
We take Vg as in the discussion following Sublemma 1. Let us introduce coordinate
notation for all maps needed. We have

&y (u) = E(y,u) = £ oexp, (u),
I3,6(x") = Ay, 2') - (€ oizy (),
I, &, (v) = A(y,v) - (&, o iay(v)),

(L) ' E(Y") = ANy, gy () - (€ 2 iy (¥)),
(I5y,) '€, (0) = AN (y,igy () - (&, 0 igy(v)),

for appropriate real analytic mappings A and A taking values in GL(k;IR). Note that, for
every I € Z%,,

D'(I;,€,)(0) = D3(I3:€)(y. 0),

and similarly for D' ((I% v 1£y)( ). The observation made at the beginning of the proof
shows that parts (i) and (ii) follow immediately from Sublemma 7. Parts (iii) and (iv)
follow from the first two parts after an application of Sublemma 8. v

By applications of (a) Sublemma 9, (b) Sublemmata 3 and 8, (¢) Sublemma 9 again,
and (d) Sublemma 7, there exist

Al,il:7 A2,a:7 A3,£l:7 A4,£l:7 Tl,wa TQ,:I:) T3,:137 T4,£I: € R>0
and a relatively compact neighbourhood V, C U of  such that

lim€W)lg,, < Arariy lim((Iy) " O (@)lg,,

—~

} L r
< Asarzy sup { TIDT((T5,) 7€) y\ 1l <m, ac {1k}
- 1 5
< Agariysup { ZIDTEO) | 111 <m, ae {1k} }
_ 1
< Agorigsup { ID'E (W) | 1] <m. a e {L,....k}}
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for every £ € I‘OO(]R{“L), m € Zxq, and y € V. Take 1, ..., 2, € K such that K C u;?:lvmj
and define

Cr=max{A4z,,...,A4q,}, o1 =min{rag,,...,r42,}

so that
: —m 1 a
lim€@)lg,, < Cro7™sup{ D" @)| | 11 <m, a€{l,....k}}

for every £ € T(RE), m € Z>¢, and € K. This gives one half of the estimate in the
lemma.

For the other half of the estimate in the lemma, we apply (a) Sublemma 7, (b) Sub-
lemma 9, (c) Sublemmata 3 and 8, and (d) Sublemma 9 again to assert the existence of

Al,ah AQ,:IH A3,:l:7 A4,:l:7 rl,:l}u T?,:IH r3,037 T4,:I: € R>0

and a relatively compact neighbourhood V, C U of & such that

1 a
sup{ ZID'E"W)I| 111 <m, ae{1,....k}}
—m 1 ca
< Averisup { ZID"EO)] | 111 <m, ae {1,....k}}

—-m 1 Px \—1lg& \a
< Azaryy sup { £ID'(F,) 7€) (O)] | 11| <m, ae{L,....k}]
< Asar3 (L) 'O @) g, < AsorT liméW)lig,,

for every & € I‘OO(IR{“L), m € Z>o, and y € Vz. As we argued above using a standard
compactness argument, there exist Co, 02 € R+ such that

1 -
sup { =IDe"(@)| | 11| <m, a € {1,....k}} < Co03 " jmé (@),

for every & € T™(RE), m € Zso, and * € K. Taking C = max{C;,Cs} and o =
min{oy, o2} gives the lemma. [ |

The preceding lemma will come in handy on a few crucial occasions. To illustrate how
it can be used, we give the following characterisation of real analytic sections, referring to
Section 3 below for the definition of the seminorm pg,, used in the statement.

2.5 Lemma: (Characterisation of real analytic sections) Let 7: E — M be a real
analytic vector bundle and let £ € T°°(E). Then the following statements are equivalent:
(i) £ € T¥(E);
(ii) for every compact set K C M, there exist C,r € Rsq such that p?}m@) < Cr=™ for
every m € Zx>.

Proof: (i) = (ii) Let K C M be compact, let z € K, and let (V,,1,) be a vector bundle
chart for E with (U, ¢;) the corresponding chart for M. Let &: ¢(U;) — R* be the
local representative of £. By [Krantz and Parks 2002, Proposition 2.2.10], there exist a
neighbourhood U, C U, of z and B,, 0, € R-( such that

|D¢?(a')| < BpIlo; 1!
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for every a € {1,...,k}, ' € cl(U}), and I € Z%,. We can suppose, without loss of
generality, that o, € (0,1). In this case, if |I| < m,

1 -
LIDEM @) < By
for every a € {1,...,k} and o’ € cl(U,). By Lemma 2.4, there exist C,,r, € R~ such that

Hjmf(m')H@m < Cypr;™, 2 € c(U,), m e Zxo.

Let z1,...,z; € K be such that K C ug?:lu;,j and let C = max{C;,,...,Cy, } and r =

min{rg,,...,rg, }. Then, if z € K, we have x € u;j for some j € {1,...,k} and so
limé(@)lig,, < Cuyra™ < OF7™,

as desired.

(i) = (ii) Let x € M and let (V,7) be a vector bundle chart for E such that
the associated chart (U, ¢) for M is a relatively compact coordinate chart about z. Let
£: ¢(U) — R¥ be the local representative of £&. By hypothesis, there exist C,r € Rsq such
that [|jmé(z')|g,, < Cr~™ for every m € Z>o and 2’ € U. Let U be a relatively compact
neighbourhood of z such that cl(U’) C U. By Lemma 2.4, there exist B, € R+ such that

|D'¢?(x')| < BIlg™ 1

for every a € {1,...,k}, €’ € cl(W'), and I € Z%;. We conclude real analyticity of { in a
neighbourhood of z by [Krantz and Parks 2002, Proposition 2.2.10]. |

3. The compact-open topologies for the spaces of finitely differentiable,
Lipschitz, and smooth vector fields

In Sections 6 and 7 we will look carefully at two related things: (1) time-varying vector
fields and (2) control systems. In doing so, we focus on structure that allows us to prove
useful properties such as regular dependence of flows on initial conditions. Also, in our
framework of tautological control systems in Section 8, we will need to impose structure
on systems where we have carefully eliminated the usual structure of a control parameter-
isation. To do this, we use the topological structure of sets of vector fields in an essential
way. In this and the subsequent two sections we describe appropriate topologies for finitely
differentiable, Lipschitz, smooth, holomorphic, and real analytic vector fields. The topol-
ogy we use in this section in the smooth case (and the easily deduced finitely differentiable
case) is classical, and is described, for example, in [Agrachev and Sachkov 2004, §2.2]; see
also [Michor 1980, Chapter 4]. What we do that is original is provide a characterisation of
the seminorms for this topology using the jet bundle fibre metrics from Section 2.2. The
fruits of the effort expended in the next three sections is harvested in the remainder of the
paper, where our concrete definitions of seminorms permit a relatively unified analysis in
Sections 6 and 7 of time-varying vector fields and control systems. Also, the treatment
of our new class of systems in Section 8 is made relatively simple by our descriptions of
topologies for spaces of vector fields.
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One facet of our presentation that is novel is that we flesh out completely the “weak-%”
characterisations of topologies for vector fields. These topologies characterise vector fields
by how they act on functions through Lie differentiation. The use of such “weak” charac-
terisations is commonplace [e.g., Agrachev and Sachkov 2004, Sussmann 1998], although
the equivalence with strong characterisation is not typically proved; indeed, we know of no
existing proofs of our Theorems 3.5, 3.8, 3.14, and 5.8. We show that, for the issues that
come up in this paper, the weak characterisations for vector field topologies agree with the
direct “strong” characterisations. This requires some detailed knowledge of the topologies
we use.

While our primary interest is in vector fields, i.e., sections of the tangent bundle, it is
advantageous to work instead with topologies for sections of general vector bundles, and
then specialise to vector fields. We will also work with topologies for functions, but this
falls out easily from the general vector bundle treatment.

3.1. General smooth vector bundles. We let 7: E — M be a smooth vector bundle with
VY a linear connection on E, V an affine connection on M, Gq a fibre metric on E, and G
a Riemannian metric on M. This gives us, as in Section 2.2, fibre metrics G,, on the jet
bundles J”E, m € Zxo, and corresponding fibre norms ||-[|g .

For a compact set K C M we now define a seminorm p%,, on I'°(E) by

Prm(§) =sup{[limé(2)lg,, | = € K}.

The locally convex topology on I'*°(TM) defined by the family of seminorms p%, ., K €M
compact, m € Zx>, is called the smooth compact open or CO°-topology for > (E).

We comment that the seminorms depend on the choices of V, V°, G, and Gg, but the
CO™>-topology is independent of these choices. We will constantly throughout the paper use
these seminorms, and in doing so we will automatically be assuming that we have selected
the linear connection V°, the affine connection V, the fibre metric Gg, and the Riemannian
metric G. We will do this often without explicit mention of these objects having been
chosen.

3.2. Properties of the CO®°-topology. Let us say a few words about the CO*°-topology,
referring to references for details. The locally convex CO®-topology has the following
attributes.

CO™-1. It is Hausdorff: [Michor 1980, page 4.3.1].

CO™>-2. Tt is complete: [Michor 1980, page 4.3.2].

CO®°-3. It is metrisable: [Michor 1980, page 4.3.1].

CO®°-4. It is separable: We could not find this stated anywhere, but here’s a sketch of a
proof. By embedding E in Euclidean space RY and, using an argument like that for
real analytic vector bundles in the proof of Lemma 2.3, we regard E as a subbundle of
a trivial bundle over the submanifold M C R¥. In this case, we can reduce our claim
of separability of the CO*°-topology to that for smooth functions on submanifolds
of RN. Here we can argue as follows. If K C M is compact, it can be contained in
a compact cube C' in RY. Then we can use a cutoff function to take any smooth
function on M and leave it untouched on a neighbourhood of K, but have it and
all of its derivatives vanish outside a compact set contained in int(C'). Then we
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can use Fourier series to approximate in the CO*°-topology [Stein and Weiss 1971,
Theorem VII.2.11(b)]. Since there are countably many Fourier basis functions, this
gives the desired separability.

CO>-5. It is nuclear:% [Jarchow 1981, Theorem 21.6.6].

CO>-6. It is Suslin:” This follows since I'*°(TM) is a Polish space (see footnote 7), as we
have already seen.

Some of these attributes perhaps seem obscure, but we will, in fact, use all of them!

Since the CO*-topology is metrisable, it is exactly characterised by its convergent
sequences, so let us describe these. A sequence (§;)rez., in I'°(E) converges to § € I'°(E) if
and only if, for each compact set K C M and for each m € Z>, the sequence (j&k|K)rez-,
converges uniformly to j,&|K, cf. combining [Munkres 2000, Theorem 46.8] and [Michor
1980, Lemma 4.2].

Since the topology is nuclear, it follows that subsets of I'>°(TM) are compact if and only if
they are closed and von Neumann bounded [Pietsch 1969, Proposition 4.47]. That is to say,
in a nuclear locally convex space, the compact bornology and the von Neumann bornology
agree, according to the terminology introduced in Section 1.5. It is then interesting to
characterise von Neumann bounded subsets of I'°°(E). One can show that a subset B is
bounded in the von Neumann bornology if and only if every continuous seminorm on V
is a bounded function when restricted to B [Rudin 1991, Theorem 1.37(b)]. Therefore, to
characterise von Neumann bounded subsets, we need only characterise subsets on which
each of the seminorms pf, is a bounded function. This obviously gives the following
characterisation.

3.1 Lemma: (Bounded subsets in the CO®-topology) A subset B C T'°(E) is
bounded in the von Neumann bornology if and only if the following property holds: for
any compact set K C M and any m € Z>g, there exists C € R5q such that p%o,m(f) <C

5There are several ways of characterising nuclear spaces. Here is one. A continuous linear mapping
L: E — F between Banach spaces is nuclear if there exist sequences (v;);ecz., in F and (o)) ez., in E'

such that 32,5 [la||[lv;[] < oo and such that

L(w) = Y as(wu,

the sum converging in the topology of V. Now suppose that V is a locally convex space and p is a continuous
seminorm on V. We denote by V), the completion of

V/{v e V] p(v) = 0};

thus V, is a Banach space. The space V is nuclear if, for any continuous seminorm p, there exists a
continuous seminorm q satisfying ¢ < p such that the mapping

ipg: Vp — Vg
v+{v eV| pl) =0} —=v+{v' €eV]| qv) =0}

is nuclear. It is to be understood that this definition is essentially meaningless at a first encounter, so
we refer to [Hogbe-Nlend and Moscatelli 1981, Pietsch 1969] and relevant sections of [Jarchow 1981] to
begin understanding the notion of a nuclear space. The only attribute of nuclear spaces of interest to us
here is that their relatively compact subsets are exactly the von Neumann bounded subsets [Pietsch 1969,
Proposition 4.47).

"A Polish space is a complete separable metrisable space. A Suslin space is a continuous image of a
Polish space. A good reference for the basic properties of Suslin spaces is [Bogachev 2007, Chapter 6].



MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 49

for every € € B.

Let us give a coordinate characterisation of the smooth compact-open topology, just for
concreteness and so that the reader can see that our constructions agree with perhaps more
familiar things. If we have a smooth vector bundle 7: E — M, we let (V,1)) be a vector
bundle chart for E inducing a chart (U, ¢) for M. For £ € T'*°(E), the local representative
of £ has the form

R" 2 ¢(U) > & > (2,€(2)) € (U) x R,
Thus we have an associated map &: ¢(U) — R¥ that describes the section locally. A
CO®°-subbasic neighbourhood is a subset B, (£, V, K, e, m) of T°°(E), where
§ e I'*°(E),
(V,4) is a vector bundle chart for E with associated chart (U, ¢) for M,
K C U is compact,
€ € Ry,
m € Z>o, and
N € Bo(&,V, K, e,m) if and only if

S Gt W N

|D'n(x) — D'¢(x)| < e, x € p(K), 1€{0,1,...,m},

where €,7: ¢(U) — R* are the local representatives.

One can show that the CO®-topology is that topology having as a subbase the CO*-
subbasic neighbourhoods. This is the definition used by [Hirsch 1976], for example. To show
that this topology agrees with our intrinsic characterisation is a straightforward bookkeeping
chore, and the interested reader can refer to Lemma 2.4 to see how this is done in the more
difficult real analytic case. This more concrete characterisation using vector bundle charts
can be useful should one ever wish to verify some properties in examples. It can also be
useful in general arguments in emergencies when one does not have the time to flesh out
coordinate-free constructions.

3.3. The weak-£ topology for smooth vector fields. The CO*-topology for smooth
sections of a vector bundle, merely by specialisation, gives a locally convex topology on
the set I'*°(TM) of smooth vector fields and the set C°°(M) of smooth functions (noting
that a smooth function is obviously identified with a section of the trivial vector bundle
M xIR). The only mildly interesting thing in these cases is that one does not need a separate
linear connection in the vector bundles or a separate fibre metric. Indeed, TM is already
assumed to have a linear connection (the affine connection on M) and a fibre metric (the
Riemannian metric on M), and the trivial bundle has the canonical flat linear connection
defined by Vx f = &xf and the standard fibre metric induced by absolute value on the
fibres.

We wish to see another way of describing the CO*°-topology on I'*°(TM) by noting that
a vector field defines a linear map, indeed a derivation, on C°°(M) by Lie differentiation:
[ = Zxf. The topology we describe for I'*°(TM) is a sort of weak topology arising from
the CO*°-topology on C*°(M) and Lie differentiation. To properly set the stage for the fact
that we will repeat this construction for our other topologies, it is most clear to work in a
general setting for a moment, and then specialise in each subsequent case.

The general setup is provided by the next definition.
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3.2 Definition: (Weak boundedness, continuity, measurability, and integrability)
Let F € {R,C} and let U and V be [F-vector spaces with V locally convex. Let & C
Hompg (U; V) and let the weak-/ topology on U be the weakest topology for which A is
continuous for every A € & [Horvéath 1966, §2.11].
Also let (X, @) be a topological space, let (T, # ) be a measurable space, and let pu: 4 —
R> be a finite measure. We have the following notions:
(i) a subset B C U is weak-¢ bounded in the von Neumann bornology if A(B) is
bounded in the von Neumann bornology for every A € &/;

(ii) a map ®: X — U is weak-& continuous if Ao ® is continuous for every A € &/;

(iii) a map ¥U: T — U is weak- measurable if Ao V¥ is measurable for every A € &/

(iv) a map V: T — U is weak-& Bochner integrable with respect to p if Ao U is
Bochner integrable with respect to u for every A € &. °

As can be seen in Section 2.11 of [Horvath 1966], the weak-& topology is a locally
convex topology, and a subbase for open sets in this topology is

{A7H9) | Ac o/, OCV open}.
Equivalently, the weak-&/ topology is defined by the seminorms
u > q(A(u)), A € &, g a continuous seminorm for V.

This is a characterisation of the weak-% topology we will use often.

We now have the following result which gives conditions for the equivalence of “weak-
&7 notions with the usual notions. We call a subset &/ C Homp(U;V) point separating
if, given distinct uy, ug € U, there exists A € & such that A(u1) # A(ug).

3.3 Lemma: (Equivalence of weak-% and locally convex notions for general lo-
cally convex spaces) Let F € {IR,C} and let U and V be locally convex F-vector spaces.
Let &/ C Homp (U; V) and suppose that the weak-$¢ topology agrees with the locally convex
topology for U. Let (X,@) be a topological space, let (T, M) be a measurable space, and let
w: M — Rsq be a finite measure. Then the following statements hold:

(i) a subset B C U is bounded in the von Neumann bornology if and only if it is weak-S/
bounded in the von Neumann bornology;

(ii) a map ©: X — U is continuous if and only if it is weak- continuous;
(iii) for a map ¥:T — U,
(a) if ¥ is measurable, then it is weak-&¢ measurable;

(b) if U and V are Hausdorff Suslin spaces, if & contains a countable point sepa-
rating subset, and if ¥ is weak-&f measurable, then V is measurable;

(iv) if U is complete and separable, a map V: T — U is Bochner integrable with respect
to u if and only if it is weak-& Bochner integrable with respect to .

Proof: (i) and (ii): Both of these assertions follows directly from the fact that the locally
convex topology of U agrees with the weak-& topology. Indeed, the equivalence of these
topologies implies that (a) if p is a continuous seminorm for the locally convex topology of
U, then there exist continuous seminorms g¢1,..., g, for V and Aq,..., Ay € & such that

p(u) <@ (Ai(w) +- + a(Ar(w),  wel, (3.1)
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and (b) if ¢ is a continuous seminorm for V and if A € &/, then there exists a continuous
seminorm p for the locally convex topology for U such that

q(Au)) <p(u),  uwel. (3-2)

(iii) First suppose that ¥ is measurable and let A € &/. Since the locally convex topology
of U agrees with the weak-& topology, A is continuous in the locally convex topology of
U. Therefore, if ¥ is measurable, it follows immediately by continuity of A that Ao ¥ is
measurable.

Next suppose that U and V are Suslin, that & contains a countable point separating
subset, and that ¥ is weak-% measurable. Without loss of generality, let us suppose
that & is itself countable. By V¥ we denote the mappings from & to V, with the usual
pointwise vector space structure. A typical element of V¥ we denote by ¢. By [Bogachev
2007, Lemma 6.6.5(iii)], V¥ is a Suslin space. Let us define a mapping t¢: U — V¥ by
Lo (u)(A) = A(u). Since & is point separating, we easily verify that ¢y is injective, and so
we have U as a subspace of the countable product V¥. For A € & let pry: V¥ — V be the
projection defined by pry(¢) = ¢(A). Since V is Suslin, it is hereditary Lindel6f [Bogachev
2007, Lemma 6.6.4]. Thus the Borel g-algebra of V¥ is the same as the initial Borel o-
algebra defined by the projections pry, A € &, i.e., the smallest o-algebra for which the
projections are measurable [Bogachev 2007, Lemma 6.4.2]. By hypothesis, (Ao ¥)~!(B) is
measurable for every A € & and every Borel set B C V. Now we note that pry oty (v) =
A(v), from which we deduce that

(Ao W)™H(B) = (g o ) (P13 (B))

is measurable for every A € & and every Borel set B C V. Thus ¢y o ¥ is measurable.

Since U is Suslin, by definition there is a Polish space P and a continuous surjection
o: P — U. If€ C Uis a Borel set, then 0~1(C) C P is a Borel set. Note that ¢4 is continuous
(since pry otg is continuous for every A € &) and so is a Borel mapping. By [Fremlin 2006,
Theorem 4231], we have that ¢y o o(071(€)) C V is Borel. Since o is surjective, this means
that t¢(C) C V is Borel. Finally, since

THC) = (1 o W) M1y (@),

measurability of ¥ follows.

(iv) Since U is separable and complete, by Beckmann and Deitmar [2011, Theorems 3.2
and 3.3] Bochner integrability of ¥ is equivalent to integrability, in the sense of Lebesgue,
of t — po U(t) for any continuous seminorm p. Thus, ¥ is Bochner integrable with respect
to the locally convex topology of U if and only if ¢t — poW(¢) is integrable, and VU is weak-&/
Bochner integrable if and only if ¢ — g4 (W(t)) is integrable for every A € &. This part of
the proof now follows from the inequalities (3.1) and (3.2) that characterise the equivalence
of the locally convex and weak-% topologies for U. ]

The proof of the harder direction in part (iii) is an adaptation of [Thomas 1975, The-
orem 1] to our more general setting. We will revisit this idea again when we talk about
measurability of time-varying vector fields in Section 6.

For f € C*°(M), let us define

F;: T(TM) — C®(M)
X — gxf
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The topology for I'>°(TM) we now define corresponds to the general case of Definition 3.2
by taking U =T>°(TM), V= C*(M), and & = {Z; | f € C>*°(M)}. To this end, we make
the following definition.

3.4 Definition: (Weak-Z topology for space of smooth vector fields) For a smooth
manifold M, the weak-Z topology for I'*°(TM) is the weakest topology for which &% is
continuous for every f € C*(M), if C*°(M) has the CO*-topology. .

We now have the following result.

3.5 Theorem: (Weak-Z characterisation of CO®-topology for smooth vector
fields) For a smooth manifold, the following topologies for T'*°(TM) agree:

(i) the CO*°-topology;

(i) the weak-Z topology.

Proof: (i)C(ii) For this part of the proof, we assume that M has a well-defined dimension.
The proof is easily modified by additional notation to cover the case where this may not
hold. Let K C M be compact and let m € Z>g. Let z € K and let (U, ¢;) be a coordinate
chart for M about z with coordinates denoted by (z',...,2"). Let X: ¢,(U;) — R"
be the local representative of X € I'*°(TM). For j € {1,...,n} let fi € C°(M) have

the property that, for some relatively compact neighbourhood V, of x with cl(V,) C U,

7 = 2 in some neighbourhood of cl(V,). (This is done using standard extension arguments

for smooth functions, cf. [Abraham, Marsden, and Ratiu 1988, Proposition 5.5.8].) Then,
in a neighbourhood of cl(V;) in U,, we have Fx f2 = X7. Therefore, for each y € cl(V,),

n
I X () = Y lim(Zx ) W)llg,,
j=1
is a norm on the fibre J;”E. Therefore, there exists C, € IR( such that
n .
linX W)llg,, < Ce Y in(Ex W, v € dVa).
j=1
Since K is compact, let x1,...,xr € K be such that K C U§:1an- Let
C = max{Cy,,...,Cs }.
Then, if y € K we have y € V,, for some a € {1,...,r}, and so
n ) T n )
limX WG, < CY llin(Ex ) Wg, <CY ) lin(Zx )W,
j=1 a=1 j=1
Taking supremums over y € K gives

PRm(X) SCY Y pRm(LxfL,)s

a=1 j=1
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This part of the theorem then follows since the weak-% topology, as we indicated following
Definition 3.2 above, is defined by the seminorms

X = pRm(Zx f), K C M compact, m € Z>o, f € CP(M).
(i1)C(i) As per (2.1), let us abbreviate
V(.. (VHVA) =Vvi4,

where A can be either a vector field or one-form, in what we will need. Since covariant
differentials commute with contractions [Dodson and Poston 1991, Theorem 7.03(F)], an
elementary induction argument gives the formula

m

vmDAf(X)) =) (T) Crm—j1 (V7D X) @ (VU-Vaf)), (3.3)

J=0

where C1,—j4+1 is the contraction defined by

Cimjii(v@adl @ @ad™ 7 @a™ M ga™ 2 g...@a™)
= (@™ 7o)'@ @ad" T a2 @ o™,

In writing (3.3) we use the convention VDX = X and V(-1 (df) = df. Next we claim
that & is continuous for every f € C*(M) if I'*°(TM) is provided with CO*-topology.
Indeed, let K C M, let m € Z~y, and let f € C>*(M). By (3.3) (after a few moments of
thought), we have, for some suitable My, M ..., M,, € Ry,

m

m
p?(o,m(ng) < Z Mm—jp?(o,mfj( pK]Jrl Z pK,j

j=0 j=0

This gives continuity of the identity map, if we provide the domain with the CO*-topology
and the codomain with the weak-Z topology, cf. [Schaefer and Wolff 1999, §I11.1.1]. Thus
open sets in the weak-% topology are contained in the CO*°-topology. |

With respect to the concepts of interest to us, this gives the following result.

3.6 Corollary: (Weak-<Z characterisations of boundedness, continuity, measura-
bility, and integrability for the CO®-topology) Let M be a smooth manifold, let
(X, @) be a topological space, let (T, M) be a measurable space, and let j: M — Rxq be a
finite measure. The following statements hold:

(i) a subset B C I'*°(TM) is bounded in the von Neumann bornology if and only if it is
weak-Z bounded in the von Neumann bornology;

(i1) a map ®: X — T'°(TM) is continuous if and only if it is weak-£ continuous;
(111) a map V: T — I'°°(TM) is measurable if and only if it is weak-£ measurable;

(iv) a map V: T — T'°°(TM) is Bochner integrable if and only if it is weak-£ Bochner
integrable.
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Proof: We first claim that & £ {&; | f € C*°(M)} has a countable point separating
subset. This is easily proved as follows. For notational simplicity, suppose that M has a
well-defined dimension. Let € M and note that there exist a neighbourhood U, of z and
fr ..., fr € C®(M) such that

ToM = spang (df'(y),...,df*(¥), vy € Us.

Since M is second countable it is Lindelof [Willard 1970, Theorem 16.9]. Therefore, there
exists (;)jez., such that M = Ujcz_Us;. The countable collection of linear mappings
gfffj’ ke {l,...,n}, j € Z~y, is then point separating. Indeed, if X,Y € I'*°(TM) are

distinct, then there exists x € M such that X (z) # Y (z). Let j € Z-¢ be such that z € Uy,
and note that we must have gfﬁj (X)(z) # 5@% (Y)(z) for some k € {1,...,n}, giving our

claim.

The result is now a direct consequence of Lemma 3.3, noting that the CO*°-topology on
I'*°(TM) is complete, separable, and Suslin (we also need that the CO>°-topology on C*°(M)
is Suslin, which it is), as we have seen above in properties CO*-2, CO*-4, and CO*°-6. H

3.4. Topologies for finitely differentiable vector fields. The constructions of this section
so far are easily adapted to the case where objects are only finitely differentiable. We sketch
here how this can be done. We let m: E — M be a smooth vector bundle, and we suppose
that we have a linear connection V° on E, an affine connection V on M, a fibre metric Gy on
E, and a Riemannian metric G on M. Let r € Z>¢U{oo} and let m € Z>o with m < r. By
I'"(E) we denote the space of C"-sections of E. We define seminorms pj, K C M compact,
on I'"(E) by
P (&) = sup{[limé(@)[[g, | = € K},

and these seminorms define a locally convex topology that we call the CO™-topology. Let

us list some of the attributes of this topology.

CO™-1. It is Hausdorff: [Michor 1980, page 4.3.1].

CO™-2. Tt is complete if and only if m = r: [Michor 1980, page 4.3.2].

CO™-3. It is metrisable: [Michor 1980, page 4.3.1].

CO™-4. Tt is separable: This can be shown to follow by an argument similar to that given
above for the CO*-topology.

CO™-5. It is probably not nuclear: In case M is compact, note that py; is a norm that
characterises the CO™-topology. A normed vector space is nuclear if and only if it
is finite-dimensional [Pietsch 1969, Theorem 4.4.14], so the CO™-topology cannot be
nuclear when M is compact except in cases of degenerate dimension. But, even when
M is not compact, the CO™-topology is not likely nuclear, although we have neither
found a reference nor proved this.

CO™-6. It is Suslin when m = r: This follows since I'™(TM) is a Polish space, as we have
already seen.

CQO™-7. The CO™-topology is weaker than the CO"-topology: This is more or less clear
from the definitions.

From the preceding, we point out two places where one must take care in using the
CO™-topology, m € Z>, contrasted with the CO*-topology. First of all, the topology, if
used on I'"(E), 7 > m, is not complete, so convergence arguments must be modified appro-
priately. Second, it is no longer the case that bounded sets are relatively compact. Instead,
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relatively compact subsets will be described by an appropriate version of the Arzela—Ascoli
Theorem, cf. [Jost 2005, Theorem 5.21]. Therefore, we need to specify for these spaces
whether we will be using the von Neumann bornology or the compact bornology when we
use the word “bounded.” These caveats notwithstanding, it is oftentimes appropriate to
use these weaker topologies.

Of course, the preceding can be specialised to vector fields and functions, and one
can define the weak-< topologies corresponding to the topologies for finitely differentiable
sections. In doing this, we apply the general construction of Definition 3.2 with U = I'"(TM)),
V = C"(M) (with the CO™-topology), and & = {Z} | f € C*(M)}, where

Z: T7(TM) = C"(M)
X — gxf

This gives the following definition.

3.7 Definition: (Weak-Z topology for space of finitely differentiable vector fields)
Let M be a smooth manifold, let m € Z>(, and let r € Z>( U {oo} have the property that
r > m. The weak-(Z, m) topology for I'"(TM) is the weakest topology for which & is
continuous for each f € C*°(M), where C"(M) is given the CO™-topology. °

We can show that the weak-(Z, m) topology agrees with the CO™-topology.

3.8 Theorem: (Weak-Z topology for finitely differentiable vector fields) Let M be
a smooth manifold, let m € Z>o, and let r € Z>o U {oco} have the property that r > m.
Then the following two topologies for T"(TM) agree:

(i) the CO™-topology;
(i1) the weak-(£,m)-topology.

Proof: Let us first show that the CO™-topology is weaker than the weak-(&, m) topology.
Just as in the corresponding part of the proof of Theorem 3.5, we can show that, for K C M
compact, there exist f1 ..., f7 € C>(M), compact Ki,...,K, CM, and Cy,...,C, € Rsg
such that

PR(X) < CipR (Zxfh) + -+ CoplR (Fx f7)

for every X € I'"(TM). This estimate gives this part of the theorem.

To prove that the weak (&, m)-topology is weaker than the CO™-topology, it suffices
to show that £} is continuous if I'"(TM) and C"(M) are given the CO™-topology. This can
be done just as in Theorem 3.5, with suitable modifications since we only have to account
for m derivatives. |

We also have the corresponding relationships between various attributes and their weak
counterparts.

3.9 Corollary: (Weak-<Z characterisations of boundedness, continuity, measura-
bility, and integrability for the CO™-topology) Let M be a smooth manifold, let
m € Z>o, and let v € Z>oU{oo} have the property that r > m. Let (X,@) be a topological
space, let (T, M) be a measurable space, and let p: M — Rsq be a finite measure. The
following statements hold:
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(i) a subset B C T"(TM) is CO™-bounded in the von Neumann bornology if and only if

it is weak-(Z,m) bounded in the von Neumann bornology;

(i) a map ®: X — I'"(TM) is CO™-continuous if and only if it is weak-(Z,m) continu-
ous;

(i1i) a map U: T — I'"™(TM) is CO™-measurable if and only if it is weak-(Z£,m) measur-
able;

(iv) amap ¥: T — I'"™(TM) is Bochner integrable if and only if it is weak-(Z,m) Bochner
integrable.

Proof: In the proof of Corollary 3.6 we established that {Z; | f € C*(M)} was point
separating as a family of linear mappings with domain I'*°(TM). The same proof is valid if
the domain is I'™(TM). The result is then a direct consequence of Lemma 3.3, taking care to
note that the CO™-topology on I'"(TM) is separable, and is also complete and Suslin when
r = m (and C"(M) is Suslin when r = m), as we have seen in properties CO™-2, CO™-4,
and CO™-6 above. |

3.5. Topologies for Lipschitz vector fields. It is also possible to characterise Lipschitz
sections, so let us indicate how this is done in geometric terms. Throughout our discussion
of the Lipschitz case, we make the assumption that the affine connection V on M is the
Levi-Civita connection for G and that the linear connection V° on E is Gg-orthogonal, by
which we mean that parallel translation consists of isometries. The existence of such a
connection is ensured by the reasoning of Kobayashi and Nomizu [1963] following the proof
of their Proposition III.1.5. We suppose that M is connected, for simplicity. If it is not,
then one has to allow the metric we are about to define to take infinite values. This is not
problematic [Burago, Burago, and Ivanov 2001, Exercise 1.1.2], but we wish to avoid the
more complicated accounting procedures. The length of a piecewise differentiable curve
v: la,b] = M is

b
lo() = / VG ®),7(®) dt.

One easily shows that the length of the curve v depends only on image(y), and not on the
particular parameterisation. We can, therefore, restrict ourselves to curves defined on [0, 1].
In this case, for x1,z9 € M, we define the distance between x1 and s to be

dg(z1,72) = inf{lg(y)| v: [0,1] = M is a piecewise
differentiable curve for which v(0) = x; and (1) = z2}.

It is relatively easy to show that (M,dg) is a metric space [Abraham, Marsden, and Ratiu
1988, Proposition 5.5.10].

Now we define a canonical Riemannian metric on the total space E of a vector bundle
m: E — M, following the construction of Sasaki [1958] for tangent bundles. The linear
connection V° gives a splitting TE ~ 7*TM @ 7*E [KolaF, Michor, and Slovak 1993, §11.11].
The second component of this decomposition is the vertical component so 7, 7 restricted to
the first component is an isomorphism onto T,M, i.e., the first component is “horizontal.”
Let us denote by hor: TE — #*TM and ver: TE — #*E the projections onto the first
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and second components of the direct sum decomposition. This then gives the Riemannian
metric Gg on E defined by

Ge(Xe,,Ye,) = G(hor(X,,),hor(Ye,)) + Go(ver(X,, ), ver(Ye,)).

Now let us consider various ways of characterising Lipschitz sections. To this end, we
let £: M — E be such that £(z) € E, for every € M. For compact K C M we then define

dge (§(21), &(22))

dg(z1,z2)

Lic(€) = sup {

xr1,To € K, T #IEQ}

This is the K -dilatation of . For a piecewise differentiable curve v: [0,7] — M, we denote
by 7y+: Ey0) = Ey () the isomorphism of parallel translation along vy for each ¢ € [0,T]. We
then define

7Y eo~n(1)) = £0~(0
zK@):sup{” e oo Voo

7:[0,1] = M, 7(0),~(1) € K, 7(0) # 7(1)}7
(3.4)
which is the K -sectional dilatation of £. Finally, we define
Dil¢: M — R>q
o+ inf{Lg)(§) | U is a relatively compact neighbourhood of x},

and
dilé: M — IRZQ

x> inf{lgay (§) | Uis a relatively compact neighbourhood of x},
which are the local dilatation and local sectional dilatation, respectively, of €. Fol-

lowing [Weaver 1999, Proposition 1.5.2] one can show that

Lr(§+n) <Lg(§)+Lrm), Ixk(E+n) <Ik()+Ix(n), K C M compact,

and
Dil (£ + n)(x) < Dil&(x) + Diln(z), dil (£ +n)(z) < dil&(x) 4 diln(x), x e M.

The following lemma connects the preceding notions.

3.10 Lemma: (Characterisations of Lipschitz sections) Let m: E — M be a smooth
vector bundle and let £: M — E be such that &(x) € E, for every x € M. Then the following
statements are equivalent:

(i) Lk (§) < oo for every compact K C M;
(ii) 1k (&) < 0o for every compact K C M;
(111) Dil{(x) < oo for every x € M;

(iv) dil¢(z) < oo for every x € M.

Moreover, we have the equalities

L(€) = VIk(©? + 1, Dilé(x) = v/dilE(x)? + 1

for every compact K CM and every x € M.
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Proof: The equivalence of (i) and (ii), along with the equality Ly = /1% + 1, follows from

the arguments of Canary, Epstein, and Marden [2006, Lemma II.A.2.4]. This also implies
the equality Dil¢(z) = 1/dil€(z)? + 1 when both Dil¢(z) and dil£(x) are finite.

(i) = (iii) If » € M and if U is a relatively compact neighbourhood of , then L) (§) <
oo and so Dil§(x) < oo.

(ii) = (iv) This follows just as does the preceding part of the proof.

(iii) = (i) Suppose that Dil£(z) < oo for every z € M and that there exists a compact
set K C M such that Li(§) £ oco. Then there exist sequences (z;);cz., and (y;)jez-, in
K such that x; # y;, j € Z~o, and

i dee (602, () _
Jj—00 dg(:zj,yj)

Since Dilé(x) < oo for every z € M, it follows directly that £ is continuous and so £(K) is
bounded in the metric Gg. Therefore, there exists C' € R+ such that

dge(&(z5),&(y;)) < C,  j € Zso,

and so we must have lim;_,o dg(z;,y;) = 0. Let (2}, )rez., be a subsequence converging to
x € K and note that (y;, )kez., then also converges to x. This implies that Dil{(x) £ oo,
which proves the result.

(iv) = (ii) This follows just as the preceding part of the proof. |

With the preceding, we can define what we mean by a locally Lipschitz section of a
vector bundle, noting that, if dil{(x) < oo for every x € M, ¢ is continuous. Our definition
is in the general situation where sections are of class C™ with the mth derivative being, not
just continuous, but Lipschitz.

3.11 Definition: (Locally Lipschitz section) For a smooth vector bundle 7: E — M
and for m € Zsq, € € T™(E) is of class C™HHP if j €. M — J™E satisfies any of the
four equivalent conditions of Lemma 3.10. If £ is of class COTHP then we say it is locally
Lipschitz. By I''P(E) we denote the space of locally Lipschitz sections of E. For m € Z >,
by I'™*1iP(E) we denote the space of sections of E of class C™+1P, .

It is straightforward, if tedious, to show that a section is of class C™*' if and only
if, in any coordinate chart, the section is m-times continuously differentiable with the mth
derivative being locally Lipschitz in the usual Euclidean sense. The essence of the argument
is that, in any sufficiently small neighbourhood of a point in M, the distance functions dg
and dg, are equivalent to the Euclidean distance functions defined in coordinates.

The following characterisation of the local sectional dilatation is useful.

3.12 Lemma: (Local sectional dilatation using derivatives) For a smooth vector bun-
dle 7: E— M and for & € TP(E), we have

dilé(z) = inf{sup{||Vy,&llc, | ¥ € (W), |lvyllg =1, & differentiable at y}|

U is a relatively compact neighbourhood of z}.

Proof: As per [Kobayashi and Nomizu 1963, Proposition IV.3.4], let U be a geodesically
convex, relatively compact open set. We claim that

la (&) = sup{[|V9 &llc, | ¥ € cl(W), [|vyllc = 1, & differentiable at y}.
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By [Canary, Epstein, and Marden 2006, Lemma I1.A.2.4], to determine (), it suffices
in the formula (3.4) to use only length minimising geodesics whose images are contained in
cl(U). Let = € U, let v, € TyM have unit length, and let v: [0,7] — cl(U) be a minimal
length geodesic such that +/(0) = v,. If x is a point of differentiability for &, then

i 1754 (€0 (t) — £27(0) g,
im
t—0 t

= V3, ¢llco-
From this we conclude that
laan(§) > Sup{||Vgx£||q;0 | x €cl(U), ||vzllg =1, £ differentiable at y}.

Suppose the opposite inequality does not hold. Then there exist z1,x2 € cl(U) such that, if
v: [0,T] — M is the arc-length parameterised minimal length geodesic from 1 to z3, then

I1757(€ 0 1 (T)) = Eo4(0)]
T

for every = € cl(U) for which ¢ is differentiable at = and every v, € T, M of unit length. Note
that a: t — 7;151 (£o~(t)) is a Lipschitz curve in T,, M. By Rademacher’s Theorem [Federer
1969, Theorem 3.1.5], this curve is almost everywhere differentiable. If « is differentiable
at t we have

> (I3, €llG, (3.5)

o () =7,/ (V3 €)-

Therefore, also by Rademacher’s Theorem and since V° is Gy-orthogonal, we have

-1

t
= SUP{”ng(t)fHGo | t€10,T], & is differentiable at v(¢)}.

This, however, contradicts (3.5), and so our claim holds.
Now let € M and let (U;)jez., be a sequence of relatively compact, geodesically
convex neighbourhood of = such that Njez. U; = {x}. Then

J—00

and

inf {sup{||Vy,&llc, | ¥ € cl(W), [lvyllc = 1, € differentiable at y}|
U is a relatively compact neighbourhood of x}

= lim sup{vanyGO |y €cl(Uy), ||vyllg =1, & differentiable at y}.
j—00

The lemma now follows from the claim in the opening paragraph. |

Let us see how to topologise spaces of locally Lipschitz sections. Lemma 3.10 gives us
four possibilities for doing this. In order to be as consistent as possible with our other defini-
tions of seminorms, we use the “locally sectional” characterisation of Lipschitz seminorms.
Thus, for ¢ € T"P(E) and K C M compact, let us define

Aic(€) = sup{dilg(a) | @ € K}
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and then define a seminorm pl;f, K C M compact, on I'"P(E) by

PR2(€) = max{Ag (), p% (€)}.

The seminorms plli(", K C M compact, give the CO"P-topology on I'" (E) for r € Z~oU{occ}.
To topologise I" P (E), note that the CO'"P-topology on T'""(J™E) induces a topology on
I HiP(E) that we call the CO™TUP_topology. The seminorms for this locally convex
topology are '

PP () = max{AR(€), pR(€)}, K C M compact,

where
Ng(§) = sup{dil jmé(x) | = € K}.

Note that dil j,,£ is unambiguously defined. Let us briefly explain why. If the connections

V and V? are metric connections for G and Gy, as we are assuming, then the induced

connection V™ on T¥(T*M)®E is also metric with respect to the induced metric determined

from Lemma 2.2. It then follows from Lemma 2.1 that the dilatation for sections of J™'E

can be defined just as for sections of E.

Note that I'P(E) C T'%(E) and I"(E) C I'"P(E) for » € Zs¢. Thus we adopt the
convention that 0 < lip < 1 for the purposes of ordering degrees of regularity. Let m € Z>,
and let r € Z>oU{oo} and ' € {0,lip} be such that r+7" > m+lip. We adopt the obvious
convention that oo +1lip = co. The seminorms p%“ip, K C M compact, can then be defined
on T7+(E).

Let us record some properties of the CO™ P topology for I"+"(E). This topology
is not extensively studied like the other differentiable topologies, but we can nonetheless
enumerate its essential properties.

CO™*P_1. 1t is Hausdorff: This is clear.

CO™HP_2. Tt is complete if and only if 7 4+ 7 = m + lip: This is more or less because, for
a compact metric space, the space of Lipschitz functions is a Banach space [Weaver
1999, Proposition 1.5.2]. Since I'™*UP(E) is the inverse limit of the Banach spaces
Fm‘Hip(E|Kj),8 J € Zy, for a compact exhaustion (Kj);cz., of M, and since the
inverse limit of complete locally convex spaces is complete [Horvath 1966, Proposi-
tion 2.11.3], we conclude the stated assertion.

CO™*HP_3 Tt is metrisable: This is argued as follows. First of all, it is a countable in-
verse limit of Banach spaces. Inverse limits are closed subspaces of the direct prod-
uct [Robertson and Robertson 1980, Proposition V.19]. The direct product of metris-
able spaces, in particular Banach spaces, is metrisable [Willard 1970, Theorem 22.3].

CO™*P_4. Tt is separable: This is a consequence of the result of Greene and Wu [1979,
Theorem 1.2'] which says that Lipschitz functions on Riemannian manifolds can be
approximated in the CO"P-topology by smooth functions, and by the separability of
the space of smooth functions.

CO™*HP_5 Tt is probably not nuclear: For compact base manifolds, I'™+1P(E) is an infinite-
dimensional normed space, and so not nuclear [Pietsch 1969, Theorem 4.4.14]. But,
even when M is not compact, the CO™HP-topology is not likely nuclear, although we
have neither found a reference nor proved this.

8To be clear, by I‘m+lip(E|K) we denote the space of sections of class m + lip defined on a neighbourhood
of K.
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CO™*P_6. Tt is Suslin when m+lip = r+7/: This follows since I'™+1P(E) is a Polish space,
as we have already seen.

Of course, the preceding can be specialised to vector fields and functions, and one can
define the weak-% topologies corresponding to the above topologies. To do this, we apply
the general construction of Definition 3.2 with U = ™+ (TM), V. = C"*"' (M) (with the
CO™-topology), and & = {Z; | f € C*(M)}, where

Zr: T (TM) — (M)
X — acfxf

We then have the following definition.

3.13 Definition: (Weak-Z topology for space of Lipschitz vector fields) Let M be
a smooth manifold, let m € Zx¢, and let r € Z>oU{occ} and ' € {0, lip} have the property
that r + 7 > m + lip. The weak-(Z,m + lip) topology for I+ (TM) is the weakest
topology for which £ is continuous for each f € C*(M), where CT+TI(M) is given the
CO™*P_topology. .

We can show that the weak-(Z, m + lip) topology agrees with the CO™HP_topology.

3.14 Theorem: (Weak-<Z topology for Lipschitz vector fields) Let M be a smooth
manifold, let m € Zso, and let r € Z>p U {0} and 1" € {0,lip} have the property that
r+ 1" > m+lip. Then the following two topologies for I‘”’"/(E) agree:

(i) the CO™P_topology;
(ii) the weak-(<£, m + lip)-topology.

Proof: We prove the theorem only for the case m = 0, since the general case follows from
this in combination with Theorem 3.8.

Let us first show that the CO%P-topology is weaker than the weak-(Z, lip) topology.
Let K C M be compact and for z € M choose a coordinate chart (U, ¢,) and func-
tions fl,..., f? € C®(M) agreeing with the coordinate functions in a neighbourhood of
a geodesically convex relatively compact neighbourhood V, of z [Kobayashi and Nomizu
1963, Proposition IV.3.4]. We denote by X : ¢,(U;) — R™ the local representative of X.
Since %x f7 = X7 on a neighbourhood of V,, there exists C, € R~ such that

71 (X (21)) = X(z2)ll < Co > _|Lx fl(21) — Lx fh(2)

j=1

for every distinct 1,9 € cl(V;), where 7 is the unique minimal length geodesic from z3 to
r1 (the inequality is a consequence of the fact that the £! norm for R™ is equivalent to any
other norm). This gives an inequality

dil X (y) < Co(dil Zx fr (y) + -+ + dil Zx f7 (1))

for every y € V,. Now let x1,...,x; € K be such that K C Ué?:l\?zj. From this point,
it is a bookkeeping exercise, exactly like that in the corresponding part of the proof of
Theorem 3.5, to arrive at the inequality

Me(X) < O A (FxfH) + -+ Codg (Ex fT).
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From the proof of Theorem 3.8 we also have
Px(X) < CIp3(Zx f1) + -+ Clpge (Zx 1),

and this gives the result.

To prove that the weak (&, lip)-topology is weaker than the CO'"P-topology, it suffices
to show that % is continuous for every f € C(M) if I+ (TM) and C™*"' (M) are given
the CO™HP_topology. Thus let K C M be compact and let f € C>(M). We choose
a relatively compact geodesically convex chart (U, ¢,) about x € K and compute, for
distinct z1, 2 € Uy,

’ng(iﬁl — Zx f(x2)]

n

< \xuxl)g;;w—Xﬂ'<x2>§;§<m>\

~—

<.
Il
-

> ()| 25 ) = 2L )| + 1% ) = X )| 25 2))

<

M:

<.
Il
—

of _
< D (Aepbi,) (X) 55 g (1,22)) + Ballry 1 X (@1) = X (2)

M-

<
Il
—

for some y € U,, using the mean value theorem [Abraham, Marsden, and Ratiu 1988,
Proposition 2.4.8], and where « is the unique length minimising geodesic from z2 to ;.
Thus we have an inequality

At (Zx f) < Aepl)(X) + Bedaa) (X),

for a possibly different A,. Letting x1,...,z; € K be such that K C U;?:luz, some more
bookkeeping like that in the first part of the proof of Theorem 3.5 gives

k
ng S Z jpcl Uy ) + Bj)‘cl(uzj)(X))
7j=1

for suitable constants A;, B; € Rxo, j € {1,...,k}. Since, from the proof of Theorem 3.8,
we also have

k
Pr(Zx f) < Z ijgl(umj)(X)
j=1
for suitable constants C1,...,C) € Ry, the result follows. |

We also have the corresponding relationships between various attributes and their weak
counterparts.

3.15 Corollary: (Weak-Z characterisations of boundedness, continuity, measura-
bility, and integrability for the CO™T!P_-topology) Let M be a smooth manifold, let
m € Z>o, and let r € Z>oU{o0,lip} and r’ € {0,lip} have the property that r+r" > m+lip.
Let (X,@) be a topological space, let (T, M) be a measurable space, and let p: M — R>q
be a finite measure. The following statements hold:
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(i) a subset B C T"H(TM) is CO™ P bounded in the von Neumann bornology if and

only if it is weak-(Z£, m + lip) bounded in the von Neumann bornology;

(i) amap ®: X — I (TM) is CO™IP_continuous if and only if it is weak-(Z, m~+lip)
continuous;

(ii) a map W: T — I™HIP(TM) 45 CO™ P measurable if and only if it is weak-(Z, m +
lip) measurable;

(iv) amap ¥: T — T™HP(TM) is Bochner integrable if and only if it is weak-(&, m+1lip)
Bochner integrable.

Proof: In the proof of Corollary 3.6 we established that {&Z; | f € C*(M)} was point
separating as a family of linear mappings with domain I'*°(TM). The same proof is valid if
the domain is I (TM). The result is then a direct consequence of Lemma 3.3, noting
that the CO™P_topology on I‘7"+TI(TM) is separable, and is also complete and Suslin when
r 41" =m+lip (and C"™" (M) is Suslin when 7 4+ ' = m + lip), as we have seen above in
properties CO™ P2 CO™FlP_4 and CO™ P, |

3.16 Notation: (m + m’) In order to try to compactify the presentation of the various
degrees of regularity we consider, we will frequently speak of the class “m + m/” where
m € Z>o and m’ € {0,lip}. This allows us to include the various Lipschitz cases alongside
the finitely differentiable cases. Thus, whenever the reader sees “m+m’,” this is what they
should have in mind. °

4. The CO™-topology for the space of holomorphic vector fields

While in this paper we have no per se interest in holomorphic vector fields, it is the
case that an understanding of certain constructions for real analytic vector fields rely in
an essential way on their holomorphic extensions. Also, as we shall see, we will arrive at a
description of the real analytic topology that, while often easy to use in general arguments,
is not well suited for verifying hypotheses in examples. In these cases, it is often most
convenient to extend from real analytic to holomorphic, where things are easier to verify.

Thus in this section we overview the holomorphic case. We begin with vector bundles,
as in the smooth case.

4.1. General holomorphic vector bundles. We let 7: E — M be an holomorphic vector
bundle with TP°!(E) the set of holomorphic sections. We let G be an Hermitian fibre metric
on E, and, for K C M compact, define a seminorm p! on Th°Y(E) by

i (&) = sup{ll¢(2) g | = € K}

The CO™!-topology for TP°!(E) is the locally convex topology defined by the family of
seminorms p};})l, K C M compact.

We shall have occasion to make use of bounded holomorphic sections. Thus we let
7: E — M be an holomorphic vector bundle with Hermitian fibre metric G. We denote by

I'hol (E) the sections of E that are bounded, and on I'!9} (E) we define a norm

e (€) = sup{[l¢(2)ll | = € M}.



64 S. JAFARPOUR AND A. D. LEWIS

If we wish to draw attention to the domain of the section, we will write the norm as p},\‘,lolOo

This will occur when we have sections defined on an open subset of the manifold.
The following lemma makes an assertion of which we shall make use.

4.1 Lemma: (The topology of TSl (E)) Let m: E — M be an holomorphic vector bundle.

The subspace topology on I‘g‘c’lld(E), induced from the COP -topology, is weaker than the norm
topology induced by the norm plggl. Moreover, Fﬁ‘éld(E) is a Banach space. Also, if W C M
is a relatively compact open set with cl(U) C M, then the restriction map from T"°Y(E) to
ol (E|U) ds continuous.

Proof: It suffices to show that a sequence (¢;);ez., in TH4(E) converges to & € 'L (E)
uniformly on compact subsets of M if it converges in norm. This, however, is obvious. It
remains to prove completeness of Fggld(E) in the norm topology. By [Hewitt and Stromberg
1975, Theorem 7.9], a Cauchy sequence (§;) ez, in T''SL (E) converges to a bounded contin-
uous section £ of E. That & is also holomorphic follows since uniform limits of holomorphic
sections are holomorphic [Gunning 1990a, page 5|. For the final assertion, since the topol-
ogy of ™! (E) is metrisable (see CO™!-3 below), it suffices to show that the restriction of a
convergent sequence in I'"°!/(E) to U converges uniformly. This, however, follows since cl(U)

is compact. |

One of the useful attributes of holomorphic geometry is that properties of higher deriva-
tives can be deduced from the mapping itself. To make this precise, we first make the
following observations.

1. Hermitian inner products on C-vector spaces give inner products on the underlying
R-vector space.

2. By Lemma 2.3, there exist a real analytic affine connection V on M and a real analytic
vector bundle connection V° on E.

Therefore, the seminorms defined in Section 3.1 can be made sense of for holomorphic
sections.

4.2 Proposition: (Cauchy estimates for vector bundles) Let 7: E — M be an holomor-
phic vector bundle, let K C M be compact, and let U be a relatively compact neighbourhood
of K. Then there exist C,r € Rsq such that

PR m(E) < Crompt (€)

for every m € Z>o and & € TR (E[W).
Moreover, if (Uj)jez., s a sequence of relatively compact neighbourhoods of K such
that (i) cl(U;) € Ujy1 and (i) K = Njez.,U;, and if Cj,r; € Rsg are such that

p%o,m(f) < erj_mp{ll(;l,oo(g)v m e Zxo, § € F%(éld(auj)?

then lim; o 7; = 0.

Proof: Let z € K and let (W,,1,) be an holomorphic vector bundle chart about z with
(U, ¢.) the associated chart for M, supposing that U, C U. Let k € Z-o be such that
V. (W,) = ¢.(U,) x CF. Let z = ¢.(2) and let &: ¢.(U,) — C* be the local representative
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of £ € Tl (E|U). Note that when taking real derivatives of & with respect to coordinates,
we can think of taking derivatives with respect to

0z 2

ari oyl

B 1<8 .8>’ 9 1<3 3>, jed{l,... n.

9 2 001 oy
Since £ is holomorphic, the % derivatives will vanish [Krantz 1992, page 27|. Thus, for
the purposes of the multi-index calculations, we consider multi-indices of length n (not 2n).
In any case, applying the usual Cauchy estimates [Krantz 1992, Lemma 2.3.9], there exists
r € Rsq such that

D¢ (2)| < v M sup{[e(¢)] | ¢ € D(r, 2)}

for every a € {1,...,k}, I € Z%, and § € I'hol (E|JU). We may choose r € (0,1) such that

D(r, z) is contained in ¢.(U,), where » = (r,...,7). Denote V, = ¢;(D(r, 2)). There
exists a neighbourhood V', of z such that cl(V,) C V, and such that

ID'¢*(2)] < 21t Msup{|¢*(¢)] | ¢ € D(r,2)}

for every 2’ € ¢,(V,), € € ThL(E|U), a € {1,...,k}, and I € Z%,. 1f |I| < m then, since
we are assuming that » < 1, we have

TIDYe ()] < 2 sup{le(©)] | ¢ € D, 2))

for every a € {1,...,k}, 2’ € ¢,(V.), and ¢ € Th9,(E/U). By Lemma 2.4, it follows that
there exist C,,r, € Rsq such that

im€(2) g, < Cary ™oy oo (€)

for all z € V,, m € Z>p, and £ € F%ﬁh(E]U). Let z1,..., 2, € K be such that K C u§:1v;j,
and let C' = max{C,,,...,C;, } and r = min{r,,,...,r, }. If z € K, then z € V;j for some
j€A{l1,...,k} and so we have

lim&(2)lg,, < Cxy72"PV2, 00(§) < O pii% (6),

and taking supremums over z € K on the left gives the result.
The final assertion of the proposition immediately follows by observing in the preceding
[199%2]

construction how “r” was defined, namely that it had to be chosen so that polydisks of
radius r in the coordinate charts remained in U. |

4.2. Properties of the CO"'-topology. The CO"-topology for I'"!(E) has the following

attributes.

COML1. Tt is Hausdorff: [Kriegl and Michor 1997, Theorem 8.2].

COML2. It is complete: [Kriegl and Michor 1997, Theorem 8.2].

COML3. Tt is metrisable: [Kriegl and Michor 1997, Theorem 8.2].

COML4. Tt is separable: This follows since I (E) is a closed subspace of I'*°(E) by [Kriegl
and Michor 1997, Theorem 8.2] and since subspaces of separable metric spaces are
separable [Willard 1970, Theorems 16.2, 16.9, and 16.11].



66 S. JAFARPOUR AND A. D. LEWIS

COML5, It is nuclear: [Kriegl and Michor 1997, Theorem 8.2]. Note that, when M is
compact, p},\l,?l is a norm for the C"°topology. A consequence of this is that TP°!(E)
must be finite-dimensional in these cases since the only nuclear normed vector spaces
are those that are finite-dimensional [Pietsch 1969, Theorem 4.4.14].

COMLg. Tt is Suslin: This follows since '™ (E) is a Polish space, as we have seen above.

Being metrisable, it suffices to describe the COM!-topology by describing its convergent
sequences; these are more or less obviously the sequences that converge uniformly on every
compact set.

As with spaces of smooth sections, we are interested in the fact that nuclearity of
I'P°l(E) implies that compact sets are exactly those sets that are closed and von Neumann
bounded. The following result is obvious in the same way that Lemma 3.1 is obvious once
one understands Theorem 1.37(b) from [Rudin 1991].

4.3 Lemma: (Bounded subsets in the COP!-topology) A subset B C T'Y(E) is
bounded in the von Neumann bornology if and only if the following property holds: for
any compact set K C M, there exists C € R such that p}}é’l(g) < C for every £ € B.

4.3. The weak-< topology for holomorphic vector fields. As in the smooth case, one
simply specialises the constructions for general vector bundles to get the CO"!-topology
for the space I'™!(TM) of holomorphic vector fields and the space C'!(M) of holomorphic
functions, noting that an holomorphic function is obviously identified with a section of the
trivial holomorphic vector bundle M x C.

As with smooth vector fields, for holomorphic vector fields we can seek a weak-&
characterisation of the COP!-topology. To begin, we need to understand the Lie derivative
in the holomorphic case. Thinking of C(M) C C*°(M) ® C and using the Wirtinger
formulae,

0 1,0 .0 0 1, 0 .0 )
97 =2law 19y) 95 =3(a tigy)  ELonh

in an holomorphic chart, one sees that the usual differential of a C-valued function can

be decomposed as dcf = df + Of, the first term on the right corresponding to “%” and

the second to “%.” For holomorphic functions, the Cauchy—Riemann equations [Krantz
1992, page 27] imply that d¢f = df. Thus we define the Lie derivative of an holomorphic
function f with respect to an holomorphic vector field X by Fx f = (0f; X). Fortunately,

in coordinates this assumes the expected form:
n
of
— J
Pxf = ; XI5

It is not the case that on a general holomorphic manifold there is a correspondence between
derivations of the C-algebra C'°!(M) and holomorphic vector fields by Lie differentiation.’

9For example, on a compact holomorphic manifold, the only holomorphic functions are locally con-
stant [Fritzsche and Grauert 2002, Corollary IV.1.3], and so the only derivation is the zero derivation.
However, the C-vector space of holomorphic vector fields, while not large, may have positive dimension. For
example, the space of holomorphic vector fields on the Riemann sphere has C-dimension three [Ilyashenko
and Yakovenko 2008, Problem 17.9].
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However, for a certain class of holomorphic manifolds, those known as “Stein manifolds,”
the exact correspondence between derivations of the C-algebra ChOI(M) and holomorphic
vector fields under Lie differentiation does hold [Grabowski 1981]. This is good news for
us, since Stein manifolds are intimately connected with real analytic manifolds, as we shall
see in the next section.

With the preceding discussion in mind, we can move ahead with Definition 3.2 with
U = IY(TM), V = C'(M) (with the CO™!-topology), and & = {Z; | f € C'(M)},
where

Fp: ThNTM) — Chol(Mm)
X% Xf-

We make the following definition.

4.4 Definition: (Weak-< topology for space of holomorphic vector fields) For an
holomorphic manifold M, the weak-ZF topology for I'"!(TM) is the weakest topology for
which £ is continuous for every f € Chol(M), if CP(M) has the CO"-topology. °

We then have the following result.

4.5 Theorem: (Weak-< characterisation of COMl_topology for holomorphic vec-
tor fields on Stein manifolds) For a Stein manifold M, the following topologies for
hol(TM) agree:

(i) the COM-topology;

(ii) the weak-Z topology.

Proof: (i)C(ii) As we argued in the proof of the corresponding assertion of Theorem 3.5, it
suffices to show that

PINX) < CipiH(Ex f) + -+ Crpi (Fx fT)

for some C1,...,C, € Ry, some K1, ..., K, C M compact, and some f!,..., f7 € ChoY(M).

Let K € M be compact. For simplicity, we assume that M is connected and so has
a well-defined dimension n. If not, then the arguments are easily modified by change of
notation to account for this. Since M is a Stein manifold, for every z € K there exists a
coordinate chart (1., ¢.) with coordinate functions z',...,2™: U, — C that are restrictions
to U, of globally defined holomorphic functions on M. Depending on your source, this is
either a theorem or part of the definition of a Stein manifold [Fritzsche and Grauert 2002,
Hormander 1966]. Thus, for j € {1,...,n}, let 7 € Ct(M) be the holomorphic function
which, when restricted to U., gives the coordinate function z7. Clearly, Fx f, = X7 on U,.
Also, there exists C, € R+ such that

IX(Olle < C:(1XHO+ -+ X)), ¢ec(Va),

for some relatively compact neighbourhood V, C U, of z (this follows from the fact that all
norms are equivalent to the /! norm for C*). Thus

IX(Olle < Co(IZx £2(O1+ - + 1L 2O, ¢ cl(Ve).

Let 2z1,..., 2z € K be such that K C Ué?:lvzj. Let f1,..., f*" be the list of globally defined

holomorphic functions

fl n 1 n
i o dapr s e Ty
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and let C1,...,Cy, be the list of coeflicients

CopreisClyyon s Copn o Cly
| —— N——
n times n times

If 2 € K, then z € V,; for some j € {1,...,k} and so

IX(2)lle < Crl L fH(2)| + - + Cral L ()],

which gives
PN (X) < Cipf (Ex 1) + -+ + Crapi (Zx 1),

as needed.

(i))C(i) We claim that %} is continuous for every f € C"(M) if Th°(TM) has the
CO"Ltopology. Let K C M be compact and let U be a relatively compact neighbourhood
of K in M. Note that, for f € Ch°(M),

PN f) < CpR A (i (X) < Cpie (X)),

using Proposition 4.2, giving continuity of the identity map if we provide the domain with
the COM!-topology and the codomain with the weak-Z topology, cf. [Schaefer and Wolff
1999, §I11.1.1]. Thus open sets in the weak-Z topology are contained in the CO"!-topology.

|

As in the smooth case, we shall use the theorem according to the following result.

4.6 Corollary: (Weak-Z characterisations of boundedness, continuity, measura-
bility, and integrability for the CO"!-topology) Let M be a Stein manifold, let (X, @)
be a topological space, let (T, M) be a measurable space, and let u: M — R>q be a finite
measure. The following statements hold:

(i) a subset B C T"°Y(TM) is bounded in the von Neumann bornology if and only if it is
weak-Z bounded in the von Neumann bornology;
(ii) a map ®: X — T'M°Y(TM) is continuous if and only if it is weak-F continuous;
(i) a map W: T — TPYTM) is measurable if and only if it is weak-F measurable;

(iv) a map V: T — I'"YTM) is Bochner integrable if and only if it is weak-% Bochner
integrable.

Proof: As in the proof of Corollary 3.6, we need to show that {&; | f € CP!(M)} has
a countable point separating subset. The argument here follows that in the smooth case,
except that here we have to use the properties of Stein manifolds, cf. the proof of the first
part of Theorem 4.5 above, to assert the existence, for each z € M, of a neighbourhood
on which there are globally defined holomorphic functions whose differentials span the
cotangent space at each point. Since I'"!(TM) is complete, separable, and Suslin, and since
ChOI(M) is Suslin by properties COP-2, COM!-4 and COM'-6 above, the corollary follows
from Lemma 3.3. n
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5. The C“-topology for the space of real analytic vector fields

In this section we examine a topology on the set of real analytic vector fields. As we
shall see, this requires some considerable effort. Agrachev and Gambkrelidze [1978] consider
the real analytic case by considering bounded holomorphic extensions to neighbourhoods of
R™ of fixed width in C". Our approach is more general, more geometric, and global, using
a natural real analytic topology described, for example, in the work of Martineau [1966].
This allows us to dramatically broaden the class of real analytic systems that we can handle
to include “all” analytic systems.

The first observation we make is that I'“(E) is not a closed subspace of I'*°(E) in the
CO™-topology. To see this, consider the following. Take a smooth but not real analytic
function on $'. The Fourier series of this function gives rise, by taking partial sums, to
a sequence of real analytic functions. Standard harmonic analysis [Stein and Weiss 1971,
Theorem VII.2.11(b)] shows that this sequence and all of its derivatives converge uniformly,
and so in the CO*-topology, to the original function. Thus we have a Cauchy sequence in
C¥($') that does not converge, with respect to the CO®-topology, in C*(S1).

The second observation we make is that a plain restriction of the topology for holomor-
phic objects is not sufficient. The reason for this is that, upon complexification (a process
we describe in detail below) there will not be a uniform neighbourhood to which all real
analytic objects can be extended. Let us look at this for an example, where “object” is
“function.” For r € RRso we consider the real analytic function f,: R — IR defined by
fr(x) = Tgl% We claim that there is no neighbourhood U of R in € to which all of the
functions f,., r € Rsq, can be extended. Indeed, take some such neighbourhood U and let
r € Rsg be sufficiently small that D(r,0) € U. To see that f, cannot be extended to an

holomorphic function f, on U, let f, be such an holomorphic extension. Then £, (z) must
2

T
2422
Eliashberg 2012, Lemma 5.40]. But this immediately prohibits f, from being holomorphic
on any neighbourhood of D(r,0), giving our claim.

Therefore, to topologise the space of real analytic vector fields, we will need to do more
than either (1) restrict the CO*-topology or (2) use the COM!_topology in an “obvious”
way. Note that it is the “obvious” use of the COM!-topology for holomorphic objects
that is employed by Agrachev and Gamkrelidze [1978] in their study of time-varying real
analytic vector fields. Moreover, Agrachev and Gamkrelidze [1978] also restrict to bounded
holomorphic extensions. What we propose is an improvement on this in that it works
far more generally, and is also more natural to a geometric treatment of the real analytic
setting. We comment at this point that we shall see in Theorems 6.25 and 7.14 below
that the consideration of bounded holomorphic extensions to fixed neighbourhoods in the
complexification is sometimes sufficient locally. But conclusions such as this become hard
theorems with precise hypotheses in our approach, not starting points for the theory.

As in the smooth and holomorphic cases, we begin by considering a general vector
bundle.

be equal to for z € D(r,0) by uniqueness of holomorphic extensions [Cieliebak and

5.1. A natural direct limit topology. We let 7: E — M be a real analytic vector bundle.
We shall extend E to an holomorphic vector bundle that will serve an an important device
for all of our constructions.
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Complexifications. Let us take some time to explain how holomorphic extensions can be
constructed. The following two paragraphs distill out important parts of about forty years
of intensive development of complex analysis, culminating in the paper of Grauert [1958].

For simplicity, let us assume that M is connected and so has pure dimension, and so
the fibres of E also have a fixed dimension. As in Section 2.3, we suppose that we have a
real analytic affine connection V on M, a real analytic vector bundle connection V? on E,
a real analytic Riemannian metric G on M, and a real analytic fibre metric Gg on E. We
also assume the data required to make the diagram (2.7) giving 7: E — M as the image
of a real analytic vector bundle monomorphism in the trivial vector bundle RY x R¥ for
some suitable N € Z~.

Now we complexify. Recall that, if V is a C-vector space, then multiplication by /—1
induces a R-linear map J € Endgr (V). A R-subspace U of V is totally real if UNJ(U) = {0}.
A submanifold of an holomorphic manifold, thinking of the latter as a smooth manifold,
is totally real if its tangent spaces are totally real subspaces. By [Whitney and Bruhat
1959, Proposition 1], for a real analytic manifold M there exists a complexification M of
M, i.e., an holomorphic manifold having M as a totally real submanifold and where M has
the same C-dimension as the R-dimension of M. As shown by Grauert [1958, §3.4], for any
neighbourhood U of M in M, there exists a Stein neighbourhood § of M contained in U. By
arguments involving extending convergent real power series to convergent complex power
series (the conditions on coefficients for convergence are the same for both real and complex
power series), one can show that there is an holomorphic extension of v to t: M — CV,
possibly after shrinking M [Cieliebak and Eliashberg 2012, Lemma 5.40]. By applying
similar reasoning to the transition maps for the real analytic vector bundle E, one obtains
an holomorphic vector bundle 7: E — M for which the diagram

E cN x W

N

L
—E. RN xRN

E
wl iprz pry

M RN

M/ LM \

‘M

3

CN

commutes, where all diagonal arrows are complexification and where the inner diagram is
as defined in the proof of Lemma 2.3. One can then define an Hermitian fibre metric Gy on
E induced from the standard Hermitian metric on the fibres of the vector bundle CV x CV
and an Hermitian metric G on M induced from the standard Hermitian metric on CV.

In the remainder of this section, we assume that the preceding constructions have been
done and fixed once and for all.

Germs of holomorphic sections over subsets of a real analytic manifold. In two different
places, we will need to consider germs of holomorphic sections. In this section we organise
the methodology for doing this to unify the notation.
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Let A C M and let /4 be the set of neighbourhoods of A in the complexification M.
For U,V € A4, and for § €7Fh°1(E|ui) and 7] € Fh"l(ﬁ\?),lve say that & is equivalent to 7
if there exist W € 4, and ¢ € I'""Y(E[W) such that W C U NV and such that

W =7q/W =¢.

By fj;% we denote the set of equivalence classes, which we call the set of germs of sections

of E over A. By [€]4 we denote the equivalence class of £ € I'Pl(E|U) for some U € AHy.
Now, for x € M, E, is a totally real subspace of E, with half the real dimension, and so
it follows that

E. =E; @ J(Ez),

where J is the complex structure on the fibres of E. For U ¢ N4, denote by bR (E|U)
those holomorphic sections & of E|U such that £(x) € E; for x € UN M. We think of this as

being a locally convex topological IR-vector space with the seminorms p};(—OI, K C U compact,
defined by

P (€) = sup{[{@)lg, | T € K},
Le., we use the locally convex structure induced from the usual COM!-topology on
hel(EJU).
5.1 Remark: (Closedness of “real” sections) We note that T"LR(E[U) is a closed R-

subspace of I'"™(E) in the CO"'-topology, i.e., the restriction of requiring “realness” on M
is a closed condition. This is easily shown, and we often assume it often without mention. e

Denote by ?XOEI’]R the set of germs of sections from TPVR(E[W), U € Ay, If Uy, Us € Hp

satisfy U; C Uy, then we have the restriction mapping

TR [hol.R (E[Us) — FhOLR(Eml)
£ Emy

This restriction is continuous since, for any compact set K C U; C Uy and any & €
I'hoLR (E1Uy,), we have p%()l(rﬂz,ﬁl (6) < p};{—‘)l (¢) (in fact we have equality, but the inequality
emphasises what is required for our assertion to be true [Schaefer and Wolff 1999, §II11.1.1]).
We also have maps

olLR [E77 hol,R
rga: TOPREND) — Y.%
£ [Ea

Note that /4 is a directed set by inclusion; that is, Uy < Uy if Uy € Us. Thus we have
the directed system (FhOUR(TU))ﬁe v, along with the mappings ry, ;,, in the category of
locally convex topological R-vector spaces. The usual notion of direct limit in the category
of R-vector spaces gives ?X%’R, along with the linear mappings T A U € W4, as the direct
limit of this directed system [cf. Lang 2005, Theorem II1.10.1]. This vector space then
has the finest locally convex topology making the maps rg 4, U € 44, continuous, i.e., the
direct limit in the category of locally convex topological vector spaces. We refer to this as
. . hol,R
the direct limit topology for & \E
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The direct limit topology. We shall describe four topologies (or more, depending on which
descriptions you regard as being distinct) for the space of real analytic sections of a real
analytic vector bundle. The first is quite direct, involving an application of the construction
above to the case of A = M. In this case, the following lemma is key to our constructions.

5.2 Lemma: (Real analytic sections as holomorphic germs) There is a natural R-
vector space isomorphism between T'’(E) and ?l\}/lloé’ﬂz.

Proof: Let £ € I'’(E). As in [Cieliebak and Eliashberg 2012, Lemma 5.40], there is an
extension of ¢ to a section & € TPLR(E[U) for some U € M. We claim that the map

im: IY(E) — ?I\ljloé’]R defined by im(§) = [¢]m is the desired isomorphism. That iy is

independent of the choice of extension £ is a consequence of the fact that the extension to
¢ is unique inasmuch as any two such extensions agree on some neighbourhood contained
in their intersection; this is the uniqueness assertion of [Cieliebak and Eliashberg 2012,

Lemma 5.40]. This fact also ensures that iy is injective. For surjectivity, let [{]m € ?,\};IC%’R

and let us define £: M — E by £(z) = E(ﬁx) for # € M. Note that the restriction of £ to
M is real analytic because the values of £|M at points in a neighbourhood of z € M are
given by the restriction of the (necessarily convergent) C-Taylor series of £ to M. Obviously,

im(§) = [§]m- [ ]

Now we use the direct limit topology on ?&‘%’R described above, along with the preceding

lemma, to immediately give a locally convex topology for I'Y(E) that we refer to as the direct
C¥-topology.

Let us make an important observation about the direct C¥-topology. Let us denote by
S the set of all Stein neighbourhoods of M in M. As shown by Grauert [1958, §3.4], if
U € My then there exists § € Ky with § C U. Therefore, Ky is cofinal in My and so the
directed systems (I'"™!(E|U))g, i, and (TPY(ELS))5e 5, induce the same final topology on
I'“(E) [Grothendieck 1973, page 137].

5.2. Topologies for germs of holomorphic functions about compact sets. In the pre-
ceding section, we gave a more or less direct description of a topology for the space of real
analytic sections. This description has a benefit of being the one that one might naturally
arrive at after some thought. However, there is not a lot that one can do with this de-
scription of the topology. In this section we develop the means by which one can consider
alternative descriptions of this topology that, for example, lead to explicit seminorms for
the topology on the space of real analytic sections. These seminorms will be an essential
part of our developing a useful theory for time-varying real analytic vector fields and real
analytic control systems.

The direct limit topology for the space of germs about a compact set. We continue
with the notation from Section 5.1. For K C M compact, we have the direct limit topology,
described above for general subsets A C M, on ?I};OE’R. We seem to have gained nothing,
since we have yet another direct limit topology. However, the direct limit can be shown
to be of a friendly sort as follows. Unlike the general situation, since K is compact there
is a countable family (ﬁK,j)jeZ>0 from Ak with the property that CI(HKJH) C HKJ and
K = Njez., Uk j. Moreover, the sequence (Ux ;)jez., is cofinal in Ak, ie., if U € H,
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then there exists j € Z-o with ﬁK,j C U. Let us fix such a family of neighbourhoods.
Let us fix j € Z~¢ for a moment. Let FESBR(EWKJ) be the set of bounded sections from
IelR(E[Uy ;), boundedness being taken relative to the Hermitian fibre metric Go. As we

have seen in Lemma 4.1, if we define a norm on FEZZ]R (ElUk ;) by

Pity (&) =sup{[[E@)llg, | T € Uk},

then this makes Fggld]R (Ug ,j) into a Banach space, a closed subspace of the Banach space
of bounded continuous sections of E\UKJ Now, no longer fixing j, we have a sequence of

inclusions

Thad (Bl € TRl € T Bllice) €
C IR ([l ) C Dogg (Ellacjen) S -+
The inclusion TPMR Uy ;) C F}gzld]R(UKJH) j € Z~y, is by restriction from Uk ; to the

smaller Uy j+1, keeping in mind that cl(Ug j11) C U j- By Lemma 4.1, all inclusions are
continuous. For j € Z~( define

[hol.R hol,R
rij: Tpgd (E|UKJ) %?K?E

£ [Ek

(5.1)

Now one can show that the direct limit topologies induced on ? hOI R by the directed system

(IhoLR ¢ E]U))UE/V of Fréchet spaces and by the directed system (FEEId]R (ElUkj)) ez, of
Banach spaces agree [Kriegl and Michor 1997, Theorem 8.4]. We refer to [Bierstedt 1988],
starting on page 63, for a fairly comprehensive discussion of the topology we have just
described in the context of germs of holomorphic functions about a compact subset K C C”.

A weighted direct limit topology for sections of bundles of infinite jets. Here we provide
a direct limit topology for a subspace of the space of continuous sections of the infinite jet
bundle of a vector bundle. Below we shall connect this direct limit topology to the direct
limit topology described above for germs of holomorphic sections about a compact set. The
topology we give here has the advantage of providing explicit seminorms for the topology
of germs, and subsequently for the space of real analytic sections.

For this description, we work with infinite jets, so let us introduce the notation we will
use for this, referring to [Saunders 1989, Chapter 7] for details. Let us denote by J*E the
bundle of infinite jets of a vector bundle w: E — M, this being the inverse limit (in the
category of sets, for the moment) of the inverse system (J™E)mnez., with mappings amtl
m € Z>o. Precisely,

J®F = {¢e 11 JmE‘ o p(k) = ¢(l), k,1 € Zo, kzz}.

mGZZO

We let m¢: JE — J™E be the projection defined by 75°(¢) = ¢(m). For £ € I'*°(E) we
let joo&: M — JE be defined by 700 o joo&(z) = jm&(x). By a theorem of Borel [1895], if
¢ € J®E, there exist £ € '°(E) and x € M such that joo&(z) = ¢. We can define sections
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of J™°E in the usual manner: a section is a map Z: M — J*E satisfying n§° o E(x) = x for
every € M. We shall equip J*E with the initial topology so that a section Z is continuous
if and only if 77 o E is continuous for every m € Z>q. We denote the space of continuous
sections of J*°E by I'’(JE). Since we are only dealing with continuous sections, we can
talk about sections defined on any subset A C M, using the relative topology on A. The
continuous sections defined on A C M will be denoted by T'°(J>°E|A).

Now let K C M be compact and, for j € Z~g, denote

&j(K) ={E e I°(UXEIK) | sup{j ™" |mp; °E(2)llg,, | m € Z>0, x € K} < oo},
and on &;(K) we define a norm pg ; by
pr,j(E) =sup{j |7y o E(z)lg,. | m € Z>o, x € K}.

One readily verifies that, for each j € Z-o, (&;(K),pK,;) is a Banach space. Note that
&j(K) C &j+1(K) and that pk ;1(E) < pr;(E) for 2 € &;(K), and so the inclusion of
&;(K) in &j41(K) is continuous. We let &(K) be the direct limit of the directed system
(&(K))jez-0-

We shall subsequently explore more closely the relationship between the direct limit
topology for & (K) and the topology for ?I};OE’]R. For now, we merely observe that the direct

limit topology for & (K) admits a characterisation by seminorms. To state the result, let
us denote by cj9(Z>0;R>0) the set of nonincreasing sequences (am)mez., in Rso that
converge to 0. Let us abbreviate such a sequence by a = (4 )mez.,- The following result
is modelled after [Vogt 2013, Lemma 1]. -

5.3 Lemma: (Seminorms for &(K)) The direct limit topology for & (K) is defined by
the seminorms

PK,a = supfaoar - - am||my o E(2)[lg, | m € Z>o, x € K},
for a € CU)(ZZO;R>0)'

Proof: First we show that the seminorms pra, a € cjo(Z>0;R>0), are continuous on
& (K). It suffices to show that pk q|&;(K) is continuous for each j € Z-( [Conway 1990,
Proposition IV.5.7]. Thus, since &;(K) is a Banach space, it suffices to show that, if
(Ek)kez-, Is a sequence in &j(K) converging to zero, then limy_, pK,a(Ex) = 0. Let
N € Z>¢ be such that ay < % Let C > 1 be such that

apai - am < Cj7 ", m e {0,1,..., N},

this being possible since there are only finitely many inequalities to satisfy. Therefore, for
any m € Zxq, we have agay - - - a,, < Cj~™. Then, for any Z € TY(J®E|K),

apay - - - am||mpy 0 E(2)llg < Ci"lmny o E(@) g,

for every x € K and m € Z>p. From this we immediately have limy_,o px.a(Zr) = 0, as
desired. This shows that the direct limit topology on & (K) is stronger than the topology
defined by the family of seminorms pg q, @ € ¢j0(Z>0; R>0).
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For the converse, we show that every neighbourhood of 0 € &(K) in the direct limit
topology contains a neighbourhood of zero in the topology defined by the seminorms pg q,
a € cj9(Z>0;Rs0). Let B; denote the unit ball in &;(K). A neighbourhood of 0 in
the direct limit topology contains a union of balls €¢;B; for some €; € Rsq, j € Zo,
(see [Schaefer and Wolff 1999, page 54]) and we can assume, without loss of generality,
that €¢; € (0,1) for each j € Z-o. We define an increasing sequence (m;)jez., in Zx>q

as follows. Let m; = 0. Having defined myq,...,m;, define m;;1 > m; by requiring that
Jj< e;ﬂ”“(j +1). For m € {mj,...,mj41 — 1}, define a,, € Rsg by a,,! = ejl«/mjj. Note
that, for m € {m;,...,mj;1 — 1}, we have
_ m/m; . .
Ay =€ " < g™

Note that lim,, yoo am = 0. If £ € TO(J®E|K) satisfies Pr,a(Z) < 1 then, for m €
{mj,...,mj41 — 1}, we have

37w e E@)llg,, < amejllmy o E(2)llg,,

< agay -+ - améjl|lmy o E(z)lg, <€

for x € K. Thus, if = € T9(J*°E|K) satisfies px o(Z) < 1 then, for m € {mj,...,mj1 —1},
we have 7702 € €;B;. Therefore, 2 € Ujez_,€;B;, and this shows that, for a as constructed

above,
[E € °U%EIK) | pra(®) < 1} € Ujez. 655,

giving the desired conclusion. |

The following attribute of the direct limit topology for & (K) will also be useful.

5.4 Lemma: (& (K) is a regular direct limit) The direct limit topology for & (K) is
regular, i.e., if B C &(K) is von Neumann bounded, then there exists j € Z~qo such that
B is contained in and von Neumann bounded in &;(K).

Proof: Let B; C &;(K), j € Z~o, be the closed unit ball with respect to the norm topology.
We claim that B; is closed in the direct limit topology of & (K). To prove this, we shall
prove that B; is closed in a topology that is weaker than the direct limit topology.

The weaker topology we use is the topology induced by the topology of pointwise conver-
gence in ['Y(J®E|K). To be precise, let &/ (K) be the vector space &;(K) with the topology
defined by the seminorms

Pej(B) = sup{j " ||my o E(2)lig, | m € Z>0}, weK.

Clearly the identity map from &;(K) to &/ (k) is continuous, and so the topology of &;(K)
is weaker than the usual topology of &(K). Now let &'(K) be the direct limit of the
directed system (&(K))jez.,- Note that, algebraically, &'(K) = & (K), but the spaces
have different topologies, the topology for &'(K) being weaker than that for & (K).

We will show that B; is closed in &'(K). Let (I, =) be a directed set and let (Z;)ier
be a convergent net in B; in the topology of &'(K). Thus we have a map =Z: K — J¥E|K

such that, for each z € K, lim;cs Zi(x) = E(z). If Z € B, then there exists € K such that

sup{j ™" [ o E(2)g,, | m € Z>0} > 1.
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Let € € Ry be such that
sup{j~"||me o E(a:)HEm | meZso} >1+¢€
and let ig € I be such that
sup{j~"(|7* o Bi(z) — m e B(2)l[g,, | m € Z>0} <€

for 79 < ¢, this by pointwise convergence. We thus have, for all iy < i,

e < sup{j~"|my o E(2)llg,, | m € Zxo} —sup{i ™" |my o Bil@)lg,, | m € Z>0}
< sup{j~"|lmy o Eix) —m OE(w)H@m | m € Zxo} <

which contradiction gives the conclusion that = € B;.
Since B; has been shown to be closed in &(K), the lemma now follows from [Bierstedt
1988, Corollary 7). [ |

Seminorms for the topology of spaces of holomorphic germs. Let us define seminorms
pof{,aj K C M compact, a € C¢0(Zzo;]R>o), for g[f;oé,]l{ by

Pi.a([flx) = sup{aoar - - am[ljmé (@), | @ € K, m € Zxo}.

We can (and will) also think of pf , as being a seminorm on I'*(E) defined by the same
formula.
Let us prove that the seminorms p% ,, K C M compact, a € c10(Z>0;R>0), can be

used to define the direct limit topology on & holR

?hOIR) Let m: E — M be a real analytic vector bundle

5.5 Theorem: (Seminorms for
and let K C M be compact. Then the famzly of seminorms PRa @€ c10(Z>0;R>0), defines

a locally convex topology on ?EOE’]R agreeing with the direct limit topology.

Proof: Let K C M be compact and let (U )jez-, be a sequence of neighbourhoods of K in
M such that cl(UjH) - UJ, J € Z~g, and such that K = ﬁjez>0u We have mappings

[hol.R hol,R
K Thdd (EIU;) %?K,E
£ [Ek

The maps 7y, can be assumed to be injective without loss of generality, by making sure
7

that each open set ﬁj consists of disconnected neighbourhoods of the connected components
of K. Since M is Hausdorff and the connected components of K are compact, this can always
be done by choosing the initial open set U; sufficiently small. In this way, Eglle(Em i),

?hol,IR

j € Z~g, are regarded as subspaces of . It is convenient to be able to do this.

We will work with the locally convex épace & (K) introduced in Section 5.2, and define
a mapping L : ?hOHR — & (K) by Lr([€]k) = joof|K. Let us prove that this mapping is

well-defined, i.e., show that, if [£]x € ?[};’E’R, then Lk ([€]k) € &;(K) for some j € Zy.
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Let U be a neighbourhood of K in M on which the section ¢ is defined, holomorphic, and
bounded. Then &|(M N U) is real analytic and so, by Lemma 2.5, there exist C,r € Rsg
such that

[imé(@)lg, < Cr™, x e K, meZsy.

If j > ! it immediately follows that

sup{j " [imé(@)llg, | * € K, m € Z>o} < o0,
ie., Lr([flk) € &(K).

The following lemma records the essential feature of L.

1 Lemma: The mapping Li is a continuous, injective, open mapping, and so an homeo-
morphism onto its image.

Proof: To show that L is continuous, it suffices to show that L |T’ }];31(;][{ (E|U;) is continuous

for each j € Z>¢. We will show this by showing that, for each j € Z¢, there exists
j'" € Zo such that Li(TiL(E|U;)) € &y (K) and such that Ly is continuous as a map
from I'P9L (E|U;) to & (K). Since &/(K) is continuously included in &(K), this will give
the continuity of L. First let us show that Lk (IR (E[U;)) C &) (K) for some j' € Z,.
By Proposition 4.2, there exist C,r € Rs¢ such that
limé(@)lg,, < Cr"pi (€)

for every m € Z>¢ and F= F}};gld(aﬁj). Taking j' € Z-q such that 5/ > r~! we have
LK(Fﬁﬁlg(Emj)) C & (K), as claimed. To show that Ly is continuous as a map from
el (E|U;) to & (K), let ([€x] i )kez-, be a sequence in I'MSL (E|U;) converging to zero. We
then have

lim sup{(7') " jmée(@) g | @ € K, m € Zoo} < lim Coup{IEy(:) g | = €Ty} =0,

giving the desired continuity.

Since germs of holomorphic sections are uniquely determined by their infinite jets, in-
jectivity of Ly follows.

We claim that, if B C & (K) is von Neumann bounded, then L*(B) is also von Neumann
bounded. By Lemma 5.4, if B C &(K) is bounded, then B is contained and bounded in

&;(K) for some j € Z~q. Therefore, there exists C' € R such that, if L ([{]x) C B, then
limé@)lg, <Ci™,  xe kK, me Zs.

Let = € K and let (V,, ;) be a vector bundle chart for E about x with corresponding chart
(Uy, @) for M. Suppose the fibre dimension of E over U, is k and that ¢, takes values in R™.
Let U, C U, be a relatively compact neighbourhood of x such that cl(U,) C U,. Denote

K, = KNcl(U,). By Lemma 2.4, there exist Cy,r; € Rsg such that, if Lx([¢{]x) C B,
then
ID'¢%(z)| < Collr]!,  x € ¢u(Ky), I €Z%, ac{l,... k},

where £ is the local representative of £. Note that this implies the following for each [£]|x

such that Li([(]x) C B and for each a € {1,...,k}:
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1. &% admits a convergent power series expansion to an holomorphic function on the poly-
disk D(o, ¢z(x)) for o, < 743

2. on the polydisk D(o,, ¢ (x)), £ satisfies |£2] < ().

1—0y

It follows that, if Ly ([¢]x) € B, then £ has a bounded holomorphic extension in some
coordinate polydisk around each x € K. By a standard compactness argument and since
Njez-,U; = K, there exists j/ € Z~¢ such that £ € FE?ER(EHJ-/) for each [£]x such that
Lk ([¢]k) € B, and that the set of such sections of E|U;/ is von Neumann bounded, i.e., norm
bounded. Thus L' (B) is von Neumann bounded, as claimed.

Note also that & (K) is a DF-space since Banach spaces are DF-spaces [Jarchow 1981,
Corollary 12.4.4] and countable direct limits of DF-spaces are DF-spaces [Jarchow 1981,
Theorem 12.4.8]. Therefore, by the open mapping lemma from §2 of Baernstein [1971], the
result follows. \/

From the lemma, it follows that the direct limit topology of ?;OE’]R agrees with that

induced by its image in &(K). Since the seminorms pgq, @ € cjo(Z>0;Rsg), define
the locally convex topology of & (K) by Lemma 5.3, it follows that the seminorms PR as

a € cjo(Z>0;R>p), define the direct limit topology of ?I};Oé’m. [ |

ghol. R
KE
one, so let us provide a little history for what led to the preceding theorem. First of all,
the first concrete characterisation of seminorms for germs of holomorphic functions about
compact subsets of C" comes in [Mujica 1984]. Mujica provides seminorms having two parts,
one very much resembling the seminorms we use, and another part that is more complicated.
These seminorms specialise to the case where the compact set lies in IR” C C™, and the
first mention of this we have seen in the research literature is in the notes of Domanski
[2012]. The first full proof that the seminorms analogous to those we define are, in fact,
the seminorms for the space of real analytic functions on open subsets of R™ appears in
the recent note of Vogt [2013]. Our presentation is an adaptation, not quite trivial as it
turns out, of Vogt’s constructions. One of the principal difficulties is Lemma 2.4 which is
essential in showing that our jet bundle fibre metrics |||l = are suitable for defining the
seminorms for the real analytic topology. Note that one cannot use arbitrary fibre metrics,
since one needs to have the behaviour of these metrics be regulated to the real analytic
topology as the order of jets goes to infinity. Because our fibre metrics are constructed by
differentiating objects defined at low order, i.e., the connections V and V°, we can ensure
that the fibre metrics are compatible with real analytic growth conditions on derivatives.

The problem of providing seminorms for the direct limit topology of is a nontrivial

An inverse limit topology for the space of real analytic sections. In the preceding three
sections we provided three topologies for the space ?;OE’]R of holomorphic sections about

a compact subset K of a real analytic manifold: (1) the “standard” direct limit topol-
ogy; (2) the topology induced by the direct limit topology on & (K); (3) the topology defined
by the seminorms p§; ,, K C M compact, a € ¢jo(Z>0;R>¢). We showed in Lemma 5.3
and Theorem 5.5 that these three topologies agree. Now we shall use these constructions
to easily arrive at (1) a topology on I'“(E) induced by the locally convex topologies on the
spaces ?;:%’IR, K C M compact, and (2) seminorms for the topology of I'Y(E).
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For a compact set K C M we have an inclusion ix: I'Y(E) — ?;O%R defined as follows.

If £ € T¥(E), then ¢ admits an holomorphic extension & defined on a neighbourhood U c M
of M [Cieliebak and Eliashberg 2012, Lemma 5.40]. Since U € #x we define ix (&) = [{] k-
Now we have a compact exhaustion (Kj)jez., of M. Since Jfk. , C Mk, we have a

projection
@hol R hol,R
Kj1,E K;,E

[€]rc0 > [l

R

One can check that, as R-vector spaces, the inverse limit of the inverse family (& E?I%R )jcZ-o
VR

is isomorphic to ?l\}/lmé’ﬂz, the isomorphism being given explicitly by the inclusions

. oholR hol R
ij: ?M,E — ?Kj E

[Elm = (€],

Keeping in mind Lemma 5.2, we then have the inverse limit topology on I'(E) induced by
the mappings i, j € Z~o. The topology so defined we call the inverse C“-topology for
I'“(E).

It is now a difficult theorem of Martineau [1966, Theorem 1.2(a)] that the direct C*-
topology of Section 5.1 agrees with the inverse C*-topology. Therefore, we call the resulting
topology the C“-topology. 1t is clear from Theorem 5.5 and the preceding inverse limit
construction that the seminorms p‘ka, K C M compact, a € c|o(Z>0;R>p), define the
C“¥-topology.

5.3. Properties of the C“-topology. To say some relevant things about the C*-topology,
let us first consider the direct limit topology for f;oé’]R, K C M compact, as this is an

important building block for the C“-topology. First, we recall that a strict direct limit
of locally convex spaces consists of a sequence (V;);ez., of locally convex spaces that are
subspaces of some vector space V, and which have the nesting property V; C Vi1, j € Z~o.
In defining the direct limit topology for ?;OE’IR we defined it as a strict direct limit of

Banach spaces. Moreover, the restriction mappings from TYo%N (E[U;) to TPOuR (E[Wj1)
can be shown to be compact [Kriegl and Michor 1997, Theorem 8.4]. Direct limits such as
these are known as “Silva spaces” or “DFS spaces.” Silva spaces have some nice properties,
and these provide some of the following attributes for the direct limit topology for ?;OE’]R.

@hoLR_1 . Tt is Hausdorff: [Narici and Beckenstein 2010, Theorem 12.1.3].
GholR 9 Tt is complete: [Narici and Beckenstein 2010, Theorem 12.1.10].
@hoLR_3 Tt is not metrisable: [Narici and Beckenstein 2010, Theorem 12.1.8].

GholR_4 Tt is regular: [Kriegl and Michor 1997, Theorem 8.4]. This means that every
?hol,]R

von Neumann bounded subset of KE is contained and von Neumann bounded in

IhelR(E[U;) for some j € Zso.

GhoLR_5 Tt is reflexive: [Kriegl and Michor 1997, Theorem 8.4].

GhoLR_G. Tts strong dual is a nuclear Fréchet space: [Kriegl and Michor 1997, Theorem 8.4].
Combined with reflexivity, this means that ?I};OE’]R is the strong dual of a nuclear

)

Fréchet space.
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GholR_7. Tt is nuclear: [Schaefer and Wolff 1999, Corollary I11.7.4].

GhoLR_8 Tt is Suslin: This follows from [Fernique 1967, Théoreme 1.5.1(b)] since ?[};OE’]R is
a strict direct limit of separable Fréchet spaces. ’
These attributes for the spaces ?;:%’R lead, more or less, to the following attributes of

T (E). ’

C¥-1. Tt is Hausdorff: It is a union of Hausdorff topologies.

C#-2. Tt is complete: [Horvath 1966, Corollary to Proposition 2.11.3].

C“¥-3. Tt is not metrisable: It is a union of non-metrisable topologies.

C¥-4. Tt is separable: [Domanski 2012, Theorem 16].

C#-5. It is nuclear: [Schaefer and Wolff 1999, Corollary II1.7.4].

C¥-6. It is Suslin: Here we note that a countable direct product of Suslin spaces is
Suslin [Bogachev 2007, Lemma 6.6.5(iii)]. Next we note that the inverse limit is
a closed subspace of the direct product [Robertson and Robertson 1980, Proposi-
tion V.19]. Next, closed subspaces of Suslin spaces are Suslin spaces [Bogachev 2007,
Lemma 6.6.5(ii)]. Therefore, since I'“’(E) is the inverse limit of the Suslin spaces

?I}gﬂﬁR’ j € Z~, we conclude that T¥(E) is Suslin.

As we have seen with the CO™®- and CO"™!-topologies for T°(E) and I'"°!(E), nucle-
arity of the C*-topology implies that compact subsets of I'“(E) are exactly those that are
closed and von Neumann bounded. For von Neumann boundedness, we have the following
characterisation.

5.6 Lemma: (Bounded subsets in the C“-topology) A subset B C I'Y(E) is bounded
in the von Neumann bornology if and only if the following property holds: for any compact
set K C M and any a € cjo(Z>0;Rxq), there exists C € R such that p%’a(g) < C for
every & € B.

5.4. The weak-Z topology for real analytic vector fields. As in the finitely differentiable,
Lipschitz, smooth, and holomorphic cases, the above constructions for general vector bun-
dles can be applied to the tangent bundle and the trivial vector bundle M x R to give the
C¥-topology on the space I'“(TM) of real analytic vector fields and the space C*(M) of
real analytic functions. As we have already done in these other cases, we wish to provide
a weak characterisation of the C*-topology for I'’(TM). First of all, if X € I'“(TM), then
f— Zxf is a derivation of C¥(M). As we have seen, in the holomorphic case this does not
generally establish a correspondence between vector fields and derivations, but it does for
Stein manifolds. In the real analytic case, Grabowski [1981] shows that the map X — Zx is
indeed an isomorphism of the IR-vector spaces of real analytic vector fields and derivations
of real analytic functions. Thus the pursuit of a weak description of the C“-topology for
vector fields does not seem to be out of line.

The definition of the weak-< topology proceeds much as in the smooth and holomorphic
cases.

5.7 Definition: (Weak-¥ topology for space of real analytic vector fields) For a
real analytic manifold M, the weak-Z topology for I'“(TM) is the weakest topology for
which the map X — Zx f is continuous for every f € C*(M), if C“(M) has the C¥-topology.

We now have the following result.
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5.8 Theorem: (Weak-Z characterisation of C¥-topology for real analytic vector
fields) For a real analytic manifold M, the following topologies for I'“(TM) agree:

(i) the C¥-topology;
(it) the weak-£ topology.

Proof: (i)C(ii) As we argued in the corresponding part of the proof of Theorem 3.5, it suffices
to show that, for K C M compact and for a € c¢jo(Z>0; R>0), there exist compact sets
Ki,...,.K, CM, ay,...,a, € CJ,O(ZZO;R>O)7 fl, L fr e CW(M), and Cq,...,C, € Ry
such that

Pia(X) < C1%, a0 () 4+ Ot 0 (FxfT), X €T¥(TM).

We begin with a simple technical lemma.

1 Lemma: For each x € M there exist f1,..., f* € C¥(M) such that (df'(x),...,df"(z))
is a basis for TIM.

Proof: We are supposing, of course, that the connected component of M containing x has
dimension n. There are many ways to prove this lemma, including applying Cartan’s Theo-
rem A to the sheaf of real analytic functions on M. We shall prove the lemma by embedding
M in RN by the embedding theorem of Grauert [1958]. Thus we have a proper real analytic
embedding tp: M — RN, Let g',...,¢" € C*(R") be the coordinate functions. Then we
have a surjective linear map

oz: RN = T*M

N
(c1,--rew) = Y eid(iing) (@)
j=1
Let ¢!,...,c" € RY be a basis for a complement of ker(o,). Then the functions

N
=" diiad"

k=1

have the desired property. v

We assume that M has a well-defined dimension n. This assumption can easily be
relaxed. We use the notation

PR a(f) =sup {

wmfﬂwn reK, 1€Z)}

for a function f € C*(U) defined on an open subset of R and with K C U compact. We
shall also use this local coordinate notation for seminorms of local representatives of vector
fields. Let K C M be compact and let a € cjo(Z>0;R>¢). Let € K and let (Uy, ¢,) be
a chart for M about  with the property that the coordinate functions o, e {l,...,n},
are restrictions to U, of globally defined real analytic functions f7, j € {1,...,n}, on M.
This is possible by the lemma above. Let X : ¢,(U;) — R™ be the local representative of
X € I'“(M). Then, in a neighbourhood of the closure of a relatively compact neighbourhood
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V. C U, of x, we have ffxf% = X7, the jth component of X. By Lemma 2.4, there exist
Cy, 0, € Ry such that

imX W), < Cooz™ sup { D' X3 (00} | 111 < m, G {1,...,n}}

for m € Z>o and y € cl(V,). By equivalence of the ¢! and ¢*°-norms for R", there exists
C € R5q such that

sup{I']DIX](gbm |‘ Il <m, j€{l,. n}}

<czwﬁ\W3ww% | 11 <m}

for m € Z>¢ and y € cl(V;). Another application of Lemma 2.4 gives By, r, € Rsq such
that

sup { 11D (L ) (6o )] | 11 <, € (1, m) b < Bors i (S D))

for m € Z>o, j € {1,...,n}, and y € cl(V,). Combining the preceding three estimates and
renaming constants gives

n

H]m G Z mHJm ng](Cbx( )))” Gm

for m € Z>o and y € cl(V,). Define

by = (bin)mezs, € c0(Z>0;R>0)

1

by by = Crag and by, = 0 “am, m € Zg. Therefore,

aoar - | Jm X (W)llg,, <> bob1 -+ bl (Fx 1 (2 (1)),
=1
for m € Z>o and y € cl(V,). Supping over y € cl(V;) and m € Z>( on the right gives

agar - am|ljmX W), < D Pwaye, (L), mE€ Zso, y € cl(Vy).
j=1

Let x1,...,21 € K be such that K C ulevxj, let f1,..., f*" be the list of functions
f:l%17""f:?17“’7f2%k""7f;bk7
and let by, ..., by, € cj0(Z>0;R>0) be the list of sequences

k-

bayse ey by by
~—— —————

n times n times
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If x € K, then x € V,, for some j € {1,...,k} and so

kn
apa1 - am|jm X (@), < D i, (Lxf),
j=1
and this part of the lemma follows upon taking the supremum over x € K and m € Z>.

(i1)C(i) Here, as in the proof of the corresponding part of Theorem 3.5, it suffices to
show that, for every f € C*(M), the map &f: X — Zx f is continuous from I'’(TM) with
the C¥-topology to C¥(M) with the C¥-topology.

We shall use the direct C*-topology to show this. Thus we work with an holomorphic
manifold M that is a complexification of M, as described in Section 5.1. We recall that
Mu denotes the directed set of neighbourhoods of M in M, and that the set Hy of Stein
neighbourhoods is cofinal in #jy. As we saw in Section 5.1, for U € Ay, we have mappings

rgw: TR (TU) — T¥(TM)
X — X|M
and LR
rgms CN(U) = C¥(M)
[ fIm,

making an abuse of notation by using ry ,, for two different things, noting that context will
make it clear which we mean. For K C M compact, we also have the mapping

imx: C(M) %%;;‘%IR

f=[flk,

The C¥-topology is the final topology induced by the mappings ATRYE As such, by [Horvath
1966, Proposition 2.12.1], the map &} is continuous if and only if Z o rm for every
U € M. Thus let U € My. To show that Zy o1y 18 continuous, it suffices by [Horvath
1966, §2.11] to show that im x o £ o rm 18 continuous for every compact K C M. Next,

there is U D 8§ € K so that f admits an holomorphic extension f to 8. The following
diagram shows how this all fits together.

[hOLR (T[) 25 phol R (T8) M (T

T ~_ % \
~ “f
- \l\ - \_?f
o Y hol,R
Cw M _— 0;
TS.M ( ) iM,K %K,M

= A

Chol,]R (g)

The dashed arrows signify maps whose continuity is a priori unknown to us. The diagonal
dashed arrow is the one whose continuity we must verify to ascertain the continuity of the
vertical dashed arrow. It is a simple matter of checking definitions to see that the dia-
gram commutes. By Theorem 4.5, we have that Z5: [PolR(T8) — ChobR(S) is continuous
(keeping Remark 5.1 in mind). We deduce that, since

iMK ©Zforym = IMK °Tsm © ZF OIS

IM,K Offf ory v 18 continuous for every U € My and for every compact K C M, as desired. Bl
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As in the smooth and holomorphic cases, we can prove the equivalence of various topo-
logical notions between the weak-% and usual topologies.

5.9 Corollary: (Weak-Z characterisations of boundedness, continuity, measura-
bility, and integrability for the C“-topology) Let M be a real analytic manifold, let
(X, @) be a topological space, let (T, M) be a measurable space, and let j: M — Rxq be a
finite measure. The following statements hold:

(i) a subset B C T“(TM) is bounded in the von Neumann bornology if and only if it is
weak-ZL bounded in the von Neumann bornology;

(i) a map ®: X — T“(TM) is continuous if and only if it is weak-Z£ continuous;
(i4i) a map ¥: T — T(TM) is measurable if and only if it is weak-ZL measurable;

(iv) a map ¥: T — TY(TM) is Bochner integrable if and only if it is weak-Z£ Bochner
integrable.

Proof: The fact that {&} | f € C*(M)} contains a countable point separating subset
follows from combining the lemma from the proof of Theorem 5.8 with the proof of the
corresponding assertion in Corollary 3.6. Since I'“(TM) is complete, separable, and Suslin,
and since C“(M) is Suslin by properties C*-2, C*-4, and C¥-6 above, the corollary follows
from Lemma 3.3, taking “U =T%¥(TM),” “V=C“(M),” and “&¢ ={Z; | fe C*M)}.” R

6. Time-varying vector fields

In this section we consider time-varying vector fields. The ideas in this section originate
(for us) with the paper of Agrachev and Gamkrelidze [1978], and are nicely summarised
in the more recent book of Agrachev and Sachkov [2004], at least in the smooth case. A
geometric presentation of some of the constructions can be found in the paper of Suss-
mann [1998], again in the smooth case, and Sussmann also considers regularity less than
smooth, e.g., finitely differentiable or Lipschitz. There is some consideration of the real an-
alytic case in [Agrachev and Gamkrelidze 1978], but this consideration is restricted to real
analytic vector fields admitting a bounded holomorphic extension to a fixed-width neigh-
bourhood of R™ in C". One of our results, the rather nontrivial Theorem 6.25, is that this
framework of Agrachev and Gambkrelidze [1978] is sufficient for the purposes of local analy-
sis. However, our treatment of the real analytic case is global, general, and comprehensive.
To provide some context for our novel treatment of the real analytic case, we treat the
smooth case in some detail, even though the results are probably mostly known. (However,
we should say that, even in the smooth case, we could not find precise statements with
proofs of some of the results we give.) We also treat the finitely differentiable and Lipschitz
cases, so our theory also covers the “standard” Carathéodory existence and uniqueness the-
orem for time-varying ordinary differential equations, [e.g., Sontag 1998, Theorem 54]. We
also consider holomorphic time-varying vector fields, as these have a relationship to real
analytic time-varying vector fields that is sometimes useful to exploit.

One of the unique facets of our presentation is that we fully explain the réle of the topolo-
gies developed in Sections 3, 4, and 5. Indeed, one way to understand the principal results
of this section is that they show that the usual pointwise—in state and time—conditions
placed on vector fields to regulate the character of their flows can be profitably phrased
in terms of topologies for spaces of vector fields. While this idea is not entirely new—it is
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implicit in the approach of [Agrachev and Gamkrelidze 1978]—we do develop it compre-
hensively and in new directions.

While our principal interest is in vector fields, and also in functions, it is convenient to
conduct much of the development for general vector bundles, subsequently specialising to
vector fields and functions.

6.1. The smooth case. Throughout this section we will work with a smooth vector bundle
7m: E — M with a linear connection V" on E, an affine connection V on M, a fibre metric
Go on E, and a Riemannian metric G on M. This defines the fibre norms |||z on J™E and
seminorms p%ﬁw K C M compact, m € Z>q, on I'°(E) as in Section 3.1.

6.1 Definition: (Smooth Carathéodory section) Let 7: E — M be a smooth vector
bundle and let T C R be an interval. A Carathéodory section of class C* of E is a
map £: T x M — E with the following properties:
(i) &(t,z) € E, for each (t,z) € T x M;
(ii) for each t € T, the map &: M — E defined by & (x) = £(t, x) is of class C*;
(iii) for each z € M, the map £*: T — E defined by £*(¢) = £(¢t, z) is Lebesgue measurable.

We shall call T the time-domain for the section. By CFI'*°(T;E) we denote the set of
Carathéodory sections of class C* of E. °

Note that the curve ¢ — £(t,x) is in the finite-dimensional vector space E;, and so
Lebesgue measurability of this is unambiguously defined, e.g., by choosing a basis and
asking for Lebesgue measurability of the components with respect to this basis.

Now we put some conditions on the time dependence of the derivatives of the section.

6.2 Definition: (Locally integrally C°°-bounded and locally essentially C°°-
bounded sections) Let 7: E — M be a smooth vector bundle and let T C R be an
interval. A Carathéodory section £: T x M — E of class C™ is
(i) locally integrally C°°-bounded if, for every compact set K C M and every m €
Z>, there exists g € L .(T;R>¢) such that

lim&i(@)lg,, <9(),  (tz)eTxK,

and is

(ii) locally essentially C*°-bounded if, for every compact set K C M and every m €
Z>, there exists g € L. (T;R>() such that

[im&e (), < 9(t), (t,z) € T x K.

The set of locally integrally C*°-bounded sections of E with time-domain T is denoted by
LIT*°(T, E) and the set of locally essentially C*°-bounded sections of E with time-domain
T is denoted by LBI'*°(T; E). o

Note that LBI'*°(T;M) C LII'*°(T; M), precisely because locally essentially bounded
functions (in the usual sense) are locally integrable (in the usual sense).

We note that our definitions differ from those in [Agrachev and Gamkrelidze 1978,
Agrachev and Sachkov 2004, Sussmann 1998]. The form of the difference is our use of
connections and jet bundles, aided by Lemma 2.1. In [Agrachev and Gamkrelidze 1978]
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the presentation is developed on Euclidean spaces, and so the geometric treatment we give
here is not necessary. (One way of understanding why it is not necessary is that Euclidean
space has a canonical flat connection in which the decomposition of Lemma 2.1 becomes
the usual decomposition of derivatives by their order.) In [Agrachev and Sachkov 2004]
the treatment is on manifolds, and the seminorms are defined by an embedding of the
manifold in Euclidean space by Whitney’s Embedding Theorem [Whitney 1936]. Also,
Agrachev and Sachkov [2004] use the weak-Z topology in the case of vector fields, but we
have seen that this is the same as the usual topology (Theorem 3.5). In [Sussmann 1998]
the characterisation of Carathéodory functions uses Lie differentiation by smooth vector
fields, and the locally convex topology for I'>°(TM) is not explicitly considered, although
it is implicit in Sussmann’s constructions. Sussmann also takes a weak-Z approach to
characterising properties of time-varying vector fields. In any case, all approaches can be
tediously shown to be equivalent once the relationships are understood. An advantage of
the approach we use here is that it does not require coordinate charts or embeddings to
write the seminorms, and it makes the seminorms explicit, rather than implicitly present.
The disadvantage of our approach is the added machinery and complication of connections
and our jet bundle decomposition.

The following characterisation of Carathéodory sections and their relatives is also useful
and insightful.

6.3 Theorem: (Topological characterisation of smooth Carathéodory sections)
Let m: E — M be a smooth vector bundle and let T C R be an interval. For a map
¢: T x M — E satisfying £(t,x) € E, for each (t,x) € T x M, the following two statements
are equivalent:

(i) £ € CFT'>°(T;E);
(ii) the map T >t — & € T°°(E) is measurable,
the following two statements are equivalent:
(iii) € € LID®(T;E);
(iv) the map T 3t — & € T'°(E) is measurable and locally Bochner integrable,
and the following two statements are equivalent:
(v) € € LBT™®(T;E);
(vi) the map T > t — & € I'*°(E) is measurable and locally essentially von Neumann
bounded.

Proof: It is illustrative, especially since we will refer to this proof at least three times
subsequently, to understand the general framework of the proof. Much of the argument has
already been carried out in a more general setting in Lemma 3.3.

So we let V be a locally convex topological vector space over F € {R,C}, let (T, #) be
a measurable space, and let ¥: T — V. Let us first characterise measurability of ¥. We use
here the results of Thomas [1975] who studies integrability for functions taking values in
locally convex Suslin spaces. Thus we assume that V is a Hausdorff Suslin space (as is the
case for all spaces of interest to us in this paper). We let V/ denote the topological dual of
V. A subset S C V' is point separating if, for distinct v1,vs € V, there exists o € V' such
that a(v1) # a(v2). Thomas [1975] proves the following result as his Theorem 1, and whose
proof we provide, as it is straightforward and shows where the (not so straightforward)
properties of Suslin spaces are used.
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1 Lemma: Let V be a Hausdorff, Suslin, locally convex topological vector space over [F €
{R,C}, let (T, M) be a measurable space, and let V: T — V. If S C V' is point separating,
then W is measurable if and only if a oW is measurable for every a € S.

Proof: If ¥ is measurable, then it is obvious that ao ¥ is measurable for every a € V' since
such « are continuous.

Conversely, suppose that ao W is measurable for every o € S. First of all, locally convex
topological vector spaces are completely regular if they are Hausdorff [Schaefer and Wolff
1999, page 16]. Therefore, by [Bogachev 2007, Theorem 6.7.7], there is a countable subset
of S that is point separating, so we may as well suppose that S is countable. We are now
in the same framework as Lemma 3.3(iii), and the proof there applies by taking “U = V,”
“V=F, and “&/ = 5.7 \/

The preceding lemma will allow us to characterise measurability. Let us now consider
integrability.

2 Lemma: Let V be a complete separable locally convex topological vector space over F €
{R,C} and let (T, M ,u) be a finite measure space. A measurable function ¥: T — V is
Bochner integrable if and only if poW is integrable for every continuous seminorm p for V.

Proof: It follows from [Beckmann and Deitmar 2011, Theorems 3.2, 3.3] that ¥ is integrable
if p o WU is integrable for every continuous seminorm p. Conversely, if W is integrable, it
is implied that ¥ is Bochner approximable, and so, by [Beckmann and Deitmar 2011,
Theorem 3.2], we have that po ¥ is integrable for every continuous seminorm p. v

(i) <= (ii) For z € M and «, € E}, define ev,, : I'*°(E) — R by ev,, (§) = (az;&(2)).
Clearly ev,, is R-linear. We claim that ev,, is continuous. Indeed, for a directed set (I, <)
and a net (£);e; converging to £,'° we have

limevq, (51) = lim O‘x(gz(x)) = Oy (11111&(1’)) = am(g(x)) = CVq, (5),
el el el
using the fact that convergence in the CO®-topology implies pointwise convergence. It
is obvious that the continuous linear functions ev,,, o, € E*, are point separating. We
now recall from property CO*°-6 for the smooth CO>-topology that I'*°(E) is a Suslin
space with the CO*°-topology. Therefore, by the first lemma above, it follows that ¢ — & is
measurable if and only if t — ev,, (§) = (az; & (x)) is measurable for every a, € E*. On the
other hand, this is equivalent to t — &;(x) being measurable for every z € M since t — & ()
is a curve in the finite-dimensional vector space E,. Finally, note that it is implicit in the
statement of (ii) that & is smooth, and this part of the proposition follows easily from these
observations.

(iii) <= (iv) Let T C T be compact.

First suppose that £ € LII'*°(T; E). By definition of locally integrally C*°-bounded, for
each compact K C M and m € Z>, there exists g € LY, R>g) such that

lim&(@)llg, <9(t),  (ta) €T xK = pg,.(&) <g(t), teT.

10Since T°°(E) is metrisable, it suffices to use sequences. However, we shall refer to this argument when
we do not use metrisable spaces, so it is convenient to have the general argument here.
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Note that continuity of p%,,, implies that ¢ — p% (&) is measurable. Therefore,
/ PRm(§t) dt < oo, K C M compact, m € Z>.
"[['/

Since I'*°(E) is complete and separable, it now follows from the second lemma above that
t — & is Bochner integrable on T’. That is, since T’ is arbitrary, t — & is locally Bochner
integrable.

Next suppose that t +— & is Bochner integrable on T. By the second lemma above,

/ PR.m (&) dt < oo, K C M compact, m € Zx.
']I'/

Therefore, since
lim&e(2)lg,, < PEm(St): (t,2) € T' x K,

we conclude that £ is locally integrally C*°-bounded since T’ is arbitrary.

(v) <= (vi) We recall our discussion of von Neumann bounded sets in locally con-
vex topological vector spaces preceding Lemma 3.1 above. With this in mind and using
Lemma 3.1, this part of the theorem follows immediately. |

Note that Theorem 6.3 applies, in particular, to vector fields and functions, giv-
ing the classes CF*>°(T; M), LIC*(T; M), and LBC*>(T; M) of functions, and the classes
CFI'*(T; TM), LII'*°(T; TM), and LBI'**(T; TM) of vector fields. Noting that we have the
alternative weak-% characterisation of the CO*°-topology, we can summarise the various
sorts of measurability, integrability, and boundedness for smooth time-varying vector fields
as follows. In the statement of the result, ev, is the “evaluate at z” map for both functions
and vector fields.

6.4 Theorem: (Weak characterisations of measurability, integrability, and
boundedness of smooth time-varying vector fields) Let M be a smooth manifold,
let T C R be a time-domain, and let X: T x M — TM have the property that X; is a
smooth vector field for each t € T. Then the following four statements are equivalent:

(i) t — X; is measurable;
(i1) t — Fx, [ is measurable for every f € C*(M);
(iii) t — evy o Xy is measurable for every x € M;
() t — evy o Lx, [ is measurable for every f € C>(M) and every x € M,
the following two statements are equivalent:
(v) t — Xy is locally Bochner integrable;
(vi) t — Zx, f is locally Bochner integrable for every f € C*°(M),
and the following two statements are equivalent:
(vii) t — Xy is locally essentially von Neumann bounded;
(viii) t — Zx, f is locally essentially von Neumann bounded for every f € C*(M).

Proof: This follows from Theorem 6.3, along with Corollary 3.6. ]

Let us now discuss flows of vector fields from LIT'*°(T; TM). To do so, let us provide
the definition of the usual attribute of integral curves, but on manifolds.
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6.5 Definition: (Locally absolutely continuous) Let M be a smooth manifold and let
T C R be an interval.

(i) A function f: [a,b] — R is absolutely continuous if there exists g € L!([a,b];R)
such that

f(t) = f(a) +/ g(T)dr, t € la,b].

(ii) A function f: T — R is locally absolutely continuous if f|T' is absolutely contin-
uous for every compact subinterval T/ C T.

(iii) A curve v: T — M is locally absolutely continuous if ¢ o v is locally absolutely
continuous for every ¢ € C>(M). .

One easily verifies that a curve is locally absolutely continuous according to our definition
if and only if its local representative is locally absolutely continuous in any coordinate chart.

We then have the following existence, uniqueness, and regularity result for locally inte-
grally bounded vector fields. In the statement of the result, we use the notation

b <b
=g 0 0=t
[b,a], b<a.

In the following result, we do not provide the comprehensive list of properties of the flow,
but only those required to make sense of its regularity with respect to initial conditions, as
per our specification 3 for our theory in Section 1.2.

6.6 Theorem: (Flows of vector fields from LII'*°(T; TM)) Let M be a smooth man-
ifold, let T be an interval, and let X € LII'°(T;TM). Then there exist a subset
Dx C TxTxM and a map ®X: Dx — M with the following properties for each
(to,xo) eT x M:
(i) the set
Tx(to,l’o) = {t eT ‘ (t,to,l’o) S Dx}

is an interval;

(ii) there exists a locally absolutely continuous curve t — &(t) satisfying

§'(t) = X(t,&(t), £&(to) = o,

for almost all t € |tg, t1] if and only if t1 € Tx(to,zo);
(iii) SO (t,t0,z0) = X (t, DX (¢, t0,30)) for almost all t € Tx (to,z0);

(iv) for each t € T for which (t,to,x0) € Dx, there exists a neighbourhood U of xo such
that the mapping x v+ ®X (t,tg,x) is defined and of class C* on U.

Proof: We observe that the requirement that X € LII'*°(T; TM) implies that, in any co-
ordinate chart, the components of X and their derivatives are all bounded by a locally
integrable function. This, in particular, implies that, in any coordinate chart for M, the
ordinary differential equation associated to the vector field X satisfies the usual conditions
for existence and uniqueness of solutions as per, for example, [Sontag 1998, Theorem 54].
Of course, the differential equation satisfies conditions much stronger than this, and we
shall see how to use these in our argument below.
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The first three assertions are now part of the standard existence theorem for solutions
of ordinary differential equations, along with the usual Zorn’s Lemma argument for the
existence of a maximal interval on which integral curves is defined.

In the sequel we denote @fgo (z) = ®X (¢, tg, x0).

For the fourth assertion we first make some constructions with vector fields on jet
bundles, more or less following [Saunders 1989, §4.4]. We let M2 = M x M and we consider
M2 as a fibred manifold, indeed a trivial fibre bundle, over M by pr;: M?> — M, i.e., by
projection onto the first factor. A section of this fibred manifold is naturally identified with
a smooth map ®: M — M by z — (x, ®(z)). We introduce the following notation:

1. J™pr;: the bundle of m-jets of sections of the fibred manifold pr;: M? — M;
Vpr; ,,: the vertical bundle of the fibred manifold pry ,,: J” pry — M;

V pry: the vertical bundle of the fibred manifold pr;: M? — M:;

v: the projection pr; o(mrmz|V pry);

AN Rl S

J™v: the bundle of m-jets of sections of the fibred manifold v: V pr; — M.

With this notation, we have the following lemma.

1 Lemma: There is a canonical diffeomorphism cap: J™v — Vpry ,,.

Proof: We describe the diffeomorphism, and then note that the verification that it is, in
fact, a diffeomorphism is a fact easily checked in jet bundle coordinates.

Let I C R be an interval with 0 € int(/) and consider a smooth map ¢: I xM — Mx M
of the form ¢(t,z) = (z, ¢1(t,x)) for a smooth map ¢;. We let ¢y(x) = ¢*(t) = ¢(t, z). We
then have maps

g I — J™ pry
b= Jm®t (-r )

and

Note that the curve jJ, ¢ is a curve in the fibre of pry ,,,: J™ pry — M. Thus we can sensibly
define o, by

onlind @) = G| (D)

In jet bundle coordinates, one can check that «,, has the local representative

((wla (QUQ, AO))) (Bla Ala .. aBma Am)) = ((wla (582, Bla CIRIEIES Bm))7 (AO) Ala cee 7Am));
showing that «,, is indeed a diffeomorphism. v

Given a smooth vector field Y on M, we define a vector field Y on M? by Y (x1, ) =
(0z,,Y (z2)). Note that we have the following commutative diagram

M?2 *Y>Vpr1

M




MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 91

giving Y as a morphism of fibred manifolds. It is thus a candidate to have its m-jet taken,
giving a morphism of fibred manifolds j,,Y : J™ pr; — J™v. By the lemma, o, © JmY s
a vertical vector field on J™ pr; that we denote by v,,Y, the mth vertical prolongation
of Y. Let us verify that this is a vector field. First of all, for a section ® of pry given by
z — (z,®(x)), note that Y o ®(z) = (0,,Y(®(x))), and so0 jm(Y o ®)(z) is vertical. By
the notation from the proof of the lemma, we can write j,,(Y o ®)(z) = jn¢(x) for some
suitable map ¢ as in the lemma. We then have

Qm © ]m(Y © i))(l') = am(jm¢/($)) € V]mé(x) Prim -

Therefore,

TTym pr, Qo © Jm?(Jm(i)(x)» = T7ym pr, (Qm © Jm(Y o (i))(a:)) = jm®(z).

Note that since J"™ pry is naturally identified with J™(M;M) via the identification

Jm®(z) = jm®(z)

if ®(z) = (z,®(z)), we can as well think of 1,,Y as being a vector field on the latter space.
Sorting through all the definitions gives the form of v,,,Y in coordinates as

((x1,22), A1,..., Ap) — (((1,22), A1,...,An),0,Y, DY ... D"Y). (6.1)

We now apply the above constructions, for each fixed t € T, to get the vector field v, X%,
and so the time-varying vector field v, X defined by v, X (£, i ®(x)) = vy Xt (jmP(x)) on
J™(M;M). The definition of LIT!(T; TM), along with the coordinate formula (6.1), shows
that v, X satisfies the standard conditions for existence and uniqueness of integral curves,
and so its flow depends continuously on initial condition [Sontag 1998, Theorem 55].

The fourth part of the theorem, therefore, will follow if we can show that

1. for each m € Z>g, the flow of v, X depends on the initial condition in M in a C™ way,
V7nX . . .

2. ¢t,t0 (]m(bggﬂfo (xo)) - jm@g,(to (qu)gg,to ($0)), and

3. if {t} x {to} x U C Dx, then {t} x {to} x pry,,(U) € D, x.

We ask for property 3 to ensure that the domain of differentiability does not get too small

as the order of the derivatives gets large.

To prove these assertions, it suffices to work locally. According to (6.1), we have the
time-dependent differential equation defined on

U x LR™; R™) x -+ x L™ _(R™R™),

sym
where U is an open subset of R”, and given by
F(t) = X(t,~(1)),
Ai(t) = DX (1, (1)),
Ax(t) = D*X(t,7(t)),

A (t) = D™ X (t,~(1)),
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(t,x) — (@, X (t,x)) being the local representative of X. The initial conditions of interest
for the vector field v, X are of the form jmq)t)g?to (). In coordinates, keeping in mind that
@fg,to = idp, this gives

’Y(to) - :B(], Al(to) == In; A](to) = 07 .7 Z 2 (62)

Let us denote by t — ~(t,tg,x) and ¢t — Aj;(t,to,x), j € {1,...,m}, the solutions of the
differential equations above with these initial conditions.

We will show that assertions 1-3 hold by induction on m. In doing this, we will need to
understand how differential equations depending differentiably on state also have solutions
depending differentiably on initial condition. Such a result is not readily found in the text-
book literature, as this latter is typically concerned with continuous dependence on initial
conditions for cases with measurable time-dependence, and on differentiable dependence
when the dependence on time is also differentiable. However, the general case (much more
general than we need here) is worked out by Schuricht and von der Mosel [2000].

For m = 0, the assertions are simply the result of the usual continuous dependence
on initial conditions [e.g., Sontag 1998, Theorem 55]. Let us consider the case m = 1.
In this case, the properties of LIT'*°(T; TM) ensure that the hypotheses required to apply
Theorem 2.1 of [Schuricht and von der Mosel 2000] hold for the differential equation

() = X(t, (1)),
A (t) = DX (t,~(t)).

This allows us to conclude that  — (¢, to, ) is of class C'. This establishes the assertion 1
in this case. Therefore, on a suitable domain, jltl)ffto is well-defined. In coordinates the
map jléfgoz JL(M; M) — JL(M; M) is given by

(x7ya Bl) = (x77(tat07 ZB), D37(t7t07 ZU) ° Bl)v (63)

this by the Chain Rule. We have

d
&DZ{Y(tatO?w) = D3(%7(t7t07w)) - DX(t,’)’(t,to,:E)),

the swapping of the time and spatial derivatives being valid by [Schuricht and von der Mosel
2000, Corollary 2.2]. Combining this with (6.3) and the initial conditions (6.2) shows that
assertion 2 holds for m = 1. Moreover, since A (t,ty, ) is obtained by merely integrating
a continuous function of ¢ from ¢y to ¢, we also conclude that assertion 3 holds.

Now suppose that assertions 1-3 hold for m. Again, the properties of LIT'*°(T; TM)
imply that the hypotheses of Theorem 2.1 of [Schuricht and von der Mosel 2000] hold, and
so solutions of the differential equation

F(t) = X (t, (1)),
Al(t) = DX(ta 7(t))’
Ay(t) = D> X (t,~(t)),

Ap(t) = D™ X (t,~(t))
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depend continuously differentiably on initial condition. By the induction hypothesis applied
to the assertion 2, this means that

X [ - .
(t,2) = Y5 (m®iy 1y () = Jm Py, ()

depends continuously differentiably on x, and so we conclude that (¢, z) — @fgo (x) depends
on z in a C™*! manner. This establishes assertion 1 for m + 1. After an application
of the Chain Rule for high-order derivatives (see [Abraham, Marsden, and Ratiu 1988,
Supplement 2.4A]) we can, admittedly after just a few moments thought, see that the local
representative of jm 197 (im+197 4, (%)) is

(m77(t7t07 iB), D37(t7t07 iB), s 7D§n+17(t7t05 l‘)),

keeping in mind the initial conditions (6.2) in coordinates.
By the induction hypothesis,

d . : .
g P(t) = D' X (8 (tto, ), j el om).

Using Corollary 2.2 of [Schuricht and von der Mosel 2000] we compute

d
aDgnJrl‘Y(t? to, m) = D(%Dén7(t7 lo, m)) = Dm+1X(t7 7(t7 to, m))a
giving assertion 2 for m+ 1. Finally, by the induction hypothesis and since A,,11(t, tg, x) is

obtained by simple integration from %, to t, we conclude that assertion 3 holds for m+ 1. H

6.2. The finitely differentiable or Lipschitz case. The requirement that the flow depends
smoothly on initial conditions is not always essential, even when the vector field itself
depends smoothly on the state. In such cases as this, one may want to consider classes of
vector fields characterised by one of the weaker topologies described in Section 3.4. Let us
see how to do this. In this section, so as to be consistent with our definition of Lipschitz
norms in Section 3.5, we suppose that the affine connection V on M is the Levi-Civita
connection for the Riemannian metric G and that the vector bundle connection V? in E is
Go-orthogonal.

6.7 Definition: (Finitely differentiable or Lipschitz Carathéodory section) Let
m: E — M be a smooth vector bundle and let T C R be an interval. Let m € Z>( and let
m’ € {0,lip}. A Carathéodory section of class C™t™ of Eis amap &: TxM — E
with the following properties:

(i) &(t,x) € E, for each (t,z) € T x M;
(ii) for each ¢ € T, the map &: M — E defined by & (z) = £(¢, ) is of class C;
(iii) for each z € M, the map &£*: T — E defined by £*(t) = £(t, x) is Lebesgue measurable.

We shall call T the time-domain for the section. By CFT”+m (T;E) we denote the set
of Carathéodory sections of class cmtm of E. °

Now we put some conditions on the time dependence of the derivatives of the section.
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6.8 Definition: (Locally integrally C™t™ _pounded and locally essentially
C™t™ _bounded sections) Let m: E — M be a smooth vector bundle and let T C R be
an interval. Let m € Z>¢ and let m’ € {0,lip}. A Carathéodory section £: T x M — E of
class C™H™ s

i) locally integrally "-bounded if:
i) locally i lly C™t™ _pounded if
(a) m/ = 0: for every compact set K C M, there exists g € Li .(T;R>0) such that

lFmé&e(2)llg,, < 9@),  (tx) € T x K;
(b) m' = lip: for every compact set K C M, there exists g € L{ .(T;R>0) such that

and is
(ii) locally essentially C™ ™ -bounded if:

(a) m' = 0: for every compact set K C M, there exists g € LS (T;R>) such that

limée(2)llg,, < 9(@),  (t,x) € T x K;

m

(b) m' =lip: for every compact set K C M, there exists g € LS. (T;R>) such that
dil jmée (), [limée(7) g, < 9(t), (t,z) e T x K.

The set of locally integrally C™ " hounded sections of E with time-domain T is denoted
by LID™+m’ (T, E) and the set of locally essentially C"*t™ _bounded sections of E with time-
domain T is denoted by LBI"+™ (T;E). .

6.9 Theorem: (Topological characterisation of finitely differentiable or Lipschitz
Carathéodory sections) Let m: E — M be a smooth vector bundle and let T C R be
an interval. Let m € Zso and let m' € {0,lip}. For a map £: T x M — E satisfying
&(t,x) € E, for each (t,x) € T x M, the following two statements are equivalent:

(i) € € CFI™ " (T;E);
(ii) the map T >t & € T (E) is measurable,
the following two statements are equivalent:
(iii) € € LI+ (T; E);
() the map T >t — & € T (E) is measurable and locally Bochner integrable,
and the following two statements are equivalent:
(v) € € LBI™ ™ (T;E);

(vi) the map T >t — & € T (E) is measurable and locally essentially von Neumann
bounded.

Proof: (i) <= (ii) For z € M and a, € E*, define ev,,: I (E) — R by evq, (£) =
(az; &(x)). It is easy to show that ev,, is continuous and that the set of continuous func-

tionals ev,,, a, € EX, is point separating. Since I+ (E) is a Suslin space (properties
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CO™-6 and COmHip-G), this part of the theorem follows in the same manner as the corre-
sponding part of Theorem 6.3.

(iii) <= (iv) Since "+ (E) is complete and separable (by properties CO™-2 and CO™-
4, and CO™*P_2 and COm“ip—éL), the arguments from the corresponding part of Theo-
rem 6.3 apply here, taking note of the definition of the seminorms plli?(ﬁ) in case m’ = lip.

(v) <= (vi) We recall our discussion of von Neumann bounded sets in locally con-
vex topological vector spaces preceding Lemma 3.1 above. With this in mind and using
Lemma 4.3, this part of the proposition follows immediately. |

Note that Theorem 6.9 applies, in particular, to vector fields and functions, giving the
classes CE™ 7 (T; M), LIC™™ (T; M), and LBC™™ (T; M) of functions, and the classes
CET™ ™ (T; TM), LID™+™ (T; TM), and LBI"™" (T; TM) of vector fields. Noting that we
have the alternative weak-% characterisation of the COm+m/—t0pology, we can summarise
the various sorts of measurability, integrability, and boundedness for smooth time-varying
vector fields as follows. In the statement of the result, ev, is the “evaluate at ” map for
both functions and vector fields.

6.10 Theorem: (Weak characterisations of measurability, integrability, and
boundedness of finitely differentiable or Lipschitz time-varying vector fields)
Let M be a smooth manifold, let T C R be a time-domain, let m € Z>g, let m' € {0,lip},
and let X: T x M — TM have the property that X; is a vector field of class ot for
each t € T. Then the following four statements are equivalent:

(i) t — X; is measurable;

(it) t — Zx, [ is measurable for every f € C°(M);

(iii) t — evy o Xy is measurable for every x € M;

() t — evy o Lx, [ is measurable for every f € C*(M) and every x € M,
the following two statements are equivalent:

(v) t — Xy is locally Bochner integrable;

(vi) t — Zx, f is locally Bochner integrable for every f € C*°(M),
and the following two statements are equivalent:

(vii) t — Xy is locally essentially von Neumann bounded;

(viii) t — Zx, f is locally essentially von Neumann bounded for every f € C*(M).
Proof: This follows from Theorem 6.9, along with Corollaries 3.9 and 3.15. ]

It is also possible to state an existence, uniqueness, and regularity theorem for flows of
vector fields that depend on state in a finitely differentiable or Lipschitz manner.

6.11 Theorem: (Flows of vector fields from LIT™ 1™ (T;TM)) Let M be a smooth
manifold, let T be an interval, let m € Zso, and let X € LIT™HP(T; TM). Then there
exist a subset Dx C T x T x M and a map ®%: Dx — M with the following properties for
each (to,xo) € T x M:
(i) the set
Tx(to,mo) = {t eT ‘ (t,to,xo) S Dx}

s an interval;
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(ii) there exists a locally absolutely continuous curve t — &(t) satisfying

‘gl(t) = X(t7 f(t)), f(tO) = Zo,

for almost all t € |to, t1] if and only if t; € Tx(to, x0);

(iii) SOX(t,t0,20) = X (t, X (t,t0,70)) for almost all t € Tx (to,x0);

(iv) for each t € T for which (t,ty,z9) € Dx, there exists a neighbourhood U of xy such
that the mapping x v+ ®X (t,to, ) is defined and of class C™ on U.

Proof: The proof here is by truncation of the proof of Theorem 6.6 from “c0” to “m.” N

6.3. The holomorphic case. While we are not per se interested in time-varying holomor-
phic vector fields, our understanding of time-varying real analytic vector fields—in which
we are most definitely interested—is connected with an understanding of the holomorphic
case, cf. Theorem 6.25.

We begin with definitions that are similar to the smooth case, but which rely on the
holomorphic topologies introduced in Section 4.1. We will consider an holomorphic vector
bundle 7: E — M with an Hermitian fibre metric G. This defines the seminorms p}}(ol,
K C M compact, describing the COM!-topology for T'"!(E) as in Section 4.1.

Let us get started with the definitions.

6.12 Definition: (Holomorphic Carathéodory section) Let 7: E — M be an holomor-
phic vector bundle and let T C R be an interval. A Carathéodory section of class CP°!
of Eis amap &: T x M — E with the following properties:

(i) &(t,z) € E; for each (¢,2) € T x M;
(ii) for each t € T, the map &: M — E defined by &(z) = &(t, 2) is of class Ch°!;
(iii) for each z € M, the map &*: T — E defined by £*(¢) = £(¢, #) is Lebesgue measurable.

We shall call T the time-domain for the section. By CFT'!(T;E) we denote the set of
Carathéodory sections of class C"! of E. °

The associated notions for time-dependent sections compatible with the COhOl—topology
are as follows.

6.13 Definition: (Locally integrally C"l-bounded and locally essentially Ch°l-
bounded sections) Let 7: E — M be an holomorphic vector bundle and let T C R
be an interval. A Carathéodory section £: T x M — E of class CP' is

(i) locally integrally Chol_pounded if, for every compact set K C M, there exists
g € L (T;Rsg) such that

1£(, 2)lle < g(t), (t,2) e Tx K

and is

(ii) locally essentially chol_pounded if, for every compact set K C M, there exists
g € Lix.(T;R>p) such that

1€(L, 2)lle < g(t), (t,2) € T x K.



MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 97

The set of locally integrally C'-bounded sections of E with time-domain T is denoted by
LIT'(T, E) and the set of locally essentially CP°l-bounded sections of E with time-domain
T is denoted by LBT™!(T;E). .

As with smooth sections, the preceding definitions admit topological characterisations,
now using the CO"-topology for I'"!(E).

6.14 Theorem: (Topological characterisation of holomorphic Carathéodory sec-
tions) Let m: E — M be an holomorphic vector bundle and let T C R be an interval. For
a map £: T x M — E satisfying £(t,z) € E, for each (t,z) € T x M, the following two
statements are equivalent:

(i) € € CFT"Y(T;E);

(ii) the map T >t — & € TPY(E) is measurable,
the following two statements are equivalent:

(iii) &€ € LIT"Y(T;E);

(iv) the map T >t & € TPYE) is measurable and locally Bochner integrable,
and the following two statements are equivalent:

(v) € € LBIMY(T;E);

(vi) the map T > t — & € T'MYE) is measurable and locally essentially von Neumann
bounded.

Proof: (i) <= (ii) For z € M and o, € E}, define ev,, : I"!(E) — C by evq, (&) = (a.;£(2)).
It is easy to show that ev,, is continuous and that the set of continuous functionals ev,,_,
o, € Ef, is point separating. Since I'™!(E) is a Suslin space by CO"Lg, this part of the
theorem follows in the same manner as the corresponding part of Theorem 6.3.

(iii) <= (iv) Since T'"°!(E) is complete and separable (by properties CO"!-2 and CO"L
4), the arguments from the corresponding part of Theorem 6.3 apply here.

(v) <= (vi) We recall our discussion of von Neumann bounded sets in locally con-
vex topological vector spaces preceding Lemma 3.1 above. With this in mind and using
Lemma, 4.3, this part of the proposition follows immediately. |

Since holomorphic vector bundles are smooth vector bundles (indeed, real analytic vector
bundles), we have natural inclusions

LIT'(T; E) € CFI*™(T;E),  LBI'™Y(T;E) C CFI'™(T;E). (6.4)

Moreover, by Proposition 4.2 we have the following.

6.15 Proposition: (Time-varying holomorphic sections as time-varying smooth
sections) For an holomorphic vector bundle w: E — M and an interval T, the inclu-
sions (6.4) actually induce inclusions

LIT*(T;E) C LIT(T;E),  LBI™(T;E) C LBI™(T;E).

Note that Theorem 6.14 applies, in particular, to vector fields and functions, giving
the classes CFROY(T; M), LICtY(T; M), and LBC!(T;M) of functions, and the classes
CFI'™Y(T; TM), LITP(T; TM), and LBI'"Y(T; TM) of vector fields. Unlike in the smooth
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case preceding and the real analytic case following, there is, in general, not an equivalent
weak-Z version of the preceding definitions and results. This is because our Theorem 4.5
on the equivalence of the COhOl—tOpology and the corresponding weak-< topology holds
only on Stein manifolds. Let us understand the consequences of this with what we are doing
here via an example.

6.16 Example: (Time-varying holomorphic vector fields on compact manifolds)
Let M be a compact holomorphic manifold. By [Fritzsche and Grauert 2002, Corol-
lary IV.1.3], the only holomorphic functions on M are the locally constant functions. There-
fore, since df = 0 for every f € CP°(M), a literal application of the definition shows that,
were we to make weak-Z characterisations of vector fields, i.e., give their properties by
ascribing those properties to the functions obtained after Lie differentiation, we would have
CFI"Y(T; TM), and, therefore, also LITM(T;TM) and LBI'™!(T; TM), consisting of all
maps X: T x M — TM satisfying X (t,2z) € T.M for all z € M. This is not a very useful
class of vector fields. °

The following result summarises the various ways of verifying the measurability, integra-
bility, and boundedness of holomorphic time-varying vector fields, taking into account that
the preceding example necessitates that we restrict our consideration to Stein manifolds.

6.17 Theorem: (Weak characterisations of measurability, integrability, and
boundedness of holomorphic time-varying vector fields) Let M be a Stein man-
ifold, let T C R be a time-domain, and let X: T x M — TM have the property that X; is
an holomorphic vector field for each t € T. Then the following statements are equivalent:

(i) t — X; is measurable;

(ii) t = Lx, [ is measurable for every f € ChOYM);

(ii1) t — ev, o Xy is measurable for every z € M;

(i) t s ev, o Py, f is measurable for every f € C'YM) and every z € M,
the following two statements are equivalent:

(v) t — Xy is locally Bochner integrable;

(vi) t — Px, f is locally Bochner integrable for every f € CtY(M),
and the following two statements are equivalent:

(vii) t — Xy is locally essentially von Neumann bounded;

(viii) t — Px, f is locally essentially von Neumann bounded for every f € CPY(M).
Proof: This follows from Theorem 6.14, along with Corollary 4.6. |

Now we consider flows for the class of time-varying holomorphic vector fields defined
above. Let X € LIT"!(T; TM). According to Proposition 6.15, we can define the flow of X
just as in the real case, and we shall continue to use the notation Dx C T x T x M, @fgo,
and ®X: Dx — M as in the smooth case. The following result provides the attributes of
the flow in the holomorphic case. This result follows easily from the constructions in the
usual existence and uniqueness theorem for ordinary differential equations, but we could
not find the result explicitly in the literature for measurable time-dependence. Thus we
provide the details here.
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6.18 Theorem: (Flows of vector fields from LIT'P°!(T; TM)) Let M be an holomorphic
manifold, let T be an interval, and let X € LIFhOl(T; TM). Then there exist a subset Dx C
T xT xM and a map ®X: Dx — M with the following properties for each (tg, z9) € T x M:

(i) the set
TX(t())ZO) = {t € T ‘ (tvtO)ZO) S DX}

s an interval;

(ii) there exists a locally absolutely continuous curve t — &(t) satisfying

§'(t) = X(t,&(t), &(to) = 2o,

for almost all t € |to,t1] if and only if t; € Tx(to, 20);

(iii) %@X(t,to, 20) = X (t, ®X(t,t0,20)) for almost all t € Tx (to, z0);

() for each t € T for which (t,t0,20) € Dx, there exists a neighbourhood U of zy such
that the mapping z — ®X(t,tg, z) is defined and of class C"! on U.

Proof: Given Proposition 6.15, the only part of the theorem that does not follow from
Theorem 6.6 is the holomorphic dependence on initial conditions. This is a local assertion,
so we let (U, ¢) be an holomorphic chart for M with coordinates denoted by (2!,...,2").
We denote by X : T x ¢(U) — C™ the local representative of X. By Proposition 6.15, this
local representative is locally integrally C*°-bounded. To prove holomorphicity of the flow,
we recall the construction for the existence and uniqueness theorem for the solutions of the
initial value problem

() = X(E,~(), () = 2,

see [e.g., Schuricht and von der Mosel 2000, §1.2]. On some suitable product domain
T’ x B(r, z9) (the ball being contained in ¢(U) € C") we denote by CO(T’ x B(r, z0); C")
the Banach space of continuous mappings with the co-norm [Hewitt and Stromberg 1975,
Theorem 7.9]. We define an operator

®: CUT’ x B(r, z0); C") — C°(T’ x B(r, z0); C")

by
t

O(y)(t,z) =z+ | X(s,7(s,2))ds.
to
One shows that this mapping, with domains suitably defined, is a contraction mapping, and
so, by iterating the mapping, one constructs a sequence in C°(T’ x B(r, zo); C*) converging
to a fixed point, and the fixed point, necessarily satisfying

t
y(t,z) =z + X (s,v(s,2))ds
to

and «(tg, 2) = z, has the property that v(t, z) = ®X (¢, tg, z).

Let us consider the sequence one constructs in this procedure. We define 7, € C(T’ x
B(r, 20); C") by ~,(t,z) = z. Certainly , is holomorphic in z. Now define v; € C°(T’ x
B(r, zp); C") by

t
M1t 2) =P(vg) =2+ [ X(s,2)ds.

to
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Since X € LITMY(T’; TB(r, 20)), we have

0 .
() = izt [ DX (s ) ds =0, je L),

swapping the derivative and the integral by the Dominated Convergence Theorem [Jost
2005, Theorem 16.11] (also noting by Proposition 6.15 that derivatives of X are bounded
by an integrable function). Thus ~; is holomorphic for each fixed ¢ € T’. By iterating with
t fixed, we have a sequence (7, ;)jez., of holomorphic mappings from B(r, z) converging
uniformly to the function ~ that describes how the solution at time ¢ depends on the initial
condition z. The limit function is necessarily holomorphic [Gunning 1990a, page 5]. |

6.4. The real analytic case. Let us now turn to describing real analytic time-varying
sections. We thus will consider a real analytic vector bundle 7: E — M with VY a real
analytic linear connection on E, V a real analytic affine connection on M, Gq a real analytic
fibre metric on E, and G a real analytic Riemannian metric on M. This defines the seminorms
p“[’(,a, K C M compact, a € cjo(Z>0; R>0), describing the C*-topology as in Theorem 5.5.

6.19 Definition: (Real analytic Carathéodory section) Let 7: E — M be a real ana-
lytic vector bundle and let T C R be an interval. A Carathéodory section of class C*¥
of Eisamap £: T x M — E with the following properties:

(i) &(t,x) € E; for each (t,z) € T x M;
(ii) for each t € T, the map &: M — E defined by &:(z) = & () is of class C¥;
(iii) for each x € M, the map £%: T — E defined by £7(¢) = £(¢, z) is Lebesgue measurable.

We shall call T the téime-domain for the section. By CFI'“(T;E) we denote the set of
Carathéodory sections of class C* of E. °

Now we turn to placing restrictions on the time-dependence to allow us to do useful
things.

6.20 Definition: (Locally integrally C“-bounded and locally essentially C*“-
bounded sections) Let m: E — M be a real analytic vector bundle and let T C R
be an interval. A Carathéodory section £: T x M — E of class C¥ is

(i) locally integrally C¥-bounded if, for every compact set K C M and every a €
c10(Z>0; R=p), there exists g € L. (T;R>q) such that
apar -+ - am||jmée () g, < 9(t), (t,x) e T x K, m € Z>,

and is

(ii) locally essentially C“-bounded if, for every compact set K C M and every a €
c10(Z>0; R>0), there exists g € L. (T;R>g) such that

apar -+ - am||jmée(2) g, < 9(t), (t,x) e T x K, m € Z>.

The set of locally integrally C*-bounded sections of E with time-domain T is denoted by
LIT'“(T, E) and the set of locally essentially C*-bounded sections of E with time-domain T
is denoted by LBI'(T;E). .

As with smooth and holomorphic sections, the preceding definitions admit topological
characterisations.
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6.21 Theorem: (Topological characterisation of real analytic Carathéodory sec-
tions) Let m: E — M be a real analytic manifold and let T C R be an interval. For a map
&: T x M — E satisfying £(t,z) € E, for each (t,x) € T x M, the following two statements
are equivalent:

(i) & € CFT“(T;E);
(ii) the map T >t +— & € I'(E) is measurable,
the following two statements are equivalent:
(iii) ¢ € LIT¥(T;E);
(iv) the map T >t — & € I'Y(E) is measurable and locally Bochner integrable,
and the following two statements are equivalent:
(v) € € LBI'(T;E);
(vi) the map T > t — & € T'Y(E) is measurable and locally essentially von Neumann
bounded.

Proof: Just as in the smooth case in Theorem 6.3, this is deduced from the following
facts: (1) evaluation maps ev,,, a, € E*, are continuous and point separating; (2) I'(E)
is a Suslin space (property C“-6); (3) I'Y(E) is complete and separable (properties C¥-2
and C“-4; (4) we understand von Neumann bounded subsets of I'“(E) by Lemma 5.6. W

Note that Theorem 6.21 applies, in particular, to vector fields and functions, giv-
ing the classes CF*(T;M), LIC*(T;M), and LBC“(T; M) of functions, and the classes
CFI*(T; TM), LII'*(T; TM), and LBI'*(T; TM) of vector fields. The following result then
summarises the various ways of verifying the measurability, integrability, and boundedness
of real analytic time-varying vector fields.

6.22 Theorem: (Weak characterisations of measurability, integrability, and
boundedness of real analytic time-varying vector fields) Let M be a real analytic
manifold, let T C R be a time-domain, and let X: T x M — TM have the property that X
is a real analytic vector field for each t € T. Then the following statements are equivalent:

(i) t — X; is measurable;

(ii) t — Fx, [ is measurable for every f € C¥(M);

(iii) t — evy o Xy is measurable for every x € M;

(iv) t s evy, o Fx, f is measurable for every f € CY(M) and every xz € M,
the following two statements are equivalent:

(v) t — Xy is locally Bochner integrable;

(vi) t — Zx, f is locally Bochner integrable for every f € C¥(M),

and the following two statements are equivalent:

(vii) t — Xy is locally essentially bounded;
(viii) t — Fx, [ is locally essentially bounded in the von Neumann bornology for every

f e C¥(M).

Proof: This follows from Theorem 6.21, along with Corollary 5.9. |

Let us verify that real analytic time-varying sections have the expected relationship to
their smooth brethren.
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6.23 Proposition: (Time-varying real analytic sections as time-varying smooth
sections) For a real analytic vector bundle m: E — M and an interval T, we have

LIT¥(T;E) C LIN™(T;E),  LBT¥(T;M) C LBI™°(T;M).

Proof: It is obvious that real analytic Carathéodory sections are smooth Carathéodory
sections.

Let us verify only that LIT'“(T; E) C LII'*(T; E), as the essentially bounded case follows
in the same manner. We let K C M be compact and let m € Z>y. Choose (arbitrarily)
a € c;o(Z>0; Rsp). Then, if ¢ € LIT%(T;E), there exists g € Li..(T;R>o) such that

apar -+ - am || jmé&e () g, < 9(t), re K, teT, me Zso.

Thus, taking ga.m € Li.(T; R>q) defined by

1
t) = ——g(t),
a,m (1) aoal"'amg( )

we have
||]m£t($)”ﬁm < ga,m(t)a T E K7 teT
showing that £ € LIT'*°(T; E). [ |

Having understood the comparatively simple relationship between real analytic and
smooth time-varying sections, let us consider the correspondence between real analytic and
holomorphic time-varying sections. First, note that if T C R is an interval and if U €
is a neighbourhood of M in a complexification M, then we have an inclusion

pi ¢ CFTMMR(T; E[U) — CFI*(T;E)
£ EM.

(Here the notation CFTPMR(T; E|U) refers to those Carathéodory sections that are real
when restricted to M, cf. the constructions of Section 5.1.) However, this inclusion does not
characterise all real analytic Carathéodory sections, as the following example shows.

6.24 Example: (A real analytic Carathéodory function not extending to one that
is holomorphic) Let T be any interval for which 0 € int(T). We consider the real analytic
Carathédory function on R with time-domain T defined by

t2

S 40
t,l': t2+m2’ )
ft.@) {o, t=0.

It is clear that = — f(t, x) is real analytic for every ¢ € T and that ¢t — f(¢, x) is measurable
for every x € R. We claim that there is no neighbourhood U C C of R C C such that fis
the restriction to R of an holomorphic Carathéodory function on U. Indeed, let U C C be
a neighbourhood of R and choose ¢ € R sufficiently small that D(¢,0) C U. Note that
feix m does not admit an holomorphic extension to any open set containing D (¢, 0)

since the radius of convergence of z — E is t, cf. the discussion at the beginning of

1
14+(z/t
Section 5. Note that our construction actually shows that in no neighbourhood of (0,0) €

R x R is there an holomorphic extension of f. °

Fortunately, the example will not bother us, although it does serve to illustrate that the
following result is not immediate.
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6.25 Theorem: (Real analytic time-varying vector fields as restrictions of holo-
morphic time-varying vector fields) Let m: E — M be a real analytic vector bundle
with complezification ©: E — M, and let T be a time-domain. For a map €: T x M — E
satisfying &(t,z) € Ey for every (t,z) € T x M, the following statements hold:

(i) if £ € LII'“(T;E), then, for each (to,z9) € T x M and each bounded subinterval
T’ CT containing to, there evist a neighbourhood @of xo in M and & € Th(T'; EJU)
such that &(t,x) = &(t,x) for each t € T' and x € UN M;

(ii) if, for each xo € M, there exist a neighbourhood @of xo in M and &€ € TPY(T; EJU)
such that £(t,x) = &(t,x) for each t € T and x € UNM, then £ € LII'(T; E).

Proof: (i) We let T/ C T be a bounded subinterval containing ¢y and let U be a relatively

compact neighbourhood of xg. Let (U;);cz., be a sequence of neighbourhoods of cl(U) in

M with the properties that cl(U;41) C U; and that Njez. ,U; = cl(U). We first note that

LY (T TR (EU)) =~ LT R)@- MR (ENL),

with ®, denoting the completed projective tensor product [Schaefer and Wolff 1999, The-
orem II1.6.5]. The theorem of Schaefer and Wolff is given for Banach spaces, and they also
assert the validity of this for locally convex spaces; thus we also have
1/ /. eohol, ~ T 1. P hol,
LT ’?cl(u),ﬁ) ~ LA(T ’R)®”?c1(u)£'
In both cases, the isomorphisms are in the category of locally convex topological vector

spaces. We now claim that

1/, hol,R
T R) o

is the direct limit of the directed system

(LY(T; R) @, MM R(EIUS))) jez

with the associated mappings id ®z7c(u),j, J € Z>0, Where rgay ; is defined as in (5.1).
(Here ®, is the uncompleted projective tensor product). We, moreover, claim that the
direct limit topology is boundedly retractive, meaning that bounded sets in the direct limit
are contained in and bounded in a single component of the directed system and, moreover,
the topology on the bounded set induced by the component is the same as that induced by
the direct limit.

Results of this sort have been the subject of research in the area of locally convex
topologies, with the aim being to deduce conditions on the structure of the spaces comprising
the directed system, and on the corresponding mappings (for us, the inclusion mappings
and their tensor products with the identity on L'(T’;R)), that ensure that direct limits
commute with tensor product, and that the associated direct limit topology is boundedly
retractive. We shall make principal use of the results given by Mangino [1997]. To state the
arguments with at least a little context, let us reproduce two conditions used by Mangino.

Condition (M) of Retakh [1970]: Let (V;)jcz., be a directed system of locally convex
spaces with strict direct limit V. The direct limit topology of V satisfies condition (M) if
there exists a sequence (0;);ez., for which

(i) O; is a balanced convex neighbourhood of 0 € V;,
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(11) Oj - Oj+1 for each j € Z~g, and
(iii) for every j € Zo, there exists k& > j such that the topology induced on O; by its
inclusion in Vi and its inclusion in V agree. °

Condition (MO) of Mangino [1997]: Let (V;)jcz., be a directed system of metrisable
locally convex spaces with strict direct limit V. Let i;;: V; — Vi be the inclusion for k > j
and let 7;: V; — V be the induced map into the direct limit.

Suppose that, for each j € Zo, we have a sequence (pj;)icz., of seminorms defining
the topology of V; such that p;;, > p;;, if 1 > l2. Let

Vi =V;/{ve V| pj(v) =0}

and denote by p;; the norm on V;; induced by pj; [Schaefer and Wolff 1999, page 97]. Let
w1 V; — Vi be the canonical projection. Let V;; be the completion of V;;. The family
(Vj1)jiez-, is called a projective spectrum for V;. Denote

Oj1={v € V| pji(v) <1}

The direct limit topology of V satisfies condition (MO) if there exists a sequence
(05)jez-, and if, for every j € Z~q, there exists a projective spectrum (V;;);iez., for V;
for which

(i) O; is a balanced convex neighbourhood of 0 € V;,
(ii) O € Oj4q for each j € Z~, and

(iii) for every j € Z-o, there exists k > j such that, for every | € Z-¢, there exists
A € L(V; Vy,) satisfying

(T o djp — Aoij)(05) C cl(mr 1 (Ok,p)),

the closure on the right being taken in the norm topology of Vw. °

With these concepts, we have the following statements. We let (V;) ez., be a directed
system of metrisable locally convex spaces with strict direct limit V.

1. If the direct limit topology on V satisfies condition (MO), then, for any Banach space
U, U®, V is the direct limit of the directed system (U ®x V;);jez.,, and the direct limit
topology on U ®; V satisfies condition (M) [Mangino 1997, Theorem 1.3].

2. Ifthespaces V;, j € Z~, are nuclear and if the direct limit topology on V is regular, then
the direct limit topology on V satisfies condition (MO) [Mangino 1997, Theorem 1.3].

3. If the direct limit topology on V satisfies condition (M), then this direct limit topology
is boundedly retractive [Wengenroth 1995].

Using these arguments we make the following conclusions.
4. The direct limit topology on fﬁ?&? ¢ satisfies condition (MO) (by virtue of assertion 2

above and by the properties of the direct limit topology enunciated in Section 5.3,
specifically that the direct limit is a regular direct limit of nuclear Fréchet spaces).

5. The space LY(T"; R) ®, ?C}II?&;R £ is the direct limit of the directed sequence (LYT"; R) ®x

FholvR(E]ﬁj))jGZw (by virtue of assertion 1 above).
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6. The direct limit topology on L'(T’;R) ®, ?C??&;I{ — satisfies condition (M) (by virtue of

E
assertion 1 above).

)

7. The direct limit topology on LY(T;R) ®, ?jali;R — is boundedly retractive (by virtue of

E
assertion 3 above).

We shall also need the following lemma.

1 Lemma: Let K C M be compact. If [£]x € Ll(T’;?I}éoé’]R) then there exists a sequence
(Erl k) kezoy in LHT;R) ® ?[};Oé’]R converging to [€]k in the topology of LI(T’;?I};(%).

Proof: Since LI(T’;E”I};O%’R) is the completion of LY(T’;R) ®, f;oé’]R, there exists a net

([&;] K )ier converging to [£], so the conclusion here is that we can actually find a converging
sequence.

To prove this we argue as follows. Recall properties €"MR_5 and GhoLR_g of ?;OE’]R,
indicating that it is reflexive and its dual is a nuclear Fréchet space. Thus & hoLR g the

K.E
dual of a nuclear Fréchet space. Also recall from property &M°bR_8 that ?;OE’]R is a Suslin
space. Now, by combining [Thomas 1975, Theorem 7] with remark (1) at the bottom of
page 76 of [Thomas 1975] (and being aware that Bochner integrability as defined by Thomas
is not a priori the same as Bochner integrability as we mean it), there exists a sequence
(k] i) kez., of simple functions, i.e., elements of L!(T’;R) ® ?I};OE’]R, such that

lim [£,()]x = [E®)]x,  ae teT,

k—o0

this limit being in the topology of €"2®) and
KE

lim [ ([€()]x — [€x(t)]x) dt = 0.

k—oo J/

This implies, by the Dominated Convergence Theorem, that

lim [ pi o ([E(0)]x — [€4(t)] ) dt =0

k=00
for every a € ¢|o(Z>0;R>0), giving convergence in
LNT; G 8N) ~ LT R)& SR e
as desired. v
The remainder of the proof is straightforward. Since £ € LIT'(T;E), the map
T >t & eTY(E)
is an element of L' (T’; T%(E)) by Theorem 6.21. Therefore, if [E]CI(U) is the image of £ under

@hol.R

10 E the map

the natural mapping from I'“(E) to

T' >t = EOlaw € Ty e
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. hol,R . . . -
is an element of L(T’ ;?Clz)u’ —), since continuous linear maps commute with integra-

)7E
tion [Beckmann and Deitmar 2011, Lemma 1.2]. Therefore, by the Lemma above, there
exists a sequence ([Ek]cl(u))k62>0 in LT, R)® & ho&;R = that converges to [E]d(u). By our

conclusion 5 above, the topology in which this convergence takes place is the completion of
the direct limit topology associated to the directed system (L'(T’; R) @, TP"R(E|U;)) jez-, -
The direct limit topology on LY(T";R) ®, & l;z)qll;R £ is boundedly retractive by our conclu-
sion 7 above. This is easily seen to imply that the direct limit topology is sequentially
retractive, i.e., that convergent sequences are contained in, and convergent in, a component
of the direct limit [Ferndndez 1990]. This implies that there exists j € Z~( such that the
sequence (£ )rez., converges in LY(T’; ThoLR(E[U;)) and so converges to a limit 7 satisfying
@ ]cl(u]) = [f]cl(uj). Thus € can be holomorphically extended to U This completes this
part of the proof.

(ii) Let K € M be compact and let a € c|o(Z>0; R>0). Let (U, )jez-, be a sequence
of neighbourhoods of K in M such that cl(uJH) CU; and K = Njez.,U;. By hypothesis,
for x € K, there is a relatively compact nelghbourhood U, C M of z in M such that there
is an extension &, € LITPMR(T;E|U,) of &(T x (Uy N M)). Let xl,.. ,x € K be such
that K C UJ lux and let | € Z~q be sufficiently large that U; C UJ 1ﬂx , 80 & admits an
holomorphic extension £ € LITPLR(T; EW,).

Now we show that the above constructions imply that £ € LII'(T;TM). Let g €

LL.(T;R>0) be such that
It g <g(t),  (t,2) €T x W
By Proposition 4.2, there exist C,r € Rs¢ such that
17m&(t, 2)|| < Cr™™g(t)

for all m € Z>p,t € T, and z € K. Now let N € Z>( be such that ay11 < r and let
g € LL_(T;R>q) be such that

Capay - -~ amr™"g(t) < g(t)
for m € {0,1,...,N}. Now, if m € {0,1,..., N}, we have
apar - am || jmé(t, @), < aoar - anCr="g(t) < g(t)
for (t,z) € T x K. If m > N we also have

agar - - am||jimé(t, 2)|lg,, < aoar---anr™ N |jmé(t 2) g,
< agay -+ anr~ N OG(t) < g(t),
for (t,z) € T x K, as desired. [ |

Finally, let us show that, according to our definitions, real analytic time-varying vector
fields possess flows depending in a real analytic way on initial condition.
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6.26 Theorem: (Flows of vector fields from LII'“(T; TM)) Let M be a real analytic
manifold, let T be an interval, and let X € LII'Y(T; TM). Then there exist a subset Dx C
T xT xM and a map ®X: Dx — M with the following properties for each (tg, zg) € T x M:

(i) the set
Tx(to,ﬂfo) = {t eT ‘ (t,to,xo) S DX}

s an interval;

(ii) there exists a locally absolutely continuous curve t — &(t) satisfying

gl(t) = X(t7 f(t)), f(tO) = Zo,

for almost all t € |to,t1] if and only if t1 € Tx(to,zo);

(1ii) %@X(t,to,xo) = X (t, X (t,tg,z0)) for almost all t € Tx(to,x0);

() for each t € T for which (t,ty,z0) € Dx, there exists a neighbourhood U of xy such
that the mapping x — ®X (t,t9, z) is defined and of class C* on U.

Proof: The theorem follows from Theorems 6.18 and 6.25, noting that the flow of an holo-
morphic extension will leave invariant the real analytic manifold. |

6.5. Mixing regularity hypotheses. It is possible to mix regularity conditions for vector
fields. By this we mean that one can consider vector fields whose dependence on state
is more regular than their joint state/time dependence. This can be done by considering
m € Zso, m’ € {0,lip}, r € Z>¢ U {oo,w}, and 7’ € {0, lip} satisfying m +m’ < r+1’, and
considering vector fields in

CFI™" (T; TM) N LI+ (T; TM)  or  CFL"*"'(T; TM) N LBI™ ™ (T; TM),

using the obvious convention that co + lip = co and w + lip = w. This does come across as
quite unnatural in our framework, and perhaps it is right that it should. Moreover, because
the CO™ ™ _topology for I+ (TM) will be complete if and only if m +m/ = r + 1/, some
of the results above will not translate to this mixed class of time-varying vector fields:
particularly, the results on Bochner integrability require completeness. Nonetheless, this
mixing of regularity assumptions is quite common in the literature. Indeed, this has always
been done in the real analytic case, since the notions of “locally integrally C*-bounded”
and “locally essentially C“-bounded” given in Definition 6.20 are being given for the first
time in this paper.

7. Control systems

Now, having at hand a thorough accounting of time-varying vector fields, we turn to
the characterisation of classes of control systems. These classes of systems will provide us
with a precise point of comparison between our general development of Section 8 and the
more common notion of a control system. Our system definitions are designed so that the
act of “substituting in a control” leads to a time-varying vector field of the sort considered
in Section 6. This essentially means that we need for our system vector fields to depend
continuously on control in the appropriate topology. We note that, in practice, this is
generally not a limitation, e.g., we show in Example 7.21 that control-affine systems satisfy
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our conditions. In cases where it is a limitation, the definitions and results here can be
replaced with suitably modified versions with less smoothness, and we say a few words
about this at the end of the section.

As we have been doing all along so far, we initially consider separately the finitely
differentiable, Lipschitz, smooth, holomorphic, and real analytic cases. Also, the initial part
of our discussion is carried out for parameterised sections of vector bundles (control systems
are parameterised vector fields), as this allows us to handle vector fields and functions
simultaneously, just as we did in Sections 3, 4, and 5.

When we turn to control systems starting in Section 7.2, we merge as much as possible
the consideration of varying degrees of regularity to make clear the fact that, once the gen-
eral framework is in place, much of the analysis proceeds along very similar lines, regardless
of regularity.

We also include a brief discussion of differential inclusions since we shall use these, as
well as usual control systems, in understanding the position of our “tautological control
systems” from Section 8 in the existing order of things.

7.1. Parameterised vector fields. One can think of a control system as a family of vector
fields parameterised by control, as discussed in Section 1.1. It is the exact nature of this
dependence on the parameter that we discuss in this section.

The smooth case. We begin by discussing parameter dependent smooth sections.
Throughout this section we will work with a smooth vector bundle 7: E — M with a
linear connection V? on E, an affine connection V on M, a fibre metric Gg on E, and a
Riemannian metric G on M. These define the fibre metrics [|-[|g = and the seminorms p3, .
K C M compact, m € Zx>q, on I'*°(E) as in Section 3.1.

7.1 Definition: (Sections of parameterised class C*°) Let 7: E — M be a smooth
vector bundle and let P be a topological space. A map £: M x P — E such that {(z,p) € E,
for every (z,p) € M x P

(i) is a separately parameterised section of class C* if
(a) for each z € M, the map &, : P — E defined by &,(p) = (=, p) is continuous and
(b) for each p € P, the map &P: M — E defined by &P(z) = &(z, p) is of class C™,
and

(ii) is a jointly parameterised section of class C if it is a separately parameterised
section of class C*° and if the map (z,p) — jm&P(x) is continuous for every m € Zx.

By SPI'*(P; E) we denote the set of separately parameterised sections of E of class C* and
by JPT'*°(P; E) we denote the set of jointly parameterised sections of E of class C*. °

It is possible to give purely topological characterisations of this class of sections.

7.2 Proposition: (Characterisation of jointly parameterised sections of class C*)
Let m: E — M be a smooth vector bundle, let P be a topological space, and let £: Mx P — E
satisfy £(x,p) € Ey for every (z,p) € M x P. Then £ € JPT*°(P;E) if and only if the map
p— &P € T°(E) is continuous, where T'°°(E) has the CO>-topology.

Proof: Given £&: M x P — E we let &,,: M x P — J™E be the map &,,(z,p) = jm&P(z). We
also denote by o¢: P — I'>°(E) the map given by o¢(p) = £P.



MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 109

First suppose that &, is continuous for every m € Z>. Let K C M be compact, let
m € Z>o, let € € Ry, and let pg € P. Let z € K and let W, be a neighbourhood of
Em(x,po) in JTE for which

W € {jmn(z") € STE| [ljmn(2') = &m(a, po)llg,, < €}-

By continuity of £,,, there exist a neighbourhood U, C M of x and a neighbourhood O, C P
of po such that &, (U, x O,) € W,. Now let x1,...,x2, € K be such that K C u§:1uxj
and let O = ﬂ?:loxj' Then, if p € O and x € K, we have x € Uy, for some j € {1,...,k}.
Thus & (z,p) € Wy, Thus

Hfm(w‘,p) - fm(x,po)H@m < €.

Therefore, taking supremums over z € K, pR,, (0¢(p) — 0¢(po)) < €. As this can be done
for every compact K € M and every m € Z>q, we conclude that o¢ is continuous.

Next suppose that o¢ is continuous and let m € Zxo. Let (zg,p0) € M x P and
let W C J™E be a neighbourhood of &,,(xg,pp). Let W C M be a relatively compact
neighbourhood of zy and let € € Ry be such that

T (W) N {Gmn(2) € I"E | [l jmn(z) — Em(z.p0)llg,, < €} W,

where 7, : J”E — M is the projection. By continuity of o¢, let O C P be a neighbourhood
of po such that p(y, m(0e(p) — 0¢(po)) < € for p € O. Therefore,

17moe(P) (@) = Jmoe(po)(@)llg,, <€ (2,p) €cl(U) x O,

Therefore, if (z,p) € U x O, then 7, (&n(x,p)) =z € U and so &, (z,p) € W, showing that
&m is continuous at (xg, po). [ |

Of course, the preceding discussion applies, in particular, to give vector fields of pa-
rameterised class C* and functions of parameterised class C°°. This gives the spaces
SPC*>(P; M) and JPC> (M) of parameterised functions, and the spaces SPT'*°(P; TM) and
JPT>°(P; TM) of parameterised vector fields. Let us verify that we can as well use a weak-#
version of this characterisation for jointly parameterised vector fields.

7.3 Proposition: (Weak-< characterisation of jointly parameterised vector fields
of class C*) Let M be a smooth manifold, let P be a topological space, and let X: Mx P —
TM satisfy X (x,p) € ToM for every (x,p) € M x P. Then X € JPT>(P; TM) if and only
if (z,p)— ZExrf is a jointly parameterised function of class C* for every f € C*(M).

Proof: This follows from Corollary 3.6(ii). [ |

The finitely differentiable or Lipschitz case. The preceding development in the smooth
case is easily extended to the finitely differentiable and Lipschitz cases, and we quickly give
the results and definitions here. In this section, when considering the Lipschitz case, we
assume that V is the Levi-Civita connection associated to G and we assume that V9 is
Go-orthogonal.
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7.4 Definition: (Sections of parameterised class C™ ™) Let 7: E — M be a smooth
vector bundle and let P be a topological space. A map £: M x P — E such that {(z,p) € E,
for every (x,p) € M x P
(i) is a separately parameterised section of class cmtm
(a) for each x € M, the map &,: P — E defined by &,(p) = &(z,p) is continuous and
(b) for each p € P, the map £P: M — E defined by &P(x) = £(x, p) is of class cmtm’

and

(i) is a jointly parameterised section of class cm™t™ if it is a separately parame-
terised section of class C"*™ and

(a) m/ = 0: the map (z,p) — jm&P(x) is continuous;

(b) m’ =lip: the map (z,p) — jm&P(z) is continuous and, for each (xg,pg) € M x P
and each € € R+, there exist a neighbourhood U C M of xy and a neighbourhood
O C P of pg such that

Jm&(U % O) € {jmn(x) € JTE | dil (jmn — jm&")(x) < €},

where, of course, j,&(z,p) = jméP(x).

By SPT" ™ (P.E) we denote the set of separately parameterised sections of E of class
C™ ™ and by JPI™ " (P;E) we denote the set of jointly parameterised sections of E of
class C .

Let us give the purely topological characterisation of this class of sections.

7.5 Proposition: (Characterisation of jointly parameterised sections of class
Cm+m') Let m: E — M be a smooth vector bundle, let P be a topological space, and let
£: M x P — E satisfy &(x,p) € Ey for every (z,p) € M x P. Then & € JPT™ ™ (P;E) if
and only if the map p — &P € "™ (E) is continuous, where T (E) has the CO™™ -
topology.

Proof: We will prove the result only in the case that m = 0 and m’ = lip, as the general case
follows by combining this case with the computations from the proof of Proposition 7.2.
We denote o¢(p) = &(z, p).

Suppose that (z,p) — &(z,p) is continuous and that, for every (xo,po) € M x P and for
every € € Ry, there exist a neighbourhood U C M of zy and a neighbourhood O C P of pg
such that, if (z,p) € U x O, then dil (§P — £P0)(x) < e. Let K C M be compact, let € € Rx,
and let pg € P. Let z € K. By hypothesis, there exist a neighbourhood U, C M of x and a
neighbourhood O, C P of pg such that

§(Uz x Oy) C {n(z') € JTE| dil (n — £7)(2') < e}

Now let z1,...,x2; € K be such that K C Ué?:luxj and let O = ﬂ;?:l(‘)xj. Then, if p € O
and z € K, we have z € U, for some j € {1,...,k}. Thus

dil (§(z,p) — {(@,p0))g,, <€

Therefore, taking supremums over x € K, we have A (0¢(p) — 0¢(po)) < €. By choosing O
to be possibly smaller, the argument of Proposition 7.2 ensures that p}. (c¢(p) —o¢(po)) < e,
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and so plli?(ag(p) — 0¢(po)) < € for p € O. As this can be done for every compact K C M,
we conclude that o¢ is continuous.

Next suppose that o¢ is continuous, let (z9,po) € M x P, and let € € R5(. Let U be a
relatively compact neighbourhood of zg. Since o¢ is continuous, let O be a neighbourhood
of py such that .

Plclf?u)(%(l?) —o¢(po)) <¢,  peO.
Thus, for every (x,p) € U x O, dil (¥ — &P9)(z) < €. Following the argument of Proposi-
tion 7.2 one also shows that ¢ is continuous at (g, pg), which shows that £ € JPTP(P;E).

Of course, the preceding discussion applies, in particular, to give vector fields of jointly
parameterised class C"™™ and functions of jointly parameterised class C™ ™ This gives
the spaces SPC™ ™ (P;M) and JPC™™ (M) of parameterised functions, and the spaces
SPT™ 7 (P; TM) and JPT™ ™ (P; TM) of parameterised vector fields. Let us verify that
we can as well use a weak-Z version of this characterisation for jointly parameterised vector
fields.

7.6 Proposition: (Weak-Z characterisation of jointly parameterised vector fields
of class Cm+m/) Let M be a smooth manifold, let P be a topological space, and let X : M x
P — TM satisfy X (z,p) € ToM for every (x,p) € M x P. Then X € JPT™™ (P; TM)
if and only if (x,p) — Exrf is a jointly parameterised function of class cmtm! for every
f e C®(M).

Proof: This follows from Corollary 3.15(ii). |

The holomorphic case. As with time-varying vector fields, we are not really interested,
per se, in holomorphic control systems, and in fact we will not even define the notion.
However, it is possible, and possibly sometimes easier, to verify that a control system
satisfies our rather technical criterion of being a “real analytic control system” by verifying
that it possesses an holomorphic extension. Thus, in this section, we present the required
holomorphic definitions. We will consider an holomorphic vector bundle 77: E — M with an
Hermitian fibre metric G. This defines the seminorms p}}(ol, K C M compact, describing the

CO"Ltopology for I''(E) as in Section 4.1.

7.7 Definition: (Sections of parameterised class CP°!) Let 7: E — M be an holomor-
phic vector bundle and let P be a topological space. A map &: M x P — E such that
&(z,p) € E; for every (z,p) e M x P

(i) is a separately parameterised section of class Chol jf
(a) for each z € M, the map &,: P — E defined by &,(p) = £(z,p) is continuous and
(b) for each p € P, the map £P: M — E defined by £P(2) = £(z,p) is of class CP°!,
and
(i) is a jointly parameterised section of class CPol if it is a separately parameterised
section of class C'! and if the map (z,p) — £P(2) is continuous.
By SPT"!(P;E) we denote the set of separately parameterised sections of E of class Chol
and by JPT"°!/(P; E) we denote the set of jointly parameterised sections of E of class Cchol o

As in the smooth case, it is possible to give purely topological characterisations of these
classes of sections.
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7.8 Proposition: (Characterisation of jointly parameterised sections of class Ch°1)
Let m: E — M be an holomorphic vector bundle, let P be a topological space, and let £: M x
P — E satisfy £(z,p) € E, for every (z,p) € M x P. Then & € JPTMP;E) if and only if
the map p — &P € TPY(E) is continuous, where TP°Y(E) has the CO™!-topology.

Proof: We define o¢: P — Th°(E) by o¢(p) = &P.
First suppose that £ is continuous. Let K C M be compact, let € € R+, and let pg € P.
Let z € K and let W, C E be a neighbourhood of £(z, pg) for which

W € {n(z") € E [In(z') = &(<', po)lig < €}

By continuity of &, there exist a neighbourhood U, C M of z and a neighbourhood O, C P
of pp such that (U, x O,) CW,. Now let z1,...,2; € K be such that K C U;?:luzj and
let O = ﬂ;?:l(f)zj. Then, if p € O and z € K, we have z € U, for some j € {1,...,k}. Thus
§(z,p) € Wy, Thus [|{(2,p) — &(2,p0)llg < € Therefore, taking supremums over z € K,
Pl (o¢(p) — oe(po)) < e. As this can be done for every compact K C M, we conclude that
o¢ 1s continuous.

Next suppose that o¢ is continuous. Let (29, pg) € M x P and let W C E be a neighbour-
hood of £(zp,pp). Let U C M be a relatively compact neighbourhood of zp and let € € R+
be such that

W N {n(z) € E| [In(z) = &(z,po)llg < e} SW.

By continuity of o¢, let O C P be a neighbourhood of pg such that pgl‘zh) (0e(p) —o¢(po)) < €

for p € O. Therefore,

loe(p)(2) — oe(po)(2)llg <€, (2,p) € cl(U) x O.
Therefore, if (z,p) € U x O, we have {(z,p) € W, showing that £ is continuous at (2o, pp).

The specialisation of the preceding constructions to vector fields and functions is imme-
diate. This gives the spaces SPCP(P; M) and JPC" (M) of parameterised functions, and
the spaces SPT"/(P; TM) and JPT"(P; TM) of parameterised vector fields. Let us verify
that we can as well use a weak-% version of the preceding definitions for vector fields in
the case when the base manifold is Stein.

7.9 Proposition: (Weak-< characterisation of jointly parameterised vector fields
of class C"! on Stein manifolds) Let M be a Stein manifold, let P be a topological
space, and let X: M x P — TM satisfy X(z,p) € T,M for every (z,p) € M x P. Then
X € JPTMYP; TM) if and only if (x,p) — Fxof is a jointly parameterised function of
class C'! for every f € C®(M).

Proof: This follows from Corollary 4.6(ii). [ |

The real analytic case. Now we repeat the procedure above for real analytic sections. We
thus will consider a real analytic vector bundle m: E — M with V° a real analytic linear
connection on E; V a real analytic affine connection on M, Gy a real analytic fibre metric
on E, and G a real analytic Riemannian metric on M. This defines the seminorms p% ,,
K C M compact, a € cjo(Z>0; R>0), describing the C*-topology as in Theorem 5.5. 7
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7.10 Definition: (Sections of parameterised class C*¥) Let 7: E — M be a real analytic
vector bundle and let P be a topological space. A map £: M x P — E such that {(z,p) € E,
for every (x,p) € M x P

(i) is a separately parameterised section of class C% if

(a) for each x € M, the map &,: P — E defined by &,(p) = &(z,p) is continuous and
(b) for each p € P, the map £P: M — E defined by &P(x) = £(x, p) is of class C¥,

and

(i) is a jointly parameterised section of class C¥ if it is a separately parameterised
section of class C* and if, for each (x0,pyp) € M x P, for each a € c|o(Z>0p,Rx>0),
and for each € € R, there exist a neighbourhood U C M of zy and a neighbourhood
O C P of pg such that

Jm&(U x O0) € {jmn(x) € J"E | agar - am|jmn(z) — jmé™ (2)lg,, <€}

for every m € Z>(, where, of course, j,&(x,p) = jméP(z).

By SPT“(P; E) we denote the set of separately parameterised sections of E of class C¥ and
by JPT¥(P; E) we denote the set of jointly parameterised sections of E of class C¥. °

7.11 Remark: (Jointly parameterised sections of class C*) The condition that & €
JPT>°(P; E) can be restated like this: for each (zo,po) € M x P, for each m € Z>, and for
each € € R+, there exist a neighbourhood U C M of xg and a neighbourhood O C P of pg
such that

Jn€ (W x 0) € Lrn(x) € I"E | [[jun(@) — ju™ (@)lg, < €

that this is so is, more or less, the idea of the proof of Proposition 7.2. Phrased this
way, one sees clearly the grammatical similarity between the smooth and real analytic
definitions. Indeed, the grammatical transformation from the smooth to the real analytic
definition is, put a factor of agay - - - a., before the norm, precede the condition with “for every
a € cjo(Z>0;R>0)”, and move the “for every m € Z>o” from before the condition to after.
This was also seen in the definitions of locally integrally bounded and locally essentially
bounded sections in Section 6. Indeed, the grammatical similarity will be encountered many
times in the sequel, and we shall refer to this to keep ourselves from repeating arguments
in the real analytic case that mirror their smooth counterparts. °

The following result records topological characterisations of jointly parameterised sec-
tions in the real analytic case.

7.12 Proposition: (Characterisation of jointly parameterised sections of class C*)
Let w: E — M be a real analytic vector bundle, let P be a topological space, and let £: M x
P — E satisfy {(x,p) € E, for every (z,p) € M x P. Then £ € JPTY(P;E) if and only if
the map p — &P € T“(E) is continuous, where I'Y(E) has the C¥-topology.

Proof: For a € c¢|0(Z>0; R>0) and m € Z>q, given {: M x P — E satisfying £P € I'“(E), we
let £4.m: M x P — JTE be the map

§a,m(33ap) = apai - - A Jmé& ().

We also denote by o¢: P — I'Y(E) the map given by o¢(p) = £P.
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Suppose that, for every (zg,pp) € M x P, for every a € cjo(Z>0;R>¢), and for every
€ € R+, there exist a neighbourhood U C M of zg and a neighbourhood O C P of pg such
that, if (z,p) € U x O, then

Hfa,m(%?) - fa,m(iﬂ,po)H@m <€, m & Zzo.

Let K € M be compact, let @ € c|o(Z>0; R>0), let € € Ry, and let pg € P. Let z € K.
By hypothesis, there exist a neighbourhood U, € M of z and a neighbourhood O, C P of
po such that

fa,m(ux X Oac) - {jmn(x/) € J"E ’ Ha0a1 e 'amjmn(x,) - {a,m(xlva)HEm < 6}7

for each m € Z>o. Now let z1, ...,z € K be such that K C ug?:luxj and let O = ﬂ;?:l(f)z]..
Then, if p € O and = € K, we have x € U, for some j € {1,...,k}. Thus

||£a,m(:l:;p) - ga,m(xvp0)||am <, m E ZZU'

Therefore, taking supremums over x € K and m € Zxo, we have p§; ,(0¢(p) — 0¢(po)) < e
As this can be done for every compact K C M and every a € cjo(Z>0; R>), we conclude
that o¢ is continuous.

Next suppose that o¢ is continuous, let (zg,po) € M x P, let a € ¢jo(Z>0;R>0), and let
€ € R5o. Let U be a relatively compact neighbourhood of zy. Since o¢ is continuous, let O
be a neighbourhood of py such that

Pa,aloe(p) —oe(po)) <€,  pe€O.

Thus, for every (z,p) € U x O,

aoar -+ am|[jmé(z, p) — jmé(@, po)lg,, <€  m € Zxo,
which shows that £ € JPTY(P;E). [ |

As we have done in the smooth and holomorphic cases above, we can specialise the pre-
ceding discussion from sections to vector fields and functions, giving the spaces SPC¥(P; M)
and JPC¥(M) of parameterised functions, and the spaces SPT“(P; TM) and JPT¥(P; TM)
of parameterised vector fields. We then have the following weak- characterisation for
jointly parameterised vector fields.

7.13 Proposition: (Weak-Z characterisation of jointly parameterised vector
fields of class C¥) Let M be a real analytic manifold, let P be a topological space, and let
X:MxP— TM satisfy X(x,p) € TzM for every (x,p) € M x P. Then X € JPT¥(P; TM)
if and only if (x,p) — Fxrf(x) is a jointly parameterised function of class C¥ for every
feC¥(M).

Proof: This follows from Corollary 5.9(ii). |

One can wonder about the relationship between sections of jointly parameterised class
C“ and sections that are real restrictions of sections of jointly parameterised class C"!. We
address this with a result and an example. First the result.
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7.14 Theorem: (Jointly parameterised real analytic sections as restrictions of
jointly parameterised holomorphic sections) Let m: E — M be a real analytic vector
bundle with holomorphic extension 7: E — M and let P be a topological space. For a map
&: M x P — E satisfying &(x,p) € E; for all (z,p) € M x P, the following statements hold:

(i) if & € JPTY(P;E) and if P is locally compact and Hausdorff, then, for each (zo,po) €
M x P, there exist a neighbourhood U C M of g, a neighbourhood O C P of pg, and
& € JPTYO; EJU) such that &(z,p) = E(z,p) for all (x,p) € (MNU) x O;

(i1) if there exists a section & € JPTMYP;E) such that &(z,p) = E(x,p) for every (x,p) €
M x P, then & € JPT“(P;E).

Proof: (i) Let po € P and let O be a relatively compact neighbourhood of pg, this being
possible since P is locally compact. Let zg € M, let U be a relatively compact neighbourhood
of zg, and let (U;);jez., be a sequence of neighbourhoods of cl(U) in M with the properties
that cl(U;41) € U; and that Njez.,U; = cl(U). We first note that

hol,R = ohol,R
C%(cl(0); ?dg’u)f) =~ C%(cl(0))2e Y, fu),ﬁ

and L L
COcl(0); TPPR(EM)) = CO(cl(0))& LMV R (EUy),

with ®. denoting the completed injective tensor product; see [Jarchow 1981, Chapter 16]
for the injective tensor product for locally convex spaces and [Diestel, Fourie, and Swart
2008, Theorem 1.1.10] for the preceding isomorphisms for Banach spaces (the constructions
apply more or less verbatim to locally convex spaces [Bierstedt 2007, Proposition 5.4]).
One can also prove, using the argument from the proof of [Diestel, Fourie, and Swart 2008,
Theorem 1.1.10] (see top of page 15 of that reference), that, if [¢]x € C°(cl(0); ?C}IIF&’) E)’ then

;R E converging

to [€]x in the completed injective tensor product topology. Note that since ?Chlal&R E and

I‘hOLR(Emj), J € Z~, are nuclear, the injective tensor product can be swapped with the
projective tensor product in the above constructions [Pietsch 1969, Proposition 5.4.2]. One
can now reproduce the argument from the proof of Theorem 6.25, swapping L' (T’; R) with
C%(cl(0)) and using the results of Mangino [1997], to complete the proof in this case.

(ii) Let (zo,po) € M x P, let @ € ¢|o(Z>0;R>0), and let € € R5p. Let U € M be a
relatively compact neighbourhood of zy and let U be a relatively compact neighbourhood
of cl(U). By Proposition 4.2, there exist C,r € Rs( such that

there is a sequence (we know there is a net) ([€4]aw) ) kezs, In C%cl((ﬁ)))@?ﬁ?&

Paw.m(0e(p) — 0¢(po)) < Cr~" sup{[[€(2,p) — £(z. po)llg | = € U}

for all m € Z>p and p € P. Now let N € Z>( be such that ay;11 < r and let O be a
neighbourhood of pg such that

er™

Hg(zvp)_g(zapﬂ)‘|ﬁ< ) me {0717"'7N}7

Capay - am

for (z,p) € U x O. Then, if m € {0,1,..., N}, we have

aopay - - - amH]mfp(x) — Jm&P° (x)”ﬁm

< apay - - - amCr " sup{||é(z, p) — g(z,po)HEm | z€ U} <e,



116 S. JAFARPOUR AND A. D. LEWIS

for (z,p) € U x O. If m > N we also have

apai -+ am || jm&” () —jmé ()5,
< agar - anrt V| jmé? (2) — jm€ ()|,

< agay - - anr N Cr ™ sup{||€(z, p) — g(z,po)H@m | z€ U} <,

for (z,p) € U x O, as desired. [ |

The next example shows that the assumption of local compactness cannot be generally
relaxed.

7.15 Example: (Jointly parameterised real analytic sections are not always re-
strictions of jointly parameterised holomorphic sections) Let M = R, let P =
CY(R), and define f: R x P — R by f(z,9) = g(z). Since g — f9 is the identity map,
we conclude from Proposition 7.12 that f € JPC¥(P;M). Let xg € R. We claim that, for
any neighbourhood U of zg in C and any neighbourhood O of 0 € P, there exists g € O
such that g, and therefore f9, does not have an holomorphic extension to U. To see this,
let 0 € R+ be such that the disk D(c, 2¢) in C is contained in U. Let Ki,..., K, C R be
compact, let ai,...,a, € cjg(Z>0;R>0), and let €1,...,€ € Ry be such that

m;:l{g S | ij,aj(g) < 6j} c 0.

Now define
o

) = T G —an/o?
with a € R5¢ chosen sufficiently small that px; a,(9) < €;, j € {1,...,7}, and note that

J i
g € O does not have an holomorphic extension to U, cf. the discussion at the beginning of

Section 5. °

r € R,

Mixing regularity hypotheses. Just as we discussed with time-varying vector fields in Sec-
tion 6.5, it is possible to consider parameterised sections with mixed regularity hypothe-
ses. Indeed, the conditions of Definitions 7.1, 7.4, and 7.10 are joint on state and pa-
rameter. Thus we may consider the following situation. Let m € Zso, m’ € {0,lip},
r € Z>oU{oo,w}, and " € {0,lip}. If » + 7' > m +m' (with the obvious convention that
00 + lip = 0o and w + lip = w), we may then consider a parameterised section in

SPI"*"'(P; E) N JPI™ ™ (P, E)

As with time-varying vector fields, there is nothing wrong with this—indeed this is often
done—as long as one remembers what is true and what is not in the case when r + 7’ >
m+m'.

7.2. Control systems with locally essentially bounded controls. Let us first establish
some terminology we will use throughout the remainder of the paper.
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7.16 Notation: (Regularity hypotheses and proofs with regularity hypotheses)
Starting in this section, and continuing throughout the remainder of the paper, we will
simultaneously be considering finitely differentiable, Lipschitz, smooth, and real analytic
hypotheses. To do this, we will let m € Z>o and m’ € {0,lip}, and consider the regularity
classes v € {m + m/,co,w}. In such cases we shall require that the underlying manifold
be of class “C", r € {00, w}, as required.” This has the obvious meaning, namely that we
consider class C¥ if v = w and class C* otherwise.

Proofs will typically break into the four cases v = oo, v = m, v = m + lip, and v = w.
In most cases there is a structural similarity in the way arguments are carried out, so we
will oftentimes do all cases at once. In doing this, we will, for K € M be compact, for
k € Z>o, and for a € cjg(Z>0; R>g), denote

p?{ik? V=00,

. p}?? v=m,
Pk = p;?Jrlip’ v = m + lip,

p“;(’a, V=w.

Then, using the fact that ¢ € LIT'(T;E) if and only if there exists g € L .(T;R>¢) such
that pr (&) < g(t) (with a similar sort of assertion for parameterised section), we argue all
cases simultaneously. The convenience and brevity more than make up for the slight loss
of preciseness in this approach. °

With the notions of parameterised sections from the preceding section, we readily define
what we mean by a control system.

7.17 Definition: (Control system) Let m € Zso and m' € {0,lip}, let v € {m +
m’,00,w}, and let r € {00, w}, as required. A C¥-control system is a triple ¥ = (M, F, C),
where
(i) M is a C"-manifold whose elements are called states,
(ii) € is a topological space called the control set, and
(ili) F € JPT¥(C;TM). .

The governing equations for a control system are

§'(t) = F(§(t), n(t)),

for suitable functions ¢ — p(t) € € and ¢t — £(t) € M. To ensure that these equations make
sense, the differential equation should be shown to have the properties needed for existence
and uniqueness of solutions, as well as appropriate dependence on initial conditions. We do
this by allowing the controls for the system to be as general as reasonable.

7.18 Proposition: (Property of control system when the control is specified) Let
m € Z>o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let
Y = (M,F,C) be a C"-control system. If p € Lis.(T;C) (boundedness here being taking
with respect to the compact bornology) then F* € LBI'(T,TM), where F*: T x M — TM
is defined by F*(t,z) = F(z, u(t)).

Proof: Let us define F#: T — I'V(TM) by F*(t) = F!. By Propositions 7.2, 7.5, and 7.12,
the mapping u — F“ is continuous. Since F* is thus the composition of the measurable
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function p and the continuous mapping u — F*, it follows that F* is measurable. It follows
from Theorems 6.3, 6.9, and 6.21 that F'* is a Carathéodory vector field of class C”.
Let T/ C T be compact. Since p is locally essentially bounded, there exists a compact
set K C © such that
A{teT'| pt) ¢ K}) =0.

Since the mapping u — F™ is continuous,
{F'| teT}
is contained in a compact subset of I'V(TM), i.e., F'* is locally essentially bounded. |

The notion of a trajectory is, of course, well known. However, we make the definitions
clear for future reference.

7.19 Definition: (Trajectory for control system) Let m € Z>q and m' € {0,lip}, let
v e {m+m' oo,w}, and let r € {oo,w}, as required. Let ¥ = (M, F,C) be a C"-control
system. For an interval T C R, a T-trajectory is a locally absolutely continuous curve
¢: T — M for which there exists p € Lis.(T; C) such that

) =F(E®),ud), ae teT.

The set of T-trajectories we denote by Traj(T, ). If U is open, we denote by Traj(T, U, X)
those trajectories taking values in U.! °

One may also wish to restrict the class of controls one uses. Thus we can consider, for
each time-domain T, a subset € (T) C L> (T; €). Generally, one will ask for some compat-
ibility conditions for these subsets, like, for example, that, if T/ C T, then u|T' € € (T’)
for every p € € (T). For example, one may consider things like piecewise continuous or
piecewise constant controls. In this case, we denote by Traj(T,%’) the set of trajectories
arising from using controls from ¢ (T). Similarly, by Traj(T,U, &) we denote the trajec-
tories from this set taking values in an open set U. We shall see in Section 8 that our

tautological control systems provide a natural means of capturing issues such as this.

7.3. Control systems with locally integrable controls. In this section we specialise the
discussion from the preceding section in one direction, while generalising it in another. To
be precise, we now consider the case where our control set € is a subset of a locally convex
topological vector space, and the system structure is such that the notion of integrability
is preserved (in a way that will be made clear in Proposition 7.22 below).

7.20 Definition: (Sublinear control system) Let m € Zsy and m’ € {0,lip}, let v €

{m +m/,00,w}, and let r € {oo0,w}, as required. A CY-sublinear control system is a
triple ¥ = (M, F, C), where

(i) M is a C"-manifold whose elements are called states,

(ii) € is a subset of a locally convex topological vector space V, € being called the control
set, and

"This is not a common notion in this context, and our introduction of this is for the convenience of
making comparisons in the next section; see Theorems 8.35 and 8.37.
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(iii) F: M x € — TM has the following property: for every continuous seminorm p for
I'”(TM), there exists a continuous seminorm ¢ for V such that

p(F“' — F“?) < q(uy — ug), uy, us € C. °

Note that, by Propositions 7.2, 7.5, and 7.12, the sublinearity condition (iii) implies
that a CY-sublinear control system is a C"-control system.

Let us demonstrate a class of sublinear control systems in which we will be particularly
interested.

7.21 Example: (Control-linear systems and control-affine systems) The class of sub-
linear control systems we consider seems quite particular, but will turn out to be extremely
general in our framework. We let m € Z>o and m’ € {0,lip}, let v € {m + m/, 00, w}, and
let r € {oo,w}, as required. Let V be a locally convex topological vector space, and let
C C V. We suppose that we have a continuous linear map A € L(V;T"(TM)) and we corre-
spondingly define Fj: M x € — TM by Fj(x,u) = A(u)(x). Continuity of A immediately
gives that the control system (M, Fiy, ) is sublinear, and we shall call a system such as this
a CY¥-control-linear system.

Note that we can regard a control-affine system as a control-linear system as follows.
For a control-affine system with € C R* and with

k
F(z,u) = fo(x) + Y u®fa(x),
a=1
we let V = RF! ~ R @ R¥ and take
k
€= {("w) cRER | u' =1, uel) AW u)=) uf
a=0

Clearly we have F(z,u) = Fj(x,(1,u)) for every u € €. Since linear maps from finite-
dimensional locally convex spaces are continuous [Horvath 1966, Proposition 2.10.2], we
conclude that control-affine systems are control-linear systems. Thus they are also control
systems as per Definition 7.17. °

One may want to regard the generalisation from the case where the control set is a
subset of R to being a subset of a locally convex topological vector space to be mere fancy
generalisation, but this is, actually, far from being the case as we shall see in Section 8.

We also have a version of Proposition 7.18 for sublinear control systems.

7.22 Proposition: (Property of sublinear control system when the control is spec-
ified) Let m € Z>p and m’ € {0,lip}, let v € {m + m/,c0,w}, and let r € {oc0,w}, as
required. Let ¥ = (M, F, Q) be a C"-sublinear control system for which © is a subset of a
locally convez topological vector space V. If p € LL _(T;C), then F* € LITY(T; TM), where
FE: T x M — TM is defined by F*(t,z) = F(x, u(t)).

Proof: The proof that F* is a Carathéodory vector field of class C” goes exactly as in
Proposition 7.18.
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To prove that F* € LIT(T;TM), let K C M be compact, let k € Z>g, let a €
c10(Z>0;R~p), and denote

p?{ik, V=00,

B D, vV =1m,
Pk = pr]g—l—lip’ v = m + lip,

p"ka, V=w.

Define g: T — R>o by ¢(t) = px(F}'). We claim that g € LiS.(T; R>0). From the first
part of the proof of Proposition 7.18, ¢ + F}'(x) is measurable for every z € M. By
Theorems 6.3, 6.9, and 6.21, it follows that ¢ — F}* is measurable. Since px is a continuous
function on I'Y(TM), it follows that ¢ — px(F}") is measurable, as claimed. We claim
that g € LL.(T;R>g). Note that X + pg(X) is a continuous seminorm on T'°(TM). By
hypothesis, there exists a continuous seminorm ¢ for the locally convex topology for V such
that

pr (F" — F*?) < q(u1 — u2)

for every ui,us € €. Therefore, if T/ C T is compact and if ug € C, we also have

/lg(t) dt = /T/pK(F;‘)

< /,pK(Ft“ —F“O)dt—i—/lpK(F“‘))dt
< [ alu®)dt+ (atuo) + pr (FOYNT) < o,

the last inequality by the characterisation of Bochner integrability from [Beckmann and
Deitmar 2011, Theorems 3.2 and 3.3]. Thus g is locally integrable. It follows from Theo-
rems 6.3, 6.9, and 6.21 that F'* € LI (T; TM), as desired. [ |

There is also a version of the notion of trajectory that is applicable to the case when
the control set is a subset of a locally convex topological space.

7.23 Definition: (Trajectory for sublinear control system) Let m € Z>¢ and m' €
{0,1ip}, let v € {m+m/, 00, w}, and let r € {00, w}, as required. Let ¥ = (M, F, €) be a C"-
control system. For an interval T C IR, a T-trajectory is a locally absolutely continuous
curve £: T — M for which there exists p € L (T;€) such that

g'(t) = F(&(t), u(t)), ae. teT.

The set of T-trajectories we denote by Traj(T, ). If U is open, we denote by Traj(T, U, 3)
those trajectories taking values in U. o

7.4. Differential inclusions. We briefly mentioned differential inclusions in Section 1.1,
but now let us define them properly and give a few attributes of, and constructions for,
differential inclusions of which we shall subsequently make use.

First the definition.
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7.24 Definition: (Differential inclusion, trajectory) For a smooth manifold M, a dif-
ferential inclusion on M is a set-valued map & : M — TM with nonempty values for
which Z'(z) C T;M. A trajectory for a differential inclusion & is a locally absolutely
continuous curve £: T — M defined on an interval T C R for which £'(t) € Z(£(¢)) for
almost every t € T. If T C R is an interval and if U C M is open, by Traj(T,U,Z ) we
denote the trajectories of & defined on T and taking values in U. °

Of course, differential inclusions will generally not have trajectories, and to ensure that
they do various hypotheses can be made. Two common attributes of differential inclusions
in this vein are the following.

7.25 Definition: (Lower and upper semicontinuity of differential inclusions) A
differential inclusion & on a smooth manifold M is:

(i) lower semicontinuous at o € M if, for any vy € &' (x¢) and any neighbourhood
V C TM of vy, there exists a neighbourhood U C M of z( such that &' (x) NV # & for
every x € U;

(ii) lower semicontinuous if it is lower semicontinuous at every = € M;

(iii) upper semicontinuous at xg € M if, for every open set TM D V O Z'(x¢), there
exists a neighbourhood U C M of ¢ such that Z'(U) C V;

(iv) upper semicontinuous if it is upper semicontinuous at each z € M;
(v) continuous at xo € M if it is both lower and upper semicontinuous at xg;
(vi) continuous if it is both lower and upper semicontinuous. .
Other useful properties of differential inclusions are the following.
7.26 Definition: (Closed-valued, compact-valued, convex-valued differential in-
clusions) A differential inclusion & on a smooth manifold M is:

(i) closed-valued (resp. compact-valued, convex-valued) at © € M if Z'(x) is closed
(resp., compact, convex);

(ii) closed-valued (resp. compact-valued, convex-valued) if & (x) is closed (resp.,
compact, convex) for every z € M. .

Some standard hypotheses for existence of trajectories are then:

1. & is lower semicontinuous with closed and convex values [Aubin and Cellina 1984,
Theorem 2.1.1];

2. & is upper semicontinuous with compact and convex values [Aubin and Cellina 1984,
Theorem 2.1.4];

3. & is continuous with compact values [Aubin and Cellina 1984, Theorem 2.2.1].
These are not matters with which we shall be especially concerned.

A standard operation is to take “hulls” of differential inclusions in the following manner.

7.27 Definition: (Convex hull, closure of a differential inclusion) Let r € {co,w},
let M be a C"-manifold, and let & : M — TM be a differential inclusion.

(i) The convex hull of & is the differential inclusion conv(Z’) defined by

conv(Z')(x) = conv(Z (x)), x € M.
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(ii) The closure of & is the differential inclusion cl(Z’) defined by
(&) (x) = l(F (2)), x € M. .

To close this section, let us make an observation regarding the connection between
control systems and differential inclusions. Let m € Z> and m’ € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let ¥ = (M, F, €) be a C”-control system. To
this system we associate the differential inclusion 25 by

Zo(x) = {F"(z) | uell

Since the differential inclusion &5; is defined by a family of vector fields, one might try to
recover the vector fields F“, u € @, from Z;. The obvious way to do this is to consider

(%) £ {X eTY(TM) | X(z) € Z&(x), x € M}.

Clearly we have F" € IT'V(Z4;) for every u € €. However, 25, will generally contain vector
fields not of the form F* for some u € C. Let us give an illustration of this. Let us consider
a smooth control system (M, F, C) with the following properties:

1. Cis a disjoint union of sets C; and Co;

2. there exist disjoint open sets U; and Uy such that supp(F“) C Uy for v € € and
supp(F*) C Uy for u € Co.
One then has that

{ClFul 4+ F*? ’ up € C1, ug € Co, 1,09 € {O, 1}, C% +C% 7’é 0} - Fu(%;),

showing that there are more sections of &5; than there are control vector fields. This is very
much related to presheaves and sheaves, to which we shall now turn our attention.

8. Tautological control systems: Definitions and fundamental properties

In this section we introduce the class of control systems we propose as being useful
mathematical models for the investigation of geometric system structure. The reader would
do well to remember that this definition makes no pretences of being simple or user-friendly.
However, we can do some interesting things with these models, and to illustrate this we
present in Section 8.8 an elegant formulation of sub-Riemannian geometry in the framework
of tautological control systems.

8.1. Presheaves and sheaves of sets of vector fields. We choose to phrase our notion of
control systems in the language of sheaf theory. This will seem completely pointless to a
reader not used to thinking in this sort of language. However, we do believe there are benefits
to the sheaf approach including (1) sheaves are the proper framework for constructing
germs of control systems which are often important in the study of local system structure
and (2) sheaf theory provides us with a natural class of mappings between systems that we
use to advantage in Section 8.7.

We do not even come close to discussing sheaves in any generality; we merely give the
definitions we require, a few of the most elementary consequences of these definitions, and
some representative (for us) examples.
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8.1 Definition: (Presheaf of sets of vector fields) Let m € Z>¢ and m' € {0,lip}, let
v e {m+m oo,w}, and let r € {oo,w}, as required. Let M be a manifold of class C". A

presheaf of sets of C¥-vector fields is an assignment to each open set U C M a subset
F (U) of I'(TU) with the property that, for open sets U,V C M with V C U, the map

ry: F(U) — TY(TV)
X = X|V

takes values in & (V). Elements of & (U) are called local sections over U. .

Let us give some notation to the presheaf of sets of vector fields of which every other
such presheaf is a subset.

8.2 Example: (Presheaf of all vector fields) Let m € Z>y and m’ € {0,lip}, let v €
{m + m/,00,w}, and let r € {oo,w}, as required. Let M be a manifold of class C". The
presheaf of all vector fields of class C” is denoted by &F),. Thus Zf,(U) = I'V(TU) for every
open set U. Presheaves such as this are extremely important in the “normal” applications
of sheaf theory. For those with some background in these more standard applications of
sheaf theory, we mention that our reasons for using the theory are not quite the usual ones.
Such readers will be advised to be careful not to overlay too much of their past experience
on what we do with sheaf theory here. °

The preceding notion of a presheaf is intuitively clear, but it does have some defects.
One of these defects is that one can describe local data that does not patch together to give
global data. Let us illustrate this with a few examples.

8.3 Examples: (Local definitions not globally consistent)

1. Let m € Z>p and m’ € {0,lip}, let v € {m+m’, 00, w}, and let r € {oco0,w}, as required.
Let us take a manifold M of class C" with a Riemannian metric G. Let us define a
presheaf # qq by asking that

Fpaa(W) = {X € I"(TM) | sup{[|X (z)[lc | = € U} < oo}

Thus Haq is comprised of vector fields that are “bounded.” This is a perfectly sensible
requirement. However, the following phenomenon can happen if M is not compact.
There can exist an open cover (Ug)qca for M and local sections X, € %,qq(Uy,) that are
“compatible” in the sense that X,|U, N Uy = Xp|U, N Up, for each a,b € A, but such
that there is no globally defined section X € %,qq(M) such that X|U, = X, for every
a € A. We leave to the reader the easy job of coming up with a concrete instance of
this.

2. Let m € Z>p and m’ € {0,lip}, let v € {m+m/, co,w}, and let r € {oo,w}, as required.
Let M be a manifold of class C". If & C I'(TM) is any family of vector fields on M,
then we can define an associated presheaf Fg of sets of vector fields by

For(W) = {XU| X € Z).

Note that & (M) is necessarily equal to &, and so we shall typically use & (M) to denote
the set of globally defined vector fields giving rise to this presheaf. A presheaf of this
sort will be called globally generated.
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This sort of presheaf will almost never have nice “local to global” properties. Let us
illustrate why this is so. Let M be a connected Hausdorff manifold. Suppose that the
set of globally defined vector fields & (M) has cardinality strictly larger than 1 and
has the following property: there exists a disconnected open set U C M such that the
mapping from F (U) to F (M) given by X|U — X is injective. This property will hold
for real analytic families of vector fields, because we can take as U the union of a pair
of disconnected open sets. However, the property will also hold for many reasonable
families of smooth vector fields.

We write U = U; UU, for disjoint open sets U; and Us. By hypothesis, there exist vector
fields X1, X9 € & (M) such that X;|U # Xa|U. Define local sections X, € & (U,) by
X! = X,|U,, a € {1,2}. The condition

X{|u1 NUy = X§|u1 N Uy

is vacuously satisfied. But there can be no X € & (M) such that, if X’ € & (U) is given
by X' = X|U, then X'|U; = X] and X'|Uy = X.

While a globally generated presheaf is unlikely to allow patching from local to global,
this can be easily redressed by undergoing a process known as “sheafification” that we
will describe below. °

The preceding examples suggest that if one wishes to make compatible local construc-
tions that give rise to a global construction, additional properties need to be ascribed to a
presheaf of sets of vector fields. This we do as follows.

8.4 Definition: (Sheaf of sets of vector fields) Let m € Zs>o and m’ € {0,lip}, let
v e {m+m, oo,w}, and let r € {oo,w}, as required. Let M be a manifold of class C".
A presheaf & of sets of C"-vector fields is a sheaf of sets of CY-vector fields if, for
every open set U C M, for every open cover (U,)qea of U, and for every choice of local
sections X, € & (U,) satisfying X,|U, N Up = Xp|Uy, N Up, there exists X € F (U) such
that X|U, = X, for every a € A. .

The condition in the definition is called the gluing condition. Readers familiar with
sheaf theory will note the absence of the other condition, sometimes called the separation
condition, normally placed on a presheaf in order for it to be a sheaf: it is automatically
satisfied for presheaves of sets of vector fields.

Many of the presheaves that we encounter will not be sheaves, as they will be globally
generated. Thus let us give some examples of sheaves, just as a point of reference.

8.5 Examples: (Sheaves of sets of vector fields)

1. Let m € Z>p and m’ € {0,lip}, let v € {m+m’, 00, w}, and let r € {oco,w}, as required.
Let M be a C"-manifold. The presheaf &Y), of all C"-vector fields is a sheaf. We leave
the simple and standard working out of this to the reader; it will provide some facility
in working with sheaf concepts for those not already having this.

2. If instead of considering bounded vector fields as in part Example 8.3—-1, we consider
the presheaf of vector fields satisfying a fized bound, then the resulting presheaf is a
sheaf. Let us be clear. Let m € Z>o and m’ € {0,lip}, let v € {m +m/, 00, w}, and let
r € {oo,w}, as required. We let M be a C"-manifold with Riemannian metric G and,
for B € R+, define a presheaf %< p by

F<p(W) ={X e I"(TW) | sup{[[X(z)[lc [ = € U} < B}.
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The presheaf F< is a sheaf, as is easily verified. In this case, the local constraints for
membership are compatible with a global one.

3. Let m € Z>p and m’ € {0,lip}, let v € {m+m/, co,w}, and let r € {oo,w}, as required.
Let M be a C"-manifold. Let A C M and define a presheaf _#4 of sets of vector fields by

W) = {X e TY(TU) | X(z) =0, = € A}.

This is a sheaf (again, we leave the verification to the reader) called the ideal sheaf
of A. .

Let us now turn to localising sheaves of sets of vector fields. Let m € Z>¢ and m’ €
{0,1ip}, let v € {m +m’/, 00,w}, and let r € {oc0,w}, as required. Let M be a C"-manifold,
let A C M, and let #4 be the set of neighbourhoods of A in M, i.e., the open subsets of
M containing A. This is a directed set in the usual way by inclusion, i.e., U <V if V C U.
Let & be a sheaf of sets of CV-vector fields. The stalk of F over A is the direct limit
dir limye r, & (U). Let us be less cryptic about this. Let U,V € 44, and let X € ¥ (U)
and Y € F (V). We say X and Y are equivalent if there exists W C U NV such that
X|W =Y|W. The germ of X € ¥ (U) for U € #4 is the equivalence class of X under this
equivalence relation. If U € /4 and if X € & (U), then we denote by [X]4 the equivalence
class of X in %4. The stalk of & over A is the set of all equivalence classes. The stalk of
F over A is denoted by Fa, and we write F,y as .

Let us now describe how a presheaf can be converted in a natural way into a sheaf. The
description of how to do this for general presheaves is a little complicated. However, in the
case we are dealing with here, we can be explicit about this.

8.6 Lemma: (A sheaf associated to every presheaf of sets of vector fields) Let
m € Z>o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let
M be a C"-manifold and let F be a presheaf of sets of CY-vector fields. For an open set
U C M, define

Sh(F)(U) ={X e T(TU) | [X]. € F for every x € U}.
Then Sh(¥) is a sheaf.

Proof: Let U C M be open and let (U,)qea be an open cover of U. Suppose that local
sections X, € Sh(F)(U,), a € A, satisfy X,|U, N Up = Xp|U, NUy, for each a,b € A. Since
G\ is a sheaf, there exists X € I'V(TU) such that X|U, = X4, a € A. It remains to
show that X € Sh(%)(U). Let x € U and let a € A be such that 2 € U,. Then we have
(X2 = [Xalz € F, as desired. [ ]

With the lemma in mind we have the following definition.

8.7 Definition: (Sheafification of a presheaf of sets of vector fields) Let m € Z>
and m' € {0,lip}, let v € {m + m’,00,w}, and let r € {co,w}, as required. Let M be a
C"-manifold and let & be a presheaf of sets of C”-vector fields. The sheafification of &
is the sheaf Sh(F') of sets of vector fields defined by

Sh(F)(U) = {X e T*(TW) | [X], € F for all z € U}. .

Let us consider some examples of sheafification.
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8.8 Examples: (Sheafification)

1. Let us consider the presheaf of bounded vector fields from Example 8.3-1. Let m € Z>
and m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {o0,w}, as required. Let M be
a C"-manifold and consider the presheaf H#,qq of bounded vector fields. One easily sees
that the stalk of this presheaf at x € M is given by

Fodde = {[X]z | X € TY(TM)},

i.e., there are no restrictions on the stalks coming from the boundedness restriction on
vector fields. Therefore, Sh(%a4) = Fu-

2. Let us now examine the sheafification of a globally generated presheaf of sets of vector
fields as in Example 8.3-2. Let m € Z>¢ and m’ € {0,lip}, let v € {m +m/, 00, w}, and
let r € {o0,w}, as required. Let M be a C"-manifold and let & be a globally generated
presheaf of sets of C”-vector fields, with & (M) the global generators. We will contrast
F (U) with Sh(¥)(U) to get an understanding of what the sheaf Sh(¥) “looks like.”
To do so, for U € M open and for X € I'V(TU), let us define a set-valued map kx : U —
F (M) by

rxu(r) ={X'e F(M)| X'(z) = X(2)}.

Generally, since we have asked nothing of the vector field X, we might have kx y(x) =
@ for a chosen z, or for some z, or for every z. If, however, we take X € F (U),
then X = X'|U for some X' € & (M). Therefore, there exists a constant selection of
Kx, i.e., a constant function s: U — & (M) such that s(z) € kxy(x) for every z € U.
Note that if, for example, M is connected and v = w, then there will be a unique such
constant selection since a real analytic vector field known on an open subset uniquely
determines the vector field on the connected component containing this open set; this is
the Identity Theorem, cf. [Gunning 1990a, Theorem A.3| in the holomorphic case and
the same proof applies in the real analytic case. Moreover, this constant selection in
this case will completely characterise xx 1 in the sense that xx(z) = {s(x)}.

Let us now contrast this with the character of the map rx for a local section X €
Sh(&)(U). In this case, for each 2 € U, we have [X], = [X,], for some X, € ¥ (M).
Thus there exists a neighbourhood V, C U such that X|V, = X;|V,. What this
shows is that there is a locally constant selection of kxy, i.e., a locally constant map
s: U — F (M) such that s(z) € kxy(x) for each € U. As above, in the real analytic
case when M is connected, this locally constant selection is uniquely determined, and
determines kx y in the sense that kx(z) = {s(z)}.

Note that locally constant functions are those that are constant on connected compo-
nents. Thus, by passing to the sheafification, we have gained flexibility by allowing
local sections to differ on connected components of an open set. While this does not
completely characterise the difference between local sections of the globally generated
sheaf # and its sheafification Sh(& ), it captures the essence of the matter, and does
completely characterise the difference when v = w and M is connected. .

8.2. Tautological control systems. Our definition of a tautological control system is rela-
tively straightforward, given the definitions of the preceding section.
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8.9 Definition: (Tautological control system and related notions) Let m € Z>( and
m’ € {0,lip}, let v € {m +m/, 00,w}, and let r € {oo,w}, as required.
(i) A C¥-tautological control system is a pair & = (M, ¥ ), where M is a manifold
of class C" whose elements are called states and where & is a presheaf of sets of
C¥-vector fields on M.

(ii) A tautological control system & = (M, ¥ ) is complete if # is a sheaf and is globally
generated if F is globally generated.

(iii) The completion of & = (M, %) is the tautological control system Sh(®) =

(M, Sh(&F)). .

This is a pretty featureless definition, sorely in need of some connection to control theory.

Let us begin to build this connection by pointing out the manner in which more common
constructions give rise to tautological control systems, and vice versa.

8.10 Examples: (Correspondences between tautological control systems and
other sorts of control systems) One of the topics of interest to us will be the rela-
tionship between our notion of tautological control systems and the more common notions
of control systems (as in Sections 7.2 and 7.3) and differential inclusions (as in Section 7.4).
We begin here by making some more or less obvious associations.

1. Let m € Z>p and m’ € {0,lip}, let v € {m+m’, 00,w}, and let r € {oo0,w}, as required.
Let ¥ = (M, F,C) be a C”-control system. To this control system we associate the
C"-tautological control system &y = (M, %) by

F(W) = {FYU e T¥(TU) | u € €.

The presheaf of sets of vector fields in this case is of the globally generated variety, as in
Example 8.3-2. According to Example 8.3-2 we should generally not expect tautological
control systems such as this to be a priori complete. We can, however, sheafify so that
the tautological control system Sh(®y) is complete.

2. Let us consider a means of going from a large class of tautological control systems
to a control system. Let m € Zs¢ and m’ € {0,lip}, let v € {m + m/, 00,w}, and
let r € {o0,w}, as required. We suppose that we have a C”-tautological control system
® = (M, %) where the presheaf F is globally generated. We define a C”-control system
Y = (M, Fg,Cq) as follows. We take C¢ = F (M), i.e., the control set is our family of
globally defined vector fields and the topology is that induced from I'V(TM). We define

Fgr: M x egr — TM
(x,X) — X(x).

(Note that one has to make an awkward choice between writing a vector field as u or
a control as X, since vector fields are controls. We have gone with the latter awkward
choice, since it more readily mandates thinking about what the symbols mean.) Note
that Fé = X, and so this is somehow the identity map in disguise. In order for
this construction to provide a bona fide control system, we should check that Fg is a
parameterised vector field of class C¥ according to our Definitions 7.1, 7.4, and 7.10.
According to Propositions 7.2, 7.5, and 7.12, it is sufficient to check that the map
X — Fg is continuous. But this is the identity map, which is obviously continuous!
Note that g is a control-linear system, according to Example 7.21.
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3. Let m € Z>p and m’ € {0,lip}, let v € {m+m/, co,w}, and let r € {oo,w}, as required.
Let & : M — TM be a differential inclusion. If U C M is open, we denote

I(ZU) = {X € T¥(TU) | X(z) € Z(x), = € U}

One should understand, of course, that we may very well have T (Z’|U) = @. This
might happen for two reasons.

(a) First, the differential inclusion may lack sufficient regularity to permit even local
sections of the prescribed regularity.

(b) Second, even if it permits local sections, there may be be problems finding sec-
tions defined on “large” open sets, because there may be global obstructions. One
might anticipate this to be especially problematic in the real analytic case, where
the specification of a vector field locally determines its behaviour globally by the
Identity Theorem, cf. [Gunning 1990a, Theorem A.3].

This caveat notwithstanding, we can go ahead and define a tautological control system
Gy = (M, Fy) with Fo(U) =TV (Z|U).

We claim that &g is complete. To see this, let U C M be open and let (Uy)qeca be an
open cover for U. For each a € A, let X, € Fo(U,) and suppose that, for a,b € A,

Xa|ua NU, = Xb’ua N Uyp.

Since &Y, is a sheaf, let X € I'V(TU) be such that X|U, = X, for each a € A. We
claim that X € F(U). Indeed, for x € U we have X (x) = Xo(z) € Z'(z) if we take
a € A such that z € U,.
The sheaf P is not necessarily globally generated. Here is a stupid counterexample.
Let us define &'(x) = T,M, € M, so that F = F¥),. For an open set U, there will
generally be local sections X € T'V(TU) that are not restrictions to U of globally defined
vector fields; vector fields that “blow up” at some point in the boundary of U are what
one should have in mind.

4. Let m € Z>p and m’ € {0,lip}, let v € {m+m/, 00, w}, and let r € {oo,w}, as required.
Note that there is also associated to any C”-tautological control system & = (M, ) a
differential inclusion & by

Lo () = {X(2) | [X]z € F},

recalling that &, is the stalk of & at x. .

Now note that we can iterate the four constructions and ask to what extent we end up
back where we started. More precisely, we have the following result.

8.11 Proposition: (Going back and forth between classes of systems) Let m € Z>
and m' € {0,lip}, let v € {m+m’, 00,w}, and let r € {oo,w}, as required. Let & = (M, F)
be a C”-tautological control system, let ¥ = (M, F, C) be a C¥-control system, and let & be
a differential inclusion. Then the following statements hold:

(i) if & is globally generated, then &y, = &;

(ii) if the map u — F" from C to T'Y(TM) is injective and open onto its image, then

E@E = E,’
(iii) F (W) C F, (W) for every open U C M;
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(iv) %, C .

Proof: (i) Let U € M be open and let X € % (U). Then X = X'|U for X' € F(M).
Thus X’ € € and X'(z) = F(z,X’) and so X € %, (U). Conversely, let X € T, (U).
Then X (z) = F(z,X’), z € U, for some X' € Cg. But this means that X (z) = X'(z) for
X' e #(U) and for all x € U. In other words, X € & (U).

(ii) Note that &y is globally generated. Thus we have

Cg, = Fa(M) = {F* | u e C).

Since the map u — F" is continuous (by Propositions 7.2, 7.5, and 7.12), and injective and
open onto its image (by hypothesis), it is an homeomorphism onto its image. Thus Cg, is
homeomorphic to €. Since u — F™ is injective we can unambiguously write

Fg (z,F") = F'(x) = F(z,u).

(iii) Let U € M be open. If X € & (U), then clearly we have X(z) € Zs(z) for every
z € U and so F (U) C Fg, (U), giving the assertion.
(iv) This is obvious. [ |

8.12 Remark: (Correspondence between control systems and control-linear sys-
tems) The result establishes the rather surprising correspondence between control systems
¥ = (M, F,C@) for which the map u — F" is injective and open onto its image, and the
associated control-linear system g, = (M, %, Cg,). That is to say, at least at the sys-
tem level, in our treatment every system corresponds in a natural way to a control-linear
system, albeit with a rather complicated control set. This correspondence carries over to
trajectories as well, but one can also weaken these conditions to obtain trajectory corre-
spondence in more general situations. These matters we discuss in detail in Section 8.6. e

Let us make some comments on the hypotheses present in the preceding result.

8.13 Remarks: (Going back and forth between classes of systems)

1. Since By is necessarily globally generated for any control system 3, the requirement
that & be globally generated cannot be dropped in part (i).

2. The requirement that the map u — F*" be injective in part (ii) cannot be relaxed.
Without this assumption, there is no way to recover F' from {F“ | v € C}. Similarly,
if this map is not open onto its image, while there may be a bijection between € and
Cg,, it will not be an homeomorphism which one needs for the control systems to be
the same.

3. The converse assertion in part (iii) does not generally hold, as many counterexamples
show. Here are two, each of a different character.

(a) We take M = R and consider the C¥-tautological control system & = (M, %)
where & is the globally generated presheaf defined by the single vector field xQ%.

Note that
0}, x=0,
() = {0}
TR, x#0.
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Therefore,
{X eT¥(TU) | X(0) =0}, 0€e,

T (W) = {F“(TU), 0¢ U

It holds, therefore, that the vector field a:(% is a global section of Fg, but is not a
global section of & .

(b) Let us again take M = R and now define a smooth tautological control system
® = (M, %) by asking that & be the globally generated presheaf defined by the
vector fields X7, X9 € T'°(R), where

e Vel 250,
Xl(m)_{o ” 2 <0

and

e /0 g < 0,
XQ(Q:):{O o >0

In this case,

OIUf2Y, 2 #0
Therefore, Fg is the sheafification of the globally generated presheaf defined by
the vector fields X7, X9, X3, and X4, where

—1/z 0
Xs(z) = {e o 270,

o (z) = {{O}’ r=0

0, z =0,

and X4 is the zero vector field.

4. Given the discussion in Example 8.10-3, one cannot reasonably expect that we will
generally have equality in part (iv) of the preceding result. Indeed, one might even be
inclined to say that it is only differential inclusions satisfying & = &, that are useful
in geometric control theory. .. °

While we are not yet finished with the task of formulating our theory—trajectories have
yet to appear—it is worthwhile to make a pause at this point to reflect upon what we have
done and have not done. After a moments thought, one realises that the difference between
a control system ¥ = (M, F|, €) and its associated tautological control system &y, = (M, %)
is that, in the former case, the control vector fields are from the indezed family (F*)yce,
while for the tautological control system we have the set {F" | u € C}. In going from the
former to the latter we have “forgotten” the index w which we are explicitly keeping track
of for control systems. If the map u — F* is injective, as in Proposition 8.11(ii), then
there is no information lost as one goes from the indexed family to the set. If v — F*
is not injective, then this is a signal that the control set is too large, and perhaps one
should collapse it in some way. In other words, one can probably suppose injectivity of
u — F* without loss of generality. (Openness of this map is another matter. As we shall
see in Section 8.6 below, openness (and a little more) is crucial for there to be trajectory
correspondence between systems and tautological control systems.) This then leaves us
with the mathematical semantics of distinguishing between the indexed family (F"),ce and
the subset {F" | u € C}. About this, let us make two observations.
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1. The entire edifice of nonlinear control theory seems, in some sense, to be built upon
the preference of the indexed family over the set. As we discuss in the introduction,
in applications there are very good reasons for doing this. But from the point of view
of the general theory, the idea that one should carefully maintain the labelling of the
vector fields from the set {F" | u € C} seems to be a really unnecessary distraction.
And, moreover, it is a distraction upon which is built the whole notion of “feedback
transformation,” plus entire methodologies in control theory that are not feedback-
invariant, e.g., linearisation, cf. Example 1.1. So, semantics? Possibly, but sometimes
semantic choices are important.

2. Many readers will probably not be convinced by our attempts to magnify the distinction
between the indexed family (F"),ce and the set {F"* | u € C}. As we shall see, however,
this distinction becomes more apparent if one is really dedicated to using sets rather
than indexed families. Indeed, this deprives one of the notion of “control,” and one is
forced to be more thoughtful about what one means by “trajectory.” It is to this more
thoughtful undertaking that we now turn, slowly.

8.3. Open-loop systems. Trajectories are associated to “open-loop systems,” so we first
discuss these. We first introduce some notation. Let m € Z>¢ and m’ € {0,lip}, let
ve{m+m' oo,w}, and let r € {oo,w}, as required. For a C”-tautological control system
& = (M, %), we then denote

LIIY(T; F (W) = {X: T — (W) | X € LIIY(T; TW)},

for T C R an interval and U C M open.

8.14 Definition: (Open-loop system) Let m € Z> and m' € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let & = (M, %) be a C-tautological control
system. An open-loop system for & is a triple &, = (X, T, U) where

(i) T C R is an interval called the time-domain;

(ii) U € M is open;

(iii)) X € LIT"(T; & (W)). °

Note that an open-loop system for & = (M, %) is also an open-loop system for the

completion Sh(®), just because & (U) C Sh(¥)(U). However, of course, there may be
open-loop systems for Sh(®) that are not open-loop systems for &. This is as it should be,
and has no significant ramifications for the theory, as we shall see as we go along.

In order to see how we should think about an open-loop system, let us consider this
notion in the special case of control systems.

8.15 Example: (Open-loop systems associated to control systems) Let m € Z>q and
m’ € {0,lip}, let v € {m +m/,00,w}, and let r € {oo,w}, as required. Let ¥ = (M, F, @)
be a C-control system with &y the associated C”-tautological control system. If we let
p € Lis.(T; €), then we have the associated open-loop system &y, = (F*, T, M) defined by

FF(t)(x) = F(z, p(t)), teT, zeM.

Proposition 7.18 ensures that this is an open-loop system for the tautological control system
By.
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A similar assertion holds if € is a subset of a locally convex topological vector space and
F defines a sublinear control system, and if u € L] .(T;C), cf. Proposition 7.22. .

8.16 Notation: (Open-loop systems) For an open-loop system &, (X, T,U), the nota-
tion X (¢)(x), while accurate, is unnecessarily cumbersome, and we will often instead write
X(t,z) or Xy(z), with no loss of clarity and a gain in aesthetics. .

Generally one might wish to place a restriction on the set of open-loop systems one will
use. This is tantamount to, for usual control systems, placing restrictions on the controls
one might use; one may wish to use piecewise continuous controls or piecewise constant
controls, for example. For tautological control systems we do this as follows.

8.17 Definition: (Open-loop subfamily) Let m € Z>y and m’ € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let & = (M, %) be a C-tautological control
system. An open-loop subfamily for & is an assignment, to each interval T C R and each
open set U C M, a subset @y(T,U) C LII'(T; & (U)) with the property that, if (Ti,U;)
and (T, Us) are such that Ty C Ty and U; C Uy, then

{X’Tl x Uy ‘ X e @@(TQ,UQ)} C @@(Tl,ul). °

Here are a few common examples of open-loop subfamilies.

8.18 Examples: (Open-loop subfamilies) Let m € Z>¢ and m/ € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let & = (M, %) be a C”-tautological control
System.

1. The full subfamily for & is the open-loop subfamily @g .1 defined by
Op sl (T, U) = LITY(T; & (U)).

Thus the full subfamily contains all possible open-loop systems. Of course, every open-
loop subfamily will be contained in this one.

2. The locally essentially bounded subfamily for & is the open-loop subfamily @ o
defined by asking that

@’@yoo(T,U) = {X S @’@,fuu('IF,U) ’ X € LBFV(T;TU)}.

Thus, for the locally essentially bounded subfamily, we require that the condition of
being locally integrally C”-bounded be replaced with the stronger condition of being
locally essentially C”-bounded.

3. The locally essentially compact subfamily for & is the open-loop subfamily @ pt
defined by asking that

Op pt(T,U) = {X € Op un(T,U)| for every compact subinterval T' C T
there exists a compact K C I'V(T; TU)
such that X (t) C K for almost every t € T'}.

Thus, for the locally essentially compact subfamily, we require that the condition of
being locally essentially bounded in the von Neumann bornology (that defines the locally
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essentially bounded subfamily) be replaced with being locally essentially bounded in the
compact bornology.

We comment that in cases when the compact and von Neumann bornologies agree, then
of course we have Og o = Op cpt- As we have seen in CO>-5 and C¥-5, this is the case
when v € {oo,w}.

The piecewise constant subfamily for & is the open-loop subfamily @ pwe defined
by asking that

O pwe(T; W) = {X € Op sun(T,U) | t— X(t) is piecewise constant}.

Let us be clear what we mean by piecewise constant. We mean that there is a partition
(T;)jes of T into pairwise disjoint intervals such that

(a) for any compact interval T/ C T, the set
[jed| TNT, # 2}

is finite and such that
(b) X|T; is constant for each j € J.
One might imagine that the piecewise constant open-loop subfamily will be useful for
studying orbits and controllability of tautological control systems.

We can associate an open-loop subfamily to an open-loop system as follows. Let m €
Z>o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {co,w}, as required. Let
& = (M, ) be a C”-tautological control system, let @ be an open-loop subfamily for
&, let T be a time-domain, let W C M be open, and let X € @ (T,U). We denote by
Os.x the open-loop subfamily defined as follows. If T/ C T and U’ C U, then we let

O x (T, W) = {X' € Op(T", W) | X' = X|T' x U'}.

If T ¢ T and/or W € U, then we take @p x = @. Thus Op x is comprised of those
vector fields from @ that are merely restrictions of X to smaller domains. Just why
this might be interesting we will only see when we discuss linearisation about a reference
flow in Section 9.4.

Let m € Z>p and m’ € {0,lip}, let v € {m+m/, co,w}, and let r € {oo,w}, as required.
In Proposition 8.11 we saw that there was a pretty robust correspondence between C-
control systems and C”-tautological control systems, at the system level. As we make
our way towards trajectories, as we are now doing, this robustness breaks down a little.
To frame this, we can define an open-loop subfamily for the tautological control system
associated to a C”-control system ¥ = (M, F, C) as follows. For a time-domain T and
an open U C M, we define
Oo(T, W) = {F*[UL| e LE(T:C)),

recalling that FH*(t,z) = F(x,u(t)). We clearly have @5 (T;U) C Opy, opt(T; U) for
every time-domain T and every open U C M; this was proved in the course of proving
Proposition 7.18. Of course, by virtue of Proposition 7.22, we have a corresponding
construction if the control set € is a subset of a locally convex topological vector space,
if F' is sublinear, and if u € Llloc(T; C). However, we do not generally expect to have



134 S. JAFARPOUR AND A. D. LEWIS

equality of these two open-loop subfamilies. This, in turn, will have repercussions on
the nature of the trajectories for these subfamilies, and, therefore, on the relationship
of trajectories of a control system and the corresponding tautological control system.
We will consider these matters in Section 8.6, and we will see that, for many interesting
classes of control systems, there is, in fact, a natural trajectory correspondence between
the system and its associated tautological control system. °

Our notion of an open-loop subfamily is very general, and working with the full general-
ity will typically lead to annoying problems. There are many attributes that one may wish
for open-loop subfamilies to satisfy in order to relax some the annoyance. To illustrate, let
us define a typical attribute that one may require, that of translation-invariance. Let us
define some notation so that we can easily make the definition. For a time-domain T and
for s € R, we denote

s+T={s+t|teT}

and we denote by 75: s + T — T the translation map 75(t) = ¢ — s.

8.19 Definition: (Translation-invariant open-loop subfamily) Let m € Z>o and m’ €
{0,1ip}, let v € {m +m/, 00, w}, and let r € {oo,w}, as required. Let & = (M, ¥ ) be a C"-
tautological control system. An open-loop subfamily @g for & is translation-invariant
if, for every s € R, every time-domain T, and every open set U C M, the map

(75 X idy)*: @ (s + T,U) — G (T, W)
X 5 X o (75 x idy)

is a bijection. °

An immediate consequence of the definition is, of course, that if ¢ — £(t) is a trajectory
(we will formally define the notion of “trajectory” in the next section), then so is t — £(s+t)
for every s € R.

Let us now think about how open-loop subfamilies interact with completion. In order
for the definition we are about to make make sense, we should verify the following lemma.

8.20 Lemma: (Time-varying vector fields characterised by their germs) Let m €
Z>o and m' € {0,lip}, let v € {m +m/,00,w}, and let r € {co,w}, as required. Let M be
a C"-manifold, let T C R be an interval, and let X: T x M — TM have the property that
X(t,x) € TzM for each (t,x) € T x M. Then the following statements hold:

(i) if, for each x € M, there exist a neighbourhood U of z and X' € CFI"(T; TU) such
that [ X¢]z = [X{]z for every t € T, then X € CFI'(T; TM);

(ii) if, for each x € M, there exist a neighbourhood U of x and X' € LITY(T; TU) such
that [ Xty = [X{]z for every t € T, then X € LIIV(T; TM);

(111) if, for each x € M, there exist a neighbourhood U of = and X' € LBI'Y(T; TU) such
that [X¢]z = [X{]z for every t € T, then X € LBI'V(T;TM).

Proof: (i) Let z € M. Since X agrees in some neighbourhood of x with a Carathéodory
vector field X', it follows that ¢ — X;(z) = X/(x) is measurable. In like manner, let t € T
and let 29 € M. Then = — X;(z) = X/(x) is of class C” in a neighbourhood of z, and so
x — X¢(x) is of class C.
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(ii) For K € M compact, for k € Z>, and for a € ¢|o(Z>0; R>¢), denote

p?(o’]w V= OO)

o p%? v=m,
P = pT(—Hip, v =m + lip,

p‘*f(’a, V=w.

Let K € M be compact, let z € K, let U, be a relatively compact neighbourhood of z,
and let X, € LII'"(T;U,) be such that [X;], = [X, ], for every t € T. Then there exists
gr € Li (T;R>) such that

pcl(uz)(Xx,t) < gx(t)7 teT.

Now let z1,...,z € K be such that K C Uleum].. Let g(t) = max{gy, (t),...,9z,(t)},
noting that the associated function g is measurable by [Cohn 2013, Proposition 2.1.4] and
is locally integrable by the triangle inequality, along with the fact that

9(t) < C(gay (t) + -+ + g, ()

for some suitable C' € Rq (this is simply the statement of the equivalence of the ¢! and
£2° norms for R™). We then have

pr(Xe) <g(t), teT,

showing that X € LII'(T; TM).
(iii) This is proved in exactly the same manner, mutatis mutandis, as the preceding part
of the lemma. [

The following definition can now be made.

8.21 Definition: (Completion of an open-loop subfamily) Let m € Z>o and m’ €
{0,1ip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let & = (M, F)
be a CY-tautological control system and let @ be an open-loop subfamily for &. The
completion of @Oy is the open-loop subfamily Sh(@g) for Sh(®) defined by specifying that
(X, T,U) € Sh(@s) if, for each x € U, there exist a neighbourhood W' C U of x and
(X', T, W) € Og(T,U) such that [X;], = [X]], for each t € T. o

Clearly the completion of an open-loop subfamily is an open-loop subfamily for the
completion. Moreover, if (X, T,U) € @ (T,U), then (X, T,U) € Sh(@s(T,U)), but one

cannot expect the converse assertion to generally hold.

8.4. Trajectories. With the concept of open-loop system just developed, it is relatively
easy to provide a notion of a trajectory for a tautological control system.
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8.22 Definition: (Trajectory for tautological control system) Let m € Z>p and m/ €
{0,lip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let & = (M, &) be a
CY-tautological control system and let @g be an open-loop subfamily for &.

(i) For a time-domain T, an open set U C M, and for X € @p(T,U), an (X,T,U)-
trajectory for Og is a curve £: T — U such that &'(t) = X (¢,£(¢)) for almost every
teT.

(ii) For a time-domain T and an open set U C M, a (T, W)-trajectory for @ is a curve
&: T — U such that &'(t) = X (¢,£(¢)) for almost every ¢ € T for some X € @g (T, U).

(iii) A trajectory for @y is a curve that is a (T, U)-trajectory for @y for some time-domain
T and some open set U C M.

We denote by:
(iv) Traj(X,T;U) the set of (X, T,U)-trajectories for Op;
(v) Traj(T,U,@s) the set of (T, U)-trajectories for @p;
(vi) Traj(@s) the set of trajectories for @g.
We shall abbreviate Traj(T, U, &) = Traj(T, U, Os 1) and Traj(&) = Traj(Os tun)- .

Sometimes one wishes to keep track of the fact that, associated with a trajectory is an
open-loop system. The following notion is designed to capture this.

8.23 Definition: (Referenced trajectory) Let m € Z> and m' € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let & = (M, %) be a C"-tautological control
system and let @y be an open-loop subfamily for &. A referenced @g-trajectory is a
pair (X, &) where X € @g(T;U) and £ € Traj(X,T,U). By Rtraj(T,U,Os) we denote the
set of referenced @g-trajectories for which X € @g(T;U).

In Section 8.6 below, we shall explore trajectory correspondences between tautological
control systems, control systems, and differential inclusions.

The notion of a trajectory immediately gives rise to a certain open-loop subfamily. At
present it may not be clear why this construction is interesting, but it will come up in
Section 9.4 when we talk about linearisations about trajectories.

8.24 Example: (The open-loop subfamily defined by a trajectory) Let m € Zx>
and m’ € {0,lip}, let v € {m+m/, 00, w}, and let r € {oo,w}, as required. Let & = (M, F)
be a CY-tautological control system, let @g be an open-loop subfamily for &, and let £ €
Traj(T,U, ). We denote by @p ¢ the open-loop subfamily defined as follows. If T/ C T
and W C U are such that £(T") C W, then we let

Oo.c(T' W) = {X € Os(T, W) | €(t) = X(tE1), ae teTh.

FT TorWZU, orif T"C T and W C U but {(T") £ W, then we take @p ¢ = &. Thus
Op ¢ is comprised of those vector fields from @g possessing ¢ (restricted to the appropriate
subinterval) as an integral curve. °

In control theory, trajectories are of paramount importance, often far more important,
say, than systems per se. For this reason, one might ask that completion of a tautological
control system preserve trajectories. However, this will generally not be the case, as the
following counterexample illustrates.
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8.25 Example: (Sheafification does not preserve trajectories) We will chat our way
through a general example; the reader can very easily create a specific concrete instance
from the general discussion.

Let m € Z>o and m’ € {0,lip}, let v € {m+m/, co,w}, and let r € {oo,w}, as required.
We let M be a C"-manifold with Riemannian metric G. We consider the presheaf % gq
of bounded C"-vector fields on M, initially discussed in Example 8.3—-1. We let Bpqq =
(M, Hqq) so that, as we saw in Example 8.8-1, Sh(%,qq4) = Ffy- Let X be a vector field
possessing an integral curve £: T — M for which

lim supl|¢'(¢) | = oo
t—sup T

(this requires that T be noncompact, of course).

Now let us see how this gives rise to a trajectory for Sh(®pqq) that is not a trajectory
for Gpqq. We let T be the interval of definition of the integral curve £ described above. We
consider the open subset M C M. We then have the open-loop system (X, T, M) specified
by letting X (¢) = X (abusing notation), i.e., we consider a time-independent open-loop
system. It is clear, then, that £ € Traj(T, M, Sh(Sqq)) (since Sh(Spqq) = (M, G, as we
showed in Example 8.8-1), but that £ cannot be a trajectory for ®y,4q since any vector field
possessing £ as an integral curve cannot be bounded. °

Thus we cannot expect sheafification to generally preserve trajectories. This should be
neither a surprise nor a disappointment to us. It is gratifying, however, that sheafification
does preserve trajectories in at least one important case.

8.26 Proposition: (Trajectories are preserved by sheafification of globally gener-
ated systems) Let m € Z>o and m' € {0,lip}, let v € {m+m/,00,w}, and let r € {oco0,w},
as required. Let & = (M, &) be a globally generated C¥-tautological control system, let T
be a time-domain, and let @g be an open-loop subfamily for &. For a locally absolutely
continuous curve &: T — M the following statements are equivalent:

(i) € € Traj(T,U,Os) for some open set U C M;
(i1) € € Traj(T, W, Sh(@s)) for some open set U C M.

Proof: Since @g(T,U) C Sh(@s)(T,U), the first assertion clearly implies the second. So it
is the opposite implication we need to prove.

Thus let W' C M be open and suppose that & € Traj(T,U,Sh(@s)). Let X €
LITY(T; TW) be such that & is an integral curve for X and such that X; € Sh(%)(U)
for every t € T. For each fized 7 € T, there exists X, € LII'(T; % (M)) such that
[Xrtler) = [Xtlg(r) for every t € T. (This is the definition of Sh(@), noting that & is
globally generated.) This means that around 7 we have a bounded open interval T, C T
and a neighbourhood U, of &(7) so that &(T,) C U, and so that &£'(t) = X, (¢,&(t)) for
almost every t € T,. By paracompactness, we can choose a locally finite refinement of these
intervals that also covers T. By repartitioning, we arrive at a locally finite pairwise disjoint
covering (T;),cs of T by subintervals with the following property: the index set J is a finite
or countable subset of Z chosen so that t; < t2 whenever t; € T, and to € T}, with j; < jo.
That is, we order the labels for the elements of the partition in the natural way, this making
sense since the cover is locally finite. By construction, we have X; € LII'V(T;; & (M)) with
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the property that £|T; is an integral curve for X;. We then define X : T — & (M) by asking
that X|T; = X;. It remains to show that X € LIT"(T; % (M)).

Because each of the vector fields X, j € J, is a Carathéodory vector field, we easily
conclude that X is also a Carathéodory vector field.

Let K € M be compact, k € Z>q, and a € cjo(Z>0; R>¢), and denote

p?(o’]w V= OO,
P v=m,

Pr = p?ﬂip, v =m + lip,
p"f{’a, V=w.

For each j € J, there then exists g; € Ll (T;; R>0) such that
pr(Xje) < g;(t),  teT;

Define g: T — R>q by asking that g|T; = g;. We claim that g € L] .(T;R>¢). Let T' C T
be a compact subinterval. The set

JT/Z{jEJ‘ "Jl"’rﬂijéz}.

is finite by local finiteness of the cover (T;);ec;. Now we have

/T/g(t)dtg > /Tjgj(t)dt<oo.

JEJr
Since o
we conclude that X € LIT(T; TM), as desired. [ |

8.5. Attributes that can be given to tautological control systems. In this section we
show that some typical assumptions that are made for control systems also can be made
for tautological control systems. None of this is particularly earth-shattering, but it does
serves as a plausibility check for our framework, letting us know that it has some common
ground with familiar constructions from control theory.

A construction that often occurs in control theory is to determine a trajectory as the
limit of a sequence of trajectories in some manner. To ensure the existence of such limits,
the following property for tautological control systems is useful.

8.27 Definition: (Closed tautological control system) Let m € Zx>o and m’ € {0, lip},
let v € {m+ m/ co,w}, and let r € {oo,w}, as required. A C”-tautological control system
& = (M, &) is closed if F(U) is closed in the topology of I'V(TU) for every open set
U C M. °

Here are some examples of control systems that give rise to closed tautological control
Systems.



MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 139

8.28 Proposition: (Control systems with closed tautological control systems) Let

m € Z>o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let

¥ = (M, F, Q) be a C”-control system with By, the associated C”-tautological control system

as in FExample 8.10-1. Then &y is closed if X has either of the following two attributes:
(i) C is compact;

(ii) € is a closed subset of R and the system is control-affine, i.e.,
k
F(z,u) = fo(z) + > u fa(x),
a=1

fOT’ f07f17 v 7fk € FU(TM)
Proof: (i) Let U € M be open. By Propositions 7.2, 7.5, and 7.12, the map
Courr FUeI(TU)

is continuous. Now let U C M be open and note that % (U) is the image of € under the
mapping
Cour FUY UeT”(TU).

Thus % (U) is compact, and so closed, being the image of a compact set under a continuous
mapping [Willard 1970, Theorem 17.7].

(ii) Let U € M be open. Just as in the preceding part of the proof, we consider the
mapping u — F*|U. Note that the image of the mapping

k
U|—>F“:f0+2u“fa
a=1

is a finite-dimensional affine subspace of the R-vector space I'V(TU). Therefore, this image
is closed since (1) locally convex topologies are translation invariant (by construction) and
since (2) finite-dimensional subspaces of locally convex spaces are closed [Horvath 1966,
Proposition 2.10.1]. Moreover, the map u — F*|U is closed onto its image since any sur-
jective linear map between finite-dimensional locally convex spaces is closed. We conclude,
therefore, that if we restrict this map from all of R to €, then the image is closed. |

Let us next turn to attributes of tautological control systems arising from the fact, shown
in Example 8.10-4, that tautological control systems give rise to differential inclusions in a
natural way.

8.29 Proposition: (Continuity of differential inclusions arising from tautological
control systems) Let m € Zso and m' € {0,lip}, let v € {m + m/,00,w}, and let
r € {oo,w}, as required. If & = (M, F) is a C”-tautological control system, then

(i) s is lower semicontinuous and

(ii) & is upper semicontinuous if & is globally generated and & (M) is compact.
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Proof: (i) Let 9 € M and let v, € & (o). Then there exists a neighbourhood W of z
and X € (W) such that X(z9) = vz,. Let V C TM be a neighbourhood of v,. By
continuity of X, there exists a neighbourhood U C W of xy such that X(U) C V. This
implies that X (z) € Zs(x) for every x € U, giving lower semicontinuity of .

(ii) Let 29 € M and let V C TM be a neighbourhood of & (zg). For each X € F (M),
V is a neighbourhood of X (zg) and so there exist neighbourhoods Mx C M of zy and
Cx € F (M) of X such that

{X’(:B) ‘ x € M)(, X' S ex} cwV.

Since & (M) is compact, let X1,..., Xy € F (M) be such that F (M) = U?ZIGX].. Then the
neighbourhood U = ﬂ;?:lMXj of xg has the property that Z(U) C V. [ |

There are many easy examples to illustrate that compactness of & (M) is generally
required in part (ii) of the preceding result. Here is one.

8.30 Example: (A tautological control system with non-upper semicontinuous
differential inclusion) Let m € Z>¢ and m’ € {0,lip}, let v € {m + m/, 00,w}, and let
r € {oo,w}, as required. Let M be a C"-manifold and let g € M. Let & (z¢) be the globally
generated sheaf of sets of C”-vector fields defined by

F(xo)(M) ={X eT"(TM) | X(x9) = 0}.
We claim that, if we take & = (M, ¥ (x¢)), then we have

P () = {{TOM} i ZZ (8.1)

In the case v = oo or v = m, this is straightforward. Let U be a neighbourhood of z # g
such that zo € cl(U). By the smooth Tietze Extension Theorem [Abraham, Marsden, and
Ratiu 1988, Proposition 5.5.8], if X € I'>°(TM), then there exists X’ € T'°°(TM) such that
X'|U = X|U and such that X'(x¢) = 04,. Thus [X], = [X]] and so we have F (x¢), = T
in this case. From this, (8.1) follows. ’

The case of v = m + lip follows as does the case v = m, noting that a locally Lipschitz
vector field multiplied by a smooth function is still a locally Lipschitz vector field [Weaver
1999, Proposition 1.5.3].

The case of v = w is a little more difficult, and relies on Cartan’s Theorem A for coherent
sheaves on real analytic manifolds [Cartan 1957]. Here is the argument for those who know
a little about sheaves. First, define a sheaf of sets (in fact, submodules) of real analytic
vector fields by

7 ( )_ {X S FW(TU) | X($0) = O:vo}7 xg € U,
T Y (TW), zo & U.

We note that _%,, is a coherent sheaf since it is a finitely generated subsheaf of the coherent
sheaf @&, [Demailly 2012, Theorem 3.16].1? Let z # z¢ and let v, € T,M. By Cartan’s

12This relies on the fact that Oka’s Theorem, in the version of “the sheaf of sections of a vector bundle
is coherent,” holds in the real analytic case. It does, and the proof is the same as for the holomorphic
case [Demailly 2012, Theorem 3.19] since the essential ingredient is the Weierstrass Preparation Theorem,
which holds in the real analytic case [Krantz and Parks 2002, Theorem 6.1.3].
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Theorem A, there exist Xi,...,X; € F%,(M) = F (29)(M) such that [Xi].,...,[Xk]s

generate (%,)z = TS\ as a module over the ring €%, of germs of functions at x. Let

[X]o € Gry be such that X (z) = vg. There then exist [y [fFe € ©,m such that

[fl]x[Xl]a: +ot [fk}x[Xk]ar = [X]J:

Therefore,
ve = X(2) = fl(2) X1 (@) + - + fF (@) X (),
and so, taking
X=fX14- 4 ff X € £, (M) = F (20)(M),

we see that v, = X(z) € &&(x), which establishes (8.1) in this case.
In any event, (8.1) holds, and it is easy to see that this differential inclusion is not upper
semicontinuous. °

We can make the following definitions, rather analogous to those of Definition 7.27 for

differential inclusions.

8.31 Definition: (Attributes of tautological control systems coming from the as-
sociated differential inclusion) Let m € Z> and m’ € {0, lip}, let v € {m +m’, 0o, w},
and let r € {oo,w}, as required. The C”-tautological control system & = (M, &) is:

(i) closed-valued (resp. compact-valued, convex-valued) at x € M if () is closed
(resp., compact, convex);

(ii) closed-valued (resp. compact-valued, convex-valued) if Z(x) is closed (resp.,
compact, convex) for every z € M. °

One can now talk about taking “hulls” under various properties. Let us discuss this for
the properties of closedness and convexity. First we need the definitions we will use.

8.32 Definition: (Convex hull, closure of a tautological control system) Let m €
Z>o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {co,w}, as required. Let
& = (M, %) be a C"-tautological control system.

(i) The convex hull of & is the C¥-tautological control system conv(®) = (M, conv(¥)),
where conv(F) is the presheaf of subsets of C”-vector fields given by

conv(¥ )(U) = conv(F (U)),

the convex hull on the right being that in the R-vector space I'V(TU).

(ii) The closure of & is the C”-tautological control system
cl(&) = (M, cl(F)),

where cl(&) is the presheaf of subsets of CY-vector fields given by cl(¥F)(U) =
cl(#(U)), the closure on the right being that in the R-topological vector space
I'Y(TU). The reader should verify that cl(&') is indeed a presheatf. .

Let us now relate the two different sorts of “hulls” we have.
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8.33 Proposition: (Convex hull and closure commute with taking differential in-
clusions) Let m € Z>o and m' € {0,lip}, let v € {m + m’,00,w}, and let r € {o0,w},
as required. Let & = (M, ) be a C"-tautological control system with & the associated
differential inclusion. Then the following statements hold:

(Z) COHV(%) = %onv((’j);

(i) Zae) C (@) and Zye) = (&) if G is globally generated and F (M) is bounded
in the compact bornology (or, equivalently, the von Neumann bornology if v € {oo,w} ).

Proof: (i) Let x € M. If v € conv(Zs(z)), then there exist vi,...,vp € Zs(r) and
1,y ... ¢k €10, 1] satisfying Z?Zl ¢; = 1 such that

V=cCU1+ "+ CLUE.

Let Uy, ...,Ur be neighbourhoods of z and let X; € & (U;) be such that X;(z) = vj,
j€{1,...,k}. Then, taking U= N%_ Uy,

XU+ + e Xi|U € conv(F (U)),

showing that conv(Zs(z)) € Feonv(e)(T)-
Conversely, let v € Zonv(s), let U be a neighbourhood of x, and let X € conv(¥ (U))
be such that X (z) = v. Then

X=aXi+ -+ Xk
for X1,..., X, € & (U) and for cy,...,c € [0,1] satisfying Z;?:l ¢; = 1. We then have
v=0c1X1(x) + -+ cpXp(z) € conv(Zs) (),

completing the proof of the proposition as concerns convex hulls.

(ii) Let x € M, let v € Zy(e)(2), let U be a neighbourhood of x, and let X € cl(F (U))
be such that X (z) = v. Let (I,=<) be a directed set and let (X;);c; be a net in & (U)
converging to X in the appropriate topology. Then we have lim;c; X;(z) = X (x) since the
net (X;);er converges uniformly in some neighbourhood of x (this is true for all cases of v).
Thus v € cl(Zs(x)), as desired.

Suppose that & is globally generated with & (M) bounded, let x € M, and let v €
cl(Zs)(x). Thus there exists a sequence (vj)jcz., in &s(r) converging to v. Let X; €
& (M) be such that X;(x) = v;, j € Zs. Since cl(F (M)) is compact, there is a subsequence
(Xj,)j, In F (M) converging to X € cl(¥ (M)). Moreover,

X(x) = klg{)lo X () = jlg(r)lo vj =0

since (X}, )rez., converges to X uniformly in some neighbourhood of z (again, this is true
for all v). Thus v € Zy(e)(7).

The parenthetical comment in the final assertion of the proof follows since the compact
and von Neumann bornologies agree for nuclear spaces [Pietsch 1969, Proposition 4.47]. B

The following example shows that the opposite inclusion stated in the proposition for
closures does not generally hold.
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8.34 Example: (A tautological control system for which the closure of the differ-
ential inclusion is not the differential inclusion of the closure) We will talk our
way through a general sort of example, leaving to the reader the job of instantiating this
to give a concrete example.

Let m € Z~g and m’ € {0,lip}, let v € {m+m’, 00,w}, and let r € {o0,w}, as required.
Let M be a C"-manifold. Let z € M and let (X;);cz., be a sequence of C”-vector fields
with the following properties:

1. (Xj(x))jez., converges to 0;
2. Xj(x)# 0, for all j € Zs;
3. there exists a neighbourhood O of zero in I'Y(TM) such that, for each j € Z~,

{k € Zoo\ (i} | Xp— X, €0} = 0.

Let & be the globally generated presheaf of sets of C”-vector fields given by & (M) =
{Xj | j€Zso}. Then 0, € cl(Z(x)). We claim that 0, & &) (7). To see this, suppose
that 0, € Zye)(z). Since F (M) is countable, this implies that there is a subsequence
(X}, )kezoo that converges in I'V(TM). But this is prohibited by the construction of the
sequence (X;)jez-,- .

8.6. Trajectory correspondence between tautological control systems and other sorts of
control systems. In Example 8.10 and Proposition 8.11 we made precise the connections
between various models for control systems: control systems, differential inclusions, and
tautological control systems. In order to flesh out these connections more deeply, in this
section we investigate the possible correspondences between the trajectories for the various
models.

We first consider correspondences between trajectories of control systems and their
associated tautological control systems. Thus we let m € Zs¢ and m’ € {0,lip}, let
v e {m+m' oo,w}, and let r € {oo,w}, as required. Let ¥ = (M, F,C) be a C"-control
system with &y, the associated CY-tautological control system, as in Example 8.10-1. As
we saw in Proposition 8.11(ii), the correspondence between 3 and &y is perfect, at the
system level, when the map u — F*" is injective and open onto its image. Part (ii) of
the following result shows that this perfect correspondence almost carries over at the level
of trajectories as well. Included with this statement we include a few other related ideas
concerning trajectory correspondences.

8.35 Theorem: (Correspondence between trajectories of a control system and
its associated tautological control system) Let m € Z>o and m’' € {0,lip}, let v €
{m+m/,0o,w}, and let r € {oo,w}, as required. Let ¥ = (M, F,C) be a C”-control system
with By, the associated CY-tautological control system, as in Example 8.10-1. Then the
following statements hold:

(i) Traj(T,U, %) C Traj(T, U, O, cpt);
(i1) if the map u— F" is injective and proper, then Traj(T,U, Op,, cpt) € Traj(T,U, X);

(iii) if C is a Suslin topological space'® and if F is proper, then Traj(T,U, @, ) C
Traj(T, U, ).

13Recall that this means that € is the continuous image of a complete, separable, metric space.
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() if, in addition, v € {oo,w}, then we may replace Traj(T,U,Opy cpt) with
Traj(T, U, Opy, o) in statements (i), (ii), and (iii).

Proof: (i) Let £ € Traj(T,U, X) and let p € LS. (T; €) be such that

€ty =F(E®),ud), ae teT.

Note that, as we saw in Example 8.15, FFU € Opy oo(T,U), making sure to note
that the conclusions of Proposition 7.18 imply that F* € LBI'(T;TM). Thus £ €
Traj(T, U, Op, ). To show that, in fact, £ € Traj(T,U, Opy, cpt), let T/ C T be a compact
subinterval and let K C € be a compact set such that u(t) € K for almost every ¢t € T'.
Denote R
F:C—TY(TM)
u— FY.

Since F' is continuous, F(K) is compact [Willard 1970, Theorem 17.7]. Since F/* € F(K)
for almost every ¢t € T’, we conclude that £ € Traj(T, U, @s,, cpt), as claimed.

(ii) Recall from [Bourbaki 1989b, Proposition 1.10.2] that, if F' (as defined above)
is proper, then it has a closed image, and is a homeomorphism onto its image. If
¢ € Traj(T,U,Os, cpt), then there exists X € Op,, pt such that &'(t) = X(¢,£(¢)) for
almost every ¢t € T. Note that, since X € Gy, epi, We have X (t) € Fx(M) = image(F).
Thus, by hypothesis, there exists a unique u: T — € such that Fo u = X. To show that u
is measurable, let O C € be open so that F(0O) is an open subset of image(F). Thus there
exists an open set O C T (TM) such that F'(O) = image(F) N ©’. Then we have

pH0) = XTHF(0) = X0,

giving the desired measurability. To show that p € LS (T;C), let T C T be a compact
subinterval and let K C I'"”(TM) be such that X (¢) € K for almost every ¢t € T’. Then,
since F' is proper, F~(K) is a compact subset of €. Since u(t) € F~(K) for almost every
t € T’ we conclude that p € LS (T; C).

(iii) Let € € Traj(T, U, Opy, o) and let X € Opy, oo(T,U) be such that &'(t) = X (¢,£(t))
for almost every t € T. We wish to construct p € LS (T, €) such that

& =FE@®),pud), aeteT.

We fix an arbitrary element @ € € (it matters not which) and then define a set-valued map
U: T — Cby
U@)::{“‘EC” g(t) = F(&(t),u)}, &(t) exists,

{u}, otherwise.

Since X (t) € % (M), we conclude that X (t) € image(F) for every ¢t € T, i.e., X(t) = F"
for some u € €, and so U(t) # @ for every t € T.

Properness of F' ensures that U(t) is compact for every ¢ € T. The following lemma
shows that any selection p of U is locally essentially bounded in the compact bornology.
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1 Lemma: If T C T is a compact subinterval, then the set U{U(t) | t € T'} is contained
i a compact subset of C.

Proof: Let us define F¢: T x € — TM by Fe(t,u) = F(£(t),u). We claim that, if T/ C T is
compact, then F¢|T’ x C is proper. To see this, first define
Ge: T'x€C—>MxC
(t,u) = (§(t), u),
i.e., G¢ = & xide. With this notation, we have Fy = FoGe. Since Fy '(K) = G¢ ' (F7H(K))
and since F' is proper, to show that F¢ is proper it suffices to show that G¢ is proper. Let
K C M x € be compact. We let pr;: M x € — M and pry: M x € — € be the projections.

Note that
GeH(K) = (€ xide) " (K) C & (pry(K)) x idg " (pra(K)).
Since the projections are continuous, prq (K) and pry(K) are compact [Willard 1970, Theo-
rem 17.7]. Since £ is a continuous function whose domain (for our present purposes) is the
compact set T’, €~ 1(pry(K)) is compact. Since the identity map is proper, idgl(prQ(K))
is compact. Thus Ggl(K ) is contained in a product of compact sets. Since a product of
compact sets is compact [Willard 1970, Theorem 17.8] and Ggl(K ) is closed by continuity
of Gg, it follows that Ggl(K ) is compact, as claimed. Thus F¢|T’ x € is proper.
Now, since ¢ is a trajectory for the G, - open-loop subfamily, there exists a compact
set K’ C TM such that
€] te T} C K,
adopting the convention that &'(t) is taken to satisfy ¢'(t) = F(&(t),u) when &'(t) does
not exist; this is an arbitrary and inconsequential choice. By our argument above, K" £
(F¢|T’ x €)~*(K') is compact. Therefore, for each t € T’,
{t,u) eT' xClueU®)} ={(t,u) €T xC| F(Et),u) =& ()}
C{(t,u) eT' x €| F(£(t),u) € K'} C K.
Defining the compact set (compact by [Willard 1970, Theorem 17.7]) K = pry(K”), with
pry: T/ x € — C the projection, we then have
UWU() | teT'} CK. v

We shall now make a series of observations about the set-valued map U, using results of
Himmelberg [1975] on measurable set-valued mappings, particularly with values in Suslin
spaces.

2 Lemma: The set-valued map U is measurable, i.e., if O C € is open, then
U NO)={teT| Ult)NO +# 2}
is measurable.

Proof: Define
Fe:Tx€—TM
(t,u) = F(§(t),u),
noting that ¢ — F¢(t,u) is measurable for each v € € and that u — Fg¢(t,u) is continuous
for every t € T. It follows from [Himmelberg 1975, Theorem 6.4] that U is measurable as
stated. v
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3 Lemma: There exists a measurable function p: T — € such that u(t) € U(t) for almost
every t € T.

Proof: First note that U(t) is a closed subset of € since it is either the singleton {@} or
the preimage of the closed set {¢'(¢)} under the continuous map u +— F(§(t),u). It follows
from [Himmelberg 1975, Theorem 3.5] that

graph(U) = {(t,u) e Tx C| ue U(t)}

is measurable with respect to the product o-algebra of the Lebesgue measurable sets in T
and the Borel sets in €. The lemma now follows from [Himmelberg 1975, Theorem 5.7]. ¥

Now, for t € T having the property that £'(t) exists and that u(t) € U(t) (with p from
the preceding lemma), we have £'(t) = F(&(t), u(t)).
(iv) This follows by our observation of Example 8.18-3. [ |

Let us make some comments on the hypotheses of the preceding theorem.

8.36 Remarks: (Trajectory correspondence between control systems and tauto-
logical control systems)

1. Part (ii) of the result has assumptions that the map u — F* be injective and proper.
An investigation of the proof shows that injectivity and openness onto the image of this
map are enough to give trajectories for ¥ that correspond to measurable controls. The
additional assumption of properness, which gives the further consequence of the image
of the map u — F* being closed, allows us to conclude boundedness of the controls.
Let us look at these assumptions.

(a) By the map u — F™ being injective, we definitely do not mean that the map
u +— F(x,u) is injective for each x € M; this is a very strong assumption whose
adoption eliminates a large number of interesting control systems. For example,
if we take M =R, € = R, and F(z,u) = uw% to define a C”-control system for
any v € {m+m/,oco,w} with m € Z>¢ and m’ € {0,lip}, then the map u+ F* is
injective, but the map u — F(0,u) is not.

(b) Let us take M = R2, € = R, and

F((z1,22)0) = fi(0) 2o + falu) 2

(9.%'1 8:62 ’

where f1, fo: R — R are such that the map u — (f1(u), f2(u)) is injective and
continuous, but not a homeomorphism onto its image. Such a system may be
verified to be a C¥-control system for any v € {m + m/, co,w} with m € Z>( and
m’ € {0,lip} (using Propositions 7.2, 7.5, and 7.12). In this case, we claim that
the map F:uws FUis injective and continuous, but not a homeomorphism onto
its image. Injectivity of the map is clear and continuity follows since F' is a jointly
parameterised vector field of class C¥. Define a linear map

k: R* = T(TM)
)

(v1,v2) ”1671 —i—an—m,
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i.e., k(v) is the constant vector field with components (v1, v2). Using the seminorms
for our locally convex topologies and the standard seminorm characterisations of
continuous linear maps (as in [Schaefer and Wolff 1999, §III.1.1]), we can easily
see that x is a continuous linear map, and so is a homeomorphism onto its closed
image (arguing as in the proof of Proposition 8.28(ii)). Then F=ko (f1 % f2), and
so we conclude that F is a homeomorphism onto its image if and only if f1 X fs is
a homeomorphism onto its image, and this gives our claim.

Let us take M = R, € = R, and F(x,u) = tanfl(u)a%. As with the examples
above, we regard this as a control system of class C¥ for any v € {m + m/, co,w},
for m € Zso and m’ € {0,lip}. We claim that F': u + F* is a homeomorphism
onto its image, but is not proper. This is verified in exactly the same manner as
in the preceding example.

If C is compact, then F is proper because, if K C T (TM) is compact, then F~1(K)
is closed, and so compact [Willard 1970, Theorem 17.5]. This gives trajectory
correspondence between a CY-control system and its corresponding tautological
control system for compact control sets when the map Fis injective.

2. Part (iii) of the result has two assumptions, that € is a Suslin space and that F' is
proper. Let us consider some cases where these hypotheses hold.

(a)
(b)

(¢)

Complete separable metric spaces are Suslin spaces.
If € is an open or a closed subspace of Suslin space, it is a Suslin space [Bogachev
2007, Lemma 6.6.5(ii)].
For m € Zso, m' € {0,lip}, and v € {m + m’, 00,w}, I'”(TM) is a Suslin space.
In all except the case of v = w, this follows since I'V(TM) is a separable, complete,
metrisable space. However, I'“(TM) is not metrisable. Nonetheless, it is Suslin, as
argued in Section 5.3.
If € is compact, then F' is proper. Indeed, if K C TM is compact, then 7wy (K) is
compact, and

FY(K) C mrm(K) x €,

and so the set on the left is compact, being a closed subset of a compact set [Willard
1970, Theorem 17.5]. .

We also have a version of the preceding theorem in the case that the control set C is
a subset of a locally convex topological vector space, cf. Proposition 7.22. Here we also
specialise for one of the implications to control-linear systems introduced in Example 7.21.

8.37 Theorem: (Correspondence between trajectories of a control-linear system
and its associated tautological control system) Let m € Z>o and m’ € {0,lip}, let
ve{m+m, oo,w}, and let r € {oo,w}, as required. Let ¥ = (M, F,C) be a C”-sublinear
control system for which C is a subset of a locally convex topological vector space V, and
let By be the associated CY-tautological control system, as in Example 8.10-1. If T is a
time-domain and if U is open, then Traj(T,U, %) C Traj(T,U, Op., fun)-

Conversely, if

(i) ©

is a CY-control-linear system, i.e., there exists A € L(V;T"(TM)) such that

F(z,u) = Au)(z),

(ii) A is injective, and

(11i) A is an open mapping onto its image,
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then it is also the case that Traj(T,U, Opy, san) C Traj(T, U, X).

Proof: We first show that Traj(T,U,¥X) C Traj(T,U,0O%y fn). Suppose that & €
Traj(T,U,¥). Thus there exists y € Li..(T; €) such that

&' (t) = F(&(t), u(t)), ae teT.

By Proposition 7.22 and Example 8.15, F*|U € Og,, fun (T, U) and so £ € Traj(T, U, Op., funl)-

Now let us prove the “conversely” assertion of the theorem. Thus we let & €
Traj(T, U, Op., run) so that there exists X € Opy sun(T,U) for which &£'(t) = X(¢,&(¢))
for almost every ¢t € T. Since A is injective and since X; € A(C) for each ¢ € T (this is
the definition of ®y), we uniquely define u(t) € € by A(u(t)) = X;. We need only show
that p is locally Bochner integrable. Let A~! denote the inverse of A, thought of as a
map from image(A) to V. As A is open, A~! is continuous. From this, measurability of
u follows immediately. To show that p is locally Bochner integrable, let ¢ be a continu-
ous seminorm for the locally convex topology of V and, as per [Schaefer and Wolff 1999,
§II1.1.1], let p be a continuous seminorm for the locally convex topology of I'V(TM) such
that ¢q(A=1(Y)) < p(Y) for every Y € I'Y(TM). Then we have, for any compact subinterval
T CT,

[ atwoyar< [ pixoa <,

giving Bochner integrability of p by [Beckmann and Deitmar 2011, Theorems 3.2 and 3.3].
]

Let us make some observations about the preceding theorem.

8.38 Remarks: (Trajectory correspondence between control systems and tauto-
logical control systems) The converse part of Theorem 8.37 has three hypotheses: that
the system is control-linear; that the map from controls to vector fields is injective; that the
map from controls to vector fields is open onto its image. The first hypothesis, linearity of
the system, cannot be weakened except in sort of artificial ways. As can be seen from the
proof, linearity allows us to talk about the integrability of the associated control. Injectivity
can be assumed without loss of generality by quotienting out the kernel if it is not. Let us
consider some cases where the third hypothesis holds. Let m € Z>o and m' € {0,lip}, let
ve{m+m oo,w}, and let r € {oo,w}, as required.

1. Let € C R* and suppose that our system is C”-control-affine, i.e.,

k
F(z,u) = fo(z) + Zuafa(a:)
a=1
for C¥-vector fields fo, f1,..., fm- As we pointed out in Example 7.21, this can be
regarded as a control-linear system by taking V = R @ R¥
e ={(wlu)eV|u =1, ucel

and

k
A, u) = Z u® fq.
a=0
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We can assume A is injective, as mentioned above. In this case, the map A is a homeo-
morphism onto its image since any map from a finite-dimensional locally convex space
is continuous [Horvath 1966, Proposition 2.10.2]. Thus Theorem 8.37 applies to control-
affine systems, and gives trajectory equivalence in this case.

2. The other case of interest to us is that when V = I'(TM) and when € C V is then a
family of globally defined vector fields of class C¥ on M. In this case, A is the identity
map on I'V(TM), so the hypotheses of Theorem 8.37 are easily satisfied. The trajectory
equivalence one gets in this case is that between a globally generated tautological control
system and its corresponding control system as in Example 8.10-2. °

One of the conclusions enunciated above is sufficiently interesting to justify its own
theorem.

8.39 Theorem: (Correspondence between trajectories of a tautological control
system and its associated control system) Let m € Zso and m’ € {0,lip}, let
v e {m+m oo,w}, and let r € {oo,w}, as required. Let & = (M, F) be a globally
generated CY-tautological control system. As in Example 8.10-2, let ¥g = (M, Xg,Cq)
be the corresponding C¥-control system. Then, for each time-domain T and each open set
UCM, Traj(T,u,@’q57fu11) = Traj(T, U, Xg).

Proof: This is the observation made in Remark 8.38-2. |

Now we turn to relationships between trajectories for tautological control systems and
differential inclusions. In Example 8.10-3 we showed how a tautological control system
can be built from a differential inclusion. However, as we mentioned in that example, we
cannot expect any sort of general correspondence between trajectories of the differential
inclusion and the tautological control system constructed from it; differential inclusions are
just too irregular. We can, however, consider the correspondence in the other direction, as
the following theorem indicates.

8.40 Theorem: (Correspondence between trajectories of a tautological control
system and its associated differential inclusion) Let m € Z>o and m' € {0,lip}, let
ve{m+m' oo,w}, and let r € {oo,w}, as required. Let & = (M, F) be a C¥-tautological
control system and let & be the associated differential inclusion, as in Exzample 8.10—4.
For T a time-domain and U C M an open set, Traj(T, U, &) C Traj(T,U, ).

Conversely, if F is globally generated and if F (M) is a compact subset of TV(TM),
then Traj(T,U, Z) C Traj(T, U, &).

Proof: Since, for an open-loop system (X, T,U), X (t) € & (U) for every t € T, we have
X(t,x) € &s(x) for every (t,z) € T x U. Thus, if £ € Traj(T,U, &), then we have
¢'(t) € X (E(t)) for almost every ¢ € T.

For the “conversely” part of the theorem, if £ is a trajectory for the differential inclusion
Z then, for almost every ¢t € T, £'(t) = X (£(t)) for some X € F (M). Therefore, let us fix
an arbitrary X € & (M) and let us define U: T — & (M) by

U(r) = {{X e FM) | €)= X)) €10 exits
{X}, otherwise.

Now we note that
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1. Cg =F (M) is a Suslin space, being a closed subset of a Suslin space, and
2. the map Fg is proper by Remark 8.36-2(d).

Thus we are in exactly the right framework to use the proof of Theorem 8.35(iii) to show
that there exists a locally essentially bounded measurable control ¢t — X (¢) for which

§(t)=Fg(E(t), X(t), aeteT,
and so ¢ € Traj(T,U, Xg), as desired. [ |

Let us comment on the hypotheses of this theorem.

8.41 Remark: (Trajectory correspondence between tautological control systems
and differential inclusions) The assumption that & (M) be compact in the “conversely”
part of the preceding theorem is indispensable. The connection going from differential
inclusion to tautological control system is too “loose” to get any sort of useful trajectory
correspondence, without restricting the class of vector fields giving rise to the differential
inclusion. Roughly speaking, this is because a differential inclusion only prescribes the
values of vector fields, and the topologies have to do with derivatives as well. °

8.7. The category of tautological control systems. In our discussion of feedback equiv-
alence in Section 1.1 we indicated that the notion of equivalence in our framework is not
interesting to us. In this section, we illustrate why it not interesting by defining a natural
notion of equivalence, and then seeing that it degenerates to something trivial under nat-
ural hypotheses. We do this in a general way by considering first how one might define a
“category” of tautological control systems with objects and morphisms. The problem of
equivalence is then the problem of understanding isomorphisms in this category. By impos-
ing a naturality condition on morphisms via trajectories, we prove that isomorphisms are
uniquely determined by diffeomorphisms of the underlying manifolds for the two tautolog-
ical control systems. The notion of “direct image” we use here is common in sheaf theory,
and we refer to [e.g., Kashiwara and Schapira 1990, Definition 2.3.1] for some discussion.
However, by far the best presentation that we could find of direct images of presheaves such
as we use here is in the online documentation (Stacks 2013).

Let us first describe how to build maps between tautological control systems. This is
done first by making the following definition.

8.42 Definition: (Direct image of tautological control systems) Let m € Z>( and
m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {o0,w}, as required. Let & = (M, F)
be a C"-tautological control system, let N be C"-manifold, and let ® € C"(M;N). The
direct image of & by & is the tautological control system ®,& = (N, ®,S ) defined by
O,.F (V) =F (& 1(V)) for V C N open. °

One easily verifies that if & is a sheaf, then so too is ®,F .

With the preceding sheaf construction, we can define what we mean by a morphism of
tautological control systems.

8.43 Definition: (Morphism of tautological control systems) Let m € Z> and m’ €
{0,1ip}, let v € {m + m/,00,w}, and let r € {oo,w}, as required. Let & = (M, ) and
9 = (N, %) be C”-tautological control systems. A morphism from & to § is a pair (@, d¥)
such that
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(i) ® € C"(M;N) and

(i) ®* = (@%)Vopen is a family of mappings @27: GV) —» 2. (V), V C N defined as
follows:

(a) there exists a family Ly € L(TV(TV);T¥(T(®~1(V)))) of continuous linear map-
pings satisfying Ly = Ly|TY(TV') if ¥,V C N are open with V' C V;

(b) @ = Ly|Z (V). .

By the preceding definition, we arrive at the “category of CY-tautological control sys-
tems” whose objects are tautological control systems and whose morphisms are as just
defined. From the point of view of control theory, one wishes to restrict these definitions
further to account for the fact that morphisms ought to preserve trajectories. Therefore,
let us see how trajectories come into the picture. First we consider open-loop systems.
Thus let T be a time-domain and let V C N be open. If Y: T — Z(U) then we have
PHY), £ @%(Yt) € F(®~Y(V)) for each t € T. That is, an open-loop system (Y, T, V) for
$ gives rise to an open-loop system (®F(Y"), T,®~1(V)) for &. For such a correspondence
to have significance, it must do the more or less obvious thing to trajectories.

8.44 Definition: (Natural morphisms of tautological control systems) Let m € Z>¢
and m’ € {0,lip}, let v € {m+m/, c0,w}, and let r € {00, w}, as required. Let & = (M, F)
and $ = (N,%) be C”-tautological control systems. A morphism (®,®*) from & to $
is natural if, for each time-domain T, each open V C N, and each Y € LII(T;%(V)),
any integral curve £: T/ — ®~1(V) for the time-varying vector field ¢ — ®#(Y;) defined on
T’ C T has the property that ® o £ is an integral curve for Y. °

Note that the time-varying vector field ¢ — ®#(Y;) from the definition is locally integrally
bounded by [Beckmann and Deitmar 2011, Lemma 1.2].
We can now characterise these natural morphisms.

8.45 Proposition: (Characterisation of natural morphisms) Let m € Z>o and m' €
{0,lip}, let v € {m + m/, co,w}, and let r € {oo,w}, as required. Let & = (M, F) and
H = (M, %) be C”-tautological control systems. A morphism (®,®%) from & to § is natural
if and only if, for each open V C N, each Y € E(V), each y €V, and each x € ®~(y), we
have T, ®(®*(Y)(x)) = Y (y).

Proof: First suppose that (®,®*) is natural, and let V C N be open, let Y € Z(V), let
y €V, and let € ®1(V). Let T C R be a time-domain for which 0 € int(T) and for
which the integral curve i for Y through y is defined on T. We consider Y € LII'V(T; & (V))
by taking Y; =Y, i.e., Y is a time-independent time-varying vector field. Note that integral
curves of Y can, therefore, be chosen to be differentiable [Coddington and Levinson 1955,
Theorem 1.3], and will be differentiable if v > 0. Let T’ C T be such that the differentiable
integral curve ¢ for ®¥(Y) through z is defined on T’. Since (®, ®*) is natural, we have
n = ®o& on T'. Therefore,

Y(y) =1/(0) = Tu®(€'(0)) = T,2(2*(Y) ().

Next suppose that, for each open V C N, each Y € Z(V), each y € V, and each
x € ®~(y), we have T, ®(P*(Y)(x)) = Y(y). Let T be a time-domain, let V C N be open,
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let Y € LITY(T; %(V)), and let £: T' — ®~1(V) be an integral curve for the time-varying
vector field ¢ — ®4(Y;) defined on T/ C T. Let 7 = ® o £&. Then we have

1 () = Ty ®(H(Y1) (§(1))) = Yi(n(t))
for almost every t € T’, showing that 7 is an integral curve for Y. |

Note that the condition T,®(®*(Y)(x)) = Y (y) is consistent with the regularity condi-
tions for Y. In the cases v € {m, co,w}, this is a consequence of the Chain Rule (see [Krantz
and Parks 2002, Proposition 2.2.8] for the real analytic case). In the Lipschitz case this
is a consequence of [Gromov 2007, Example 1.4(c)] combined with [Weaver 1999, Proposi-
tion 1.2.2].

To make a connection with more common notions of mappings between control systems,
let us do the following. Let m € Z>p and m’ € {0,lip}, let v € {m + m/, 00, w}, and let
r € {oo,w}, as required. Suppose that we have two C”-control systems 31 = (My, F},C)
and Yo = (Mg, F», C2). As tautological control systems, these are globally generated, so let
us not fuss with general open sets for the purpose of this illustrative discussion. We then
suppose that we have a mapping ® € C"(M;; M2) and a mapping x: M; x C2 — €1, which
gives rise to a correspondence between the system vector fields by

¥ (F37) (1) = By (@),
The condition of naturality means that a trajectory &; for ¥; satisfying

§1(t) = Fi(&a(t), w(&a(t), pa(t)))

gives rise to a trajectory &5 = ® o & for X, implying that

fé = Tgl(t)‘l)(fi(t)) = Tgl(t)q) o Fy (51 (t)’ K(gl(t)v HZ(t)))'

Thus
Fy(xo,u2) = Ty, ® o Fi (a1, k(x1, u2))

for every z1 € ®~1(x3).

There may well be some interest in studying general natural morphisms, but we will
not pursue this right at the moment. Instead, let us simply think about isomorphisms in
the category of tautological control systems.

8.46 Definition: (Isomorphisms of tautological control systems) Let m € Z>o and
m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {o0,w}, as required. Let & = (M, F)
and $ = (N,&) be C"-tautological control systems. An isomorphism from & to § is
a morphism (@, ®#) such that ® is a diffeomorphism and Ly is an isomorphism (in the
category of locally convex topological vector spaces) for every open V C N, where Ly is
such that @% = Ly|% (V) as in Definition 8.43. .

It is now easy to describe the natural isomorphisms.
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8.47 Proposition: (Characterisation of natural isomorphisms) Let m € Z>q and
m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {co,w}, as required. Let & = (M, F)
and $H = (N, %) be C¥-tautological control systems. A morphism (®,®%) from & to § is a
natural isomorphism if and only if ® is a diffeomorphism and

Z(@U) ={(e[W).X | X € F (W)}
for every open set U C M.

Proof: According to Proposition 8.45, if V. C N is open and if Y € Z(V), we have
(@|d~H (V). (DH(Y)) = Y or ®4(Y) = (®|®~H(V))*Y. Since ®f is a bijection from F(V)
to F (®~1(V)), we conclude that

F (@ (V) ={(@[e”' (V)Y | Y eZ(V)}.

This is clearly equivalent to the assertion of the theorem since ® must be a diffeomorphism.
|

In words, natural isomorphisms simply amount to the natural correspondence of vector
fields under the push-forward ®,. (One should verify that push-forward is continuous as
a mapping between locally convex spaces. This amounts to proving continuity of compo-
sition, and for this we point to places in the literature from which this can be deduced.
In the smooth and finitely differentiable cases this can be shown using an argument fash-
ioned after that from [Mather 1969, Proposition 1]. In the Lipschitz case, this follows
because the Lipschitz constant of a composition is bounded by the product of the Lipschitz
constants [Weaver 1999, Proposition 1.2.2]. In the real analytic case, this follows from Sub-
lemma 6 from the proof of Lemma 2.4.) In particular, if one wishes to consider only the
identity diffeomorphism, i.e., only consider the “feedback part” of a feedback transforma-
tion, we see that the only natural isomorphism is simply the identity morphism. In this
way we see that the notion of equivalence for tautological control systems is either very
trivial (it is easy to understand when systems are equivalent) or very difficult (the study of
equivalence classes contains as a special case the classification of vector fields up to diffeo-
morphism), depending on your tastes. It is our view that the triviality (or impossibility) of
equivalence is a virtue of the formulation since all structure except that of the manifold and
the vector fields has been removed; there is no extraneous structure. We refer to Section 1.1
for further discussion.

8.8. A tautological control system formulation of sub-Riemannian geometry. In our
preceding discussion of tautological control systems, we strove to make connections between
tautological control systems and standard control models. We do not wish to give the
impression, however, that tautological control systems are mere fancy reformulations of
standard control systems. In this section we give an application, sub-Riemannian geometry,
that illustrates the per se value of tautological control systems.

Let us define the basic structure of sub-Riemannian geometry.

8.48 Definition: (Sub-Riemannian manifold) Let m € Z>y and m' € {0,lip}, let v €
{m +m/,00,w}, and let r € {oo,w}, as required. A C¥-sub-Riemannian manifold is
a pair (M, G) where M is a C"-manifold and G is a C”-tensor field of type (2,0) such that
G(z) is positive-semidefinite as a quadratic function on T:M. .
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Associated with a sub-Riemannian structure G on M is a distribution that we now
describe. First of all, we have a map Gf: T*M — TM defined by

(Bx; Gﬁ(az» = G(Bxa az)'

We then denote by Dg = image(Gﬂ) the associated distribution. Note that Dg is a distri-
bution of class C¥ since, for each x € M, there exist a neighbourhood U of z and a family of
C¥-vector fields (Xg)aea on U (namely the images under G* of the coordinate basis vector
fields, if we choose U to be a coordinate chart domain) such that

D¢,y = Dg N TyM = spang (X,(y)| a € A)

for every y € U. There is also an associated sub-Riemannian metric for Dg, i.e., an
assignment to each € M an inner product G(z) on Dg . This is denoted also by G and
defined by

G(ulh Um) = G(O[x’ ﬁ:t)v
where u, = Gﬂ(am) and v, = G*(f,), and where we joyously abuse notation.

An absolutely continuous curve v: [a,b] — M is Dg-admissible if v'(t) € Dg ) for
almost every t € [a,b]. The length of a Dg-admissible curve «: [a,b] — M is

b
lo() = / VEH D7) dt.

As in Riemannian geometry, the length of a Dg-admissible curve is independent of param-
eterisation, and so curves can be considered to be defined on [0, 1]. We can then define the
sub-Riemannian distance between x1,z9 € M by

dg(z1,72) = inf{lg(y)| v: [0,1] = M is an absolutely

continuous curve for which y(0) = x; and (1) = z2}.

One of the problems of sub-Riemannian geometry is to determine length minimising
curves, i.e., sub-Riemannian geodesics.

A common means of converting sub-Riemannian geometry into a standard control prob-
lem is to choose a G-orthonormal basis (X7, ..., X}) for Dg and so consider the control-affine
system with dynamics prescribed by

k
F(x,u):ZuaXa(:U), zeM, uelRF
a=1

Upon doing this, Dg-admissible curves are evidently trajectories for this control-affine sys-
tem. Moreover, for a trajectory &: [0,1] — M satisfying

we have

1
((€) = /0 (o)) dt.
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The difficulty, of course, with the preceding approach to sub-Riemannian geometry is
that there may be no G-orthonormal basis for Dg. This can be the case for at least two
reasons: (1) the distribution Dg may not have locally constant rank; (2) when the distribu-
tion Dg has locally constant rank, the global topology of M may prohibit the existence of a
global basis, e.g., on even-dimensional spheres there is no global basis for vector fields, or-
thonormal or otherwise. However, one can formulate sub-Riemannian geometry in terms of
a tautological control system in a natural way. Indeed, associated to Dg is the tautological
control system &g = (M, Hg), where, for an open subset U C M,

Fo(W) = {X e T(TW) | X(z) € Dg, x € U}

One readily verifies that g is a sheaf.

Let us see how we can regard our tautological control system formulation as that for
an “ordinary” control system, with a suitable control set, as per Example 8.10-2. First of
all, note that the sheaf &g is not globally generated; this is because it is a sheaf, cf. Exam-
ple 8.3-2. However, it can be regarded as the sheafification of the globally generated sheaf
with global generators Fg(M).

8.49 Lemma: (The sheaf of vector fields for the sub-Riemannian tautological
control problem) The sheaf g is the sheafification of the globally generated presheaf
with generators Fg(M).

Proof: This is a result about sheaf cohomology, and we will not give all details here. Instead
we will simply point to the main facts from which the conclusion follows. First of all, to
prove the assertion, it suffices by Lemma 8.6 to show that % , is generated, as a module over
the ring €,/;, by germs of global sections. In the cases v € {m, m + lip, 0o}, the fact that
the sheaf of rings of smooth functions admits partitions of unity implies that the sheaf G}
is a fine sheaf of rings [Wells Jr. 2008, Example 3.4(d)]. It then follows from [Wells Jr. 2008,
Example 3.4(e)] that the sheaf % is also fine and so soft [Wells Jr. 2008, Proposition 3.5].
Because of this, the cohomology groups of positive degree for this sheaf vanish [Wells Jr.
2008, Proposition 3.11], and this ensures that germs of global sections generate all stalks
(more or less by definition of cohomology in degree 1). In the case v = w, the result is quite
nontrivial. First of all, by a real analytic adaptation of [Gunning 1990b, Corollary H9], one
can show that g is locally finitely generated. Then, #g being a finitely generated subsheaf
of the coherent sheaf &,,, it is itself coherent [Demailly 2012, Theorem 3.16]. Then, by
Cartan’s Theorem A [Cartan 1957], we conclude that %G , is generated by germs of global
sections. |

By the preceding lemma and Proposition 8.26, we can as well consider the globally gen-
erated presheaf with global generators %G (M), and so trajectories are those of the associated
“ordinary” control system Xg = (M, Fg, Cg), where Cg = %5(M) and Fg(z, X) = X(x).

Let us next formulate the sub-Riemannian geodesic problem in the framework of tau-
tological control systems. First of all, it is convenient when performing computations to
work with energy rather than length as the quantity we are minimising. To this end, for
an absolutely continuous Dg-admissible curve v: [a,b] — M, we define the energy of this
curve to be

b
Ecl) =5 [ 60/(0./(0) e



156 S. JAFARPOUR AND A. D. LEWIS

A standard argument shows that curves that minimise energy are in 1-1 correspondence
with curves that minimise length and are parameterised to have an appropriate constant
speed [Montgomery 2002, Proposition 1.4.3]. We can and do, therefore, consider the energy
minimisation problem. We let 1,22 € M and let @, ., be the open-loop subfamily for
which the members of @, ,,(T,U) are those vector fields X € LII'"(T; %;(U)) having the
property that there exist ¢1,to € T with ¢; < to, W C U, and & € Traj([t1,t2], W, O, x)
(see Example 8.18-5 for notation) such that {(t1) = z1 and {(t2) = x2. If X € @, 4, (T, U),
let us denote by Traj(X, z1, x2) those integral curves £: [t1,t2] — M for X with the property
that £(t1) = 1 and &(t2) = x2. We can then define

Ca(X) = Inf{Eg(§) | € € Traj(X,z1,22)}.

The goal, then, is to find an interval T, C R, an open set U,, and X, € @, 4, (T, U,) such
that
Ce(Xy) < E6(X), X € Oy, 2, (T, U), T an interval, U C M open.

Let us apply the classical Maximum Principle of Pontryagin, Boltyanskii, Gamkrelidze,
and Mishchenko [1961], leaving aside the technicalities caused by the complicated topology
of the control set. The dealing with of these technicalities will be the subject of future
work. We thus suppose that we have a length minimising trajectory &, € Traj(X,, x1, z2)
for Xy € Oy, 4,(Ti,U,). The Hamiltonian for the system has the form

Hg: TU, x Z6(U,) — R
(ag, X) = {ag; X (z)) + )\O%G(X(:U),X(:U)),

where Ao € {0,—1}. If we consider only normal extremals, i.e., supposing that \g = —1,
then the Maximum Principle prescribes that X,: T*U, — TUWU, should be a bundle map
over idy, chosen so that X, («,) maximises the function

Vg > (g Uy ) — %G(vm,vz).

Standard finite-dimensional optimisation gives X.(z) = G*(a;). The mazimum Hamil-
tonian is then obtained by substituting this value of the “control” into the Hamiltonian:

HE*: T*M — R

Qg > %G(ax,ax).

The normal extremals are then integral curves of the Hamiltonian vector field associated
with the Hamiltonian Hg®*.

The preceding computations, having banished the usual parameterisation by control,
are quite elegant when compared to manner in which one applies the Maximum Principle
to the “usual” control formulation of sub-Riemannian geometry. The calculations are also
more general and global. However, to make sense of them, one has to prove an appropriate
version of the Maximum Principle, something which will be forthcoming. For the moment,
we mention that a significant réle in this will be played by appropriate needle variations
constructed by dragging variations along a trajectory to the final endpoint. The manner
in which one drags these variations has to do with linearisation, to which we now turn our
attention.
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9. Linearisation of tautological control systems

As an illustration of the fact that it is possible to do non-elementary things in the
framework of tautological control systems, we present a fully developed theory for the
linearisation of these systems. This theory is both satisfying and revealing. It is satisfying
because it is very simple (if one knows a little tangent bundle geometry) and it is revealing
because, for example, it clarifies and rectifies the hiccup with classical linearisation theory
that was revealed in Example 1.1.

Before we begin, it is worth pointing out that, apart from the problem revealed in
Example 1.1, there are other difficulties with the very idea of classical Jacobian linearisation
to which blind eyes seem to be routinely turned in practice. First of all, for models of the
form “F(x,u),” one must assume that differentiation with respect to u can be done. For
models of this sort, there is no reason to assume the control set to be a subset of R™, and
so one runs into a problem right away. Even so, if one restricts to control-affine systems,
where the notion of differentiation with respect to u seems not to be problematic, one must
ignore the fact that the control set is generally not an open set, and so these derivatives are
not so easily made sense of. Therefore, even for the typical models one studies in control
theory, there are good reasons to revisit the notion of linearisation.

We point out that geometric linearisation of control-affine systems, and a Linear
Quadratic Regulator theory in this framework, has been carried out by Lewis and Tyner
[2010]. But even the geometric approach in that work is refined and clarified by what we
present here.

In this section we work with systems of general regularity, only requiring that they be
at least once differentiable so that we can easily define their linearisation. For dealing with
Lipschitz systems, we will use the following result.

9.1 Lemma: (C(mHiP)—1 — c(m=U+LPY For o smooth vector bundle w: E — M and for
m € Zso, if & € T"HP(E), then j1& € D=DHP(JIE). Moreover, dilj,_1(j1€)(z) =
dil j,&(x) for every x € M.

Proof: We need to show that j,,—1(j1&) is locally Lipschitz. This, however, is clear since
Jm—1j1& is the image of j,,& under the injection of J™E in J™1J'E [Saunders 1989, Defini-
tion 6.2.25], and since j,,§ is Lipschitz by hypothesis.

The last formula in the statement of the lemma requires us to make sense of dil j,,—1(j1€).
This is made sense of using the fact that, by Lemma 2.1, one has J'E ~ T*M ® E, and so
the Riemannian metric G on M, the fibre metric Gg, the Levi-Civita connection V on M,
and the Gg-orthogonal linear connection V° induce a fibre metric and linear connection in
the vector bundle J'E as in Sections 2.1 and 2.2. Now let us examine the inclusion of J™E
in J™1JIE to verify the final assertion of the lemma. We use Lemma 2.1 to write

JTE ~ @87 (T*M) ® E.
In this case, the inclusion of J™E in J'J™'E becomes identified with the natural inclusions
S(T*M)RE - S Y (T*'M)@ T"M®E,  je€{0,1,...,m— 1},
given by

J
Ozl@---@ozj®et—>Z()zl@---@ozk_l@ak+1®---®aj®ak®e.
k=1
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The fibre metric on S/(T*M) is the restriction of that on T’(T*M). Thus the preceding
inclusion preserves the fibre metrics since these are defined componentwise on the tensor
product. Similarly, since the connection in the symmetric and tensor products is defined
so as to satisfy the Leibniz rule for the tensor product, the injection above commutes with
parallel translation. It now follows from the definition of dilatation that the final formula
in the statement of the lemma holds. ]

9.1. Tangent bundle geometry. To make the constructions in this section, we recall a
little tangent bundle geometry. Throughout this section, we let m € Z~q, m’ € {0,lip},
and let v € {m +m/,00,w}. We take r € {oo,w}, as required. The meaning of “v —1”
is obvious for all v. But, to be clear, co — 1 = 00, w — 1 = w, and, given Lemma 9.1,
(m+1lip) — 1= (m — 1) +lip.

Let X € IT'V(TM). We will lift X to a vector field on TM in two ways. The first is the
vertical lift, and is described first by a vector bundle map vlft: 71\, TM — TTM as follows.
Let x € M and let v,,w, € T,.M. The vertical lift of u, to v, is given by

vift(vg, ug) = T . (Vg + tuy).
Now, if X € T¥(TM), we define X € T"(TTM) by X" (v,) = vIft(vs, X ()). In coordinates
(... 2") for M with ((x',...,2"), (v},...,v")) the associated natural coordinates for
™, if X = Xj%, then XV = Xj%. The vertical lift is a very simple vector field. It is

tangent to the fibres of TM, and is in fact constant on each fibre.

The other lift of X € I'V(TM) that we shall use is the tangent lift'* which is the vector
field X7 on TM of class C*~! whose flow is given by @fT(vx) = T, (v;). Therefore,
explicitly,

d
XT(w) = =|  Tp®(va).
dt],_,
In coordinates as above, if X = Xj%, then
0 0X7 0

XT=XxI — +

- - Nl
0z " ok’ Bui (9-1)

One recognises the “linearisation” of X in this expression, but one should understand that
the second term in this coordinate expression typically has no meaning by itself. The flow
for X7 is related to that for X according to the following commutative diagram:

oXT
™ —=TM (9.2)
WTM\L iWTM
M M
<I)t

This is also frequently called the complete lift. However, “tangent lift” so much better captures the
essence of the construction, that we prefer our terminology. Also, the dual of the tangent lift is used in the
Maximum Principle, and this is then conveniently called the “cotangent lift.”
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Thus X7 projects to X in the sense that T, mrm(X” (v;)) = X(z). Moreover, X7 is a
“linear” vector field (as befits its appearance in “linearisation” below), which means that
the diagram

XT
™ X~ TTM (9.3)
WTM\L iTﬂ'TM
M ™

defines X7 as a vector bundle map over X.
We will be interested in the flow of the tangent lift in the time-varying case, and the
next lemma indicates how this works.

9.2 Lemma: (Tangent lift for time-varying vector fields) Let m € Z-o and m' €
{0,lip}, let v € {m + m/, 00,w}, and let r € {co,w}, as required. Let M be a C"-manifold
and let T C R be a time-domain. For X € LITY(T; TM) define X7: T x TM — TTM by
XT(t,vy) = (X)) (ve). Then

(i) XT € LITV=Y(T; TTM),

(i) if (t,to,xo) € Dx, then (t,to,vs,) € Dxr for every vy, € TzM, and

(m) XT(ta Ux) = % =0 qu)g—(i-v',t(vx)-

Proof: (i) Since differentiation with respect to x preserves measurability in ¢,'° and since

the coordinate expression for X7 involves differentiating the coordinate expression for X,
we conclude that X7 is a Carathéodory vector field. To show that X7 € LIT*~1(T; TTM)
requires, according to our definitions of Section 6, an affine connection on TM and a Rie-
mannian metric on TM. We suppose, of course, that we have an affine connection V and a
Riemannian metric G on M. For simplicity of some of the computations below, and without
loss of generality, we shall suppose that V is torsion-free. In case r = w, we suppose these
are real analytic, according to Lemma 2.3. In case v = m + lip for some m € Z~g, we
assume that V is the Levi-Civita connection associated with G.

Let us first describe the Riemannian metric on TM we shall use. The affine connection
V gives a splitting TTM ~ 75, TM @& 75, TM [Kolar, Michor, and Slovak 1993, §11.11].
We adopt the convention that the second component of this decomposition is the vertical
component so T, m1m restricted to the first component is an isomorphism onto T;M, i.e., the
first component is “horizontal.” If X € T(TM) we denote by X € I'V(TTM) the unique
horizontal vector field for which T, mrm (X (v;)) = X (z) for every v, € TM, i.e., X is
the “horizontal lift” of X. Let us denote by hor,ver: TTM — 73\, TM the projections onto
the first and second components of the direct sum decomposition. This then immediately
gives a Riemannian metric G on TM by

G'(X,,,Y,,) = G(hor(X,,),hor(Y,,)) + G(ver(X,, ), ver(Ys,)).

This is called the Sasaki metric [Sasaki 1958] in the case that V is the Levi-Civita
connection associated with G.

Now let us determine how an affine connection on TM can be constructed from V.
There are a number of ways to lift an affine connection from M to one on TM, many of

Y Derivatives are limits of sequences of difference quotients, each of which is measurable, and limits of
sequences of measurable functions are measurable [Cohn 2013, Proposition 2.1.5].
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these being described by Yano and Ishihara [1973]. We shall use the so-called “tangent lift”
of V, which is the unique affine connection V? on TM satisfying V§TYT = (VxY)T for
X,Y € I'Y(TM) [Yano and Kobayashi 1966, §7], [Yano and Ishihara 1973, page 30].

We have the following sublemma.

1 Sublemma: If X € I'Y(TM), if v, € TM, if k € Z>¢ satisfies k < v, if Xi,..., X} €
I'®(TM), and if Z, € {XI, XYV}, a € {1,...,k}, then the following formula holds:

(VO X(Xy,..., X))V, Z, vertical for some a € {1,...,k},

VORI XT (2, ...,2;) =
V) (4 ) (VB X(Xy,...,X)T,  otherwise.

Proof: By [Yano and Kobayashi 1966, Proposition 7.2], we have
VIXT(XT) = (VX(X0)", VIXT(XY) = (VX(X1))",

giving the result when £ = 1. Suppose the result is true for k € Z<g, and let Z, €
{XI, XY}, a € {l,...,m+1}. First suppose that Zy41 = X', ;(vz). We then compute,
using the fact that covariant differentiation commutes with contraction [Dodson and Poston
1991, Theorem 7.03(F)],

(VT)(k+1)XT(Zlv R Zm, Zk+l) = V§T ((VT>(k)XT)(Zl, ce 7Zk)
%ﬂzj, 7). (9.4)

‘We now consider two cases.

1. None of Z1,...,Zy are vertical: In this case, by the induction hypothesis,
(VDO XTY(Z,...,2) = (VP X)(Uy,...,U)7T,
and [Yano and Kobayashi 1966, Proposition 7.2] gives

Ve (VOYWXTY(Z,..., Z1) = (Vi (VOX) (U1, U)T.

k+1

Again using [Yano and Kobayashi 1966, Proposition 7.2] and also using the induction
hypothesis, we have, for j € {1,...,k},

(VOYWXT(Zy,... .V Zj,...,2Z) = (VOX(Ur,..., Vi, Ujy .o Up))T

T
Xk+1 J

Combining the preceding two formulae with (9.4) gives the desired conclusion for k + 1
in this case.

2. At least one of Z1,...,Z is vertical: In this case, we have
(VIYRXTY(2y,...,Z) = (VO X) (U, ..., 0))Y

by the induction hypothesis. Applications of [Yano and Kobayashi 1966, Proposition 7.2]
and the induction hypothesis give the formulae

Ve (VOYBXTY(2y,..., Z1) = (Vi (VO X) (U1, ..., Up)Y.

k+1
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and, for j € {1,...,k},

(vhHWxT(z,,... VL

T
Xk+1

Zjyo. s Zy) = (VOX(U1,... . Vx, Ujs. . Up))Y.

Combining the preceding two formulae with (9.4) again gives the desired conclusion for
k 4+ 1 in this case.

If we take Zp11 = X X 41, an entirely similar argument gives the result for this case for
k + 1, and so completes the proof of the sublemma. v

To complete the proof of the lemma, let us for the moment simply regard X as a
vector field of class C”, not depending on time. We will make use of the fact that, for every
vy € TM, T, TM is spanned by vector fields of the form X7 +Y;" since vertical lifts obviously
span the vertical space and since tangent lifts of nonzero vector fields are complementary to
the vertical space. Therefore, for a fixed v,, we can choose Xi,...,X,,Y1,...,Y, € '*°(M)
so that (X¥ (vg),..., X (ve)) and (Y (vg),..., Y,V (vz)) comprise G -orthonormal bases
for the horizontal and vertical subspaces, respectively, of T, TM. Note that these vector
fields depend on v, but for the moment we will fix v,. We use the following formula given
by Barbero-Linan and Lewis [2012, Lemma 4.5] for any vector field W of class C* on M:

W (v,) = WH (v,) + vift(vy, Vo, W(2)), (9.5)
keeping in mind that we are supposing V to be torsion-free.
By the sublemma, if Z, = ij-;, a € {l,...,k}, then we have

(VOEDXT (W) (21 (v2), - - Zr(va)) = (VE DX (2)(X, (2), -, X (2)))
+ V1t (vg, Vo, (VEVX (X5, .., X5)) (@), (9.6)

using (9.5) with W = V* DX (X, ..., X;,). Again using (9.5), now with W = Xj,, we
have
X];C(vz) = Xfa{(vx) + vift (v, Vo, X, ().

Since X;TZ was specified so that it is horizontal at v,, its vertical part must be zero, whence
Vo, Xj. () = 0. Therefore, expanding the second term on the right in (9.6), we get

(VO EDXT () (Z1(ve); -5 Zi(v2) = (VE VX (2)(X5, (@), -, X ()7
+ vlft (v, VO X (2)(Xj, (), ..., Xj, (2),02)).  (9.7)
Symmetrising this formula with respect to {1,...,k} gives

PEr(XT)(02)(Z1(ve), - -, Zi(va)) = (PE(X) () (X, (), .., X5, (2))
vt (ux, Vo, PE(X)(2)(X5,, ... ,Xjk)), (9.8)

where, adopting the notation from Section 2.1, PE(X) = Sym,;, ® idtm(V*#~VX). Now
consider Z, € {XjTa,Y;.‘:}, a € {1,...,k}, and suppose that at least one of these vector
fields is vertical. Then, by the sublemma, we immediately have the estimate

Por(XT)(02)(Z1(va), -, Zu(va)) = (PG(Xj (@), -, X (2))) " (9-9)
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where le: . ,Xjk are chosen from Xi,..., X, and Y1,...,Y,, corresponding to the way
that Z1,..., Z;, are defined.

Now let us use these formulae in the various regularity classes to obtain the lemma.

v =o00: Let K C TM be compact and let m € Z>(. For the moment, suppose that X
is time-independent. Combining (9.8) and (9.9), and noting that they hold as we evaluate
P (X Y (v;) on a GT-orthonormal basis for T,, TM, we obtain the estimate

1P (X ) (va) ez, < CUIPG (X)(@)ll6,, + I1PF T (X) (@)l Gsnllvalle),  va € K,

for some C' € Ryo. Now, if we make use of the fibre norms induced on jet bundles as in
Section 2.2, we have

imXT(wo)lgr, < ClinX @), + lin1X@lg, ., lv:llc),  ve € K.

for some possibly different C' € Rsg. Since v, +— ||vz|/g is bounded on K, the previous
estimate gives

limX{ (v)lgr, < ClimniXe(@)llg,, ., v €K, teT, (9.10)

for some appropriate C € R<y.
Now we consider time-dependence, supposing that X € LIT'°(T; TM). Then there
exists f € L{.(T;R>q) such that

lim1Xe(0)llg,,,, < f(8), €K, teT.
We then immediately have
HJthT(’Ul")HGiTm < Cf(t)a x € Ka te T,

showing that X7 € LII>(T; TTM), as desired.

v = m: This case follows directly from the computations in the smooth case.

v = m+lip: Here we take m = 1 as the general situation follows by combining this with
the previous case. We consider X to be time-independent for the moment. We let K C TM
be compact. By Lemma 3.12 we have

dil X' (v,) = inf{sup{||V;7;vaTHGT | vy € (W), [Yo,ller =1, X7 differentiable at v, }|

W is a relatively compact neighbourhood of v, }.

Now we make use of Lemma 2.1, (9.10), and the fact that K is compact, to reduce this to
an estimate

dil X7 (v,) < Cinf{sup{[|j2X (y)lg, | ¥ € cl(U), j1 X differentiable at y}|

U a relatively compact neighbourhood of =}

for some C' € R~q and for every z € K. By Lemma 3.12 then gives dil X7 (v,) < Cdil j; X (z)
for x € K. From this we obtain the estimate

li 1+1i
NE(XT) < CptHin (X)
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From the proof above in the smooth case, we have
0 (yvT 1
Pr(X7) < C'prry (1) (X)-
Combining these previous two estimates gives

PR (XT) < Cp ) (X)

for some C' € Ryq, and from this, this part of the result follows easily after adding the
appropriate time-dependence.

v = w: For the moment, we take X to be time-independent. The following sublemma
will allow us to estimate the last term in (9.8).

2 Sublemma: Let M be a real analytic manifold, let V be a real analytic affine connection
on M, let G be a real analytic Riemannian metric on M, and let K C M be compact. Then
there exist C,o0 € Rsq such that

IV*PE(X) (), ., < 2linX(@)lg,,,
for every x € K and k € Z>.

Proof: We use Lemma 2.1 to represent elements of JETM. Following [Kola#, Michor, and
Slovék 1993, §17.1], we think of a connection V¥ on JFTM as being defined by a vector
bundle mapping

JETM —2% g1 gk TM

L

M M

The connection V¥ thought of in this way and using the decomposition of Lemma 2.1,

gives the associated vector bundle mapping as zero. Now, with our identifications, we
see that PE(X) = j,X — jr—1X, noting that J*"!TM is a subbundle of J*TM with our
identification. Therefore, by definition of V¥,

VE(PE(X)) = VIH (X — ji 1 X) = 110k X — je_1X).

As we pointed out in the proof of Lemma 9.1 above, the inclusion of J¥**TM in J1J¥TM
preserves the fibre metric. Therefore,

IVE(PE(X)) (@) 6y, < Ilnr1X () + X @)lg, < 20iknX@)lg,,,

e
as desired. v

Let K C TM be compact and let @ € ¢|o(Z>0;R>0). As in the smooth case, but now
using the preceding sublemma, we obtain an estimate

X" wlgr. < ClimnX@lg, ., €K, meZs,

for some suitable C' € R+y.
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Now, taking X € LIT%(T; TM), there exists f € L. (T;R>g) such that

aé)all e a'/rn+1’|jm+1Xt(x)||Em+1 < f(t)> reK, teT, me ZZOa
where ), = aj, j € {1,...,m}, and aj = C. We then immediately have
apay - -~amHijtT(vz)HGme < f(b), re K, teT, meZs,

showing that X7 € LIT¥(T; TTM), as desired.

(iii) We now prove the third assertion. It is local, so we work in a chart. Thus we
assume that we are working in an open subset U C R™". We let X: T x U — R™ be the
principal part of the vector field so that a trajectory for X is a curve £&: T — U satisfying

d
TEM = X(LEW),  aeteT.

The solution with initial condition xo and ty we denote by t ~ ®X(t,tg, ). For

fixed (tg,xg) € T x U and for t sufficiently close to ty, let us define a linear map
¥(t) € Homg (R";R™) by

‘I’(t) W = D3<I>X(t,t0,w0) - Ww.

We have

E<1>X(zt, to, o) = X (t, ®X (t,t0,0)),  a.e.t,
for t sufficiently close to tg. Therefore,
d
&ng)x (t, to, .’130) = Dg(%‘bx(t, to, .’130))
= DgX(t, @X(t, to, m())) . D3(I>X (t, to, m()).

In the preceding expression, we have used [Schuricht and von der Mosel 2000, Corollary 2.2]
to swap the time and spatial derivatives. This shows that ¢ — W(t) satisfies the initial value
problem

%ql(t) = Dy X (t, D% (t,tg, x0)) - ®(t), U(ty) = I,.

By [Sontag 1998, Proposition C.3.8], t — W(t) can be defined for all ¢ such that (¢,tg, xg) €
Dx. Moreover, for vg € R™ (which we think of as being the tangent space at xg), the curve
t > v(t) = W(t) - v satisfies

€ o(t) = DX (8% (1,10, @0)) - (1),

Returning now to geometric notation, the preceding chart computations, after sifting
through the notation, show that

T
X (1,0, va) = Tu®X (¢, t0, 20) (V)

and differentiation with respect to t at ¢y gives this part of the lemma.
(ii) This was proved along the way to proving (iii). [ |
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We will also use some features of the geometry of the double tangent bundle, i.e., TTM.
This is an example of what is known as a “double vector bundle,” and we refer to [Mackenzie
2005, Chapter 9] as a comprehensive reference. A review of the structure we describe here
can be found [Barbero-Lindn and Lewis 2012], along with an interesting application of this
structure. We begin by noting that the double tangent bundle possesses two natural vector
bundle structures over mtpm: TM — M:

Trrm

TTM ™™ TM™ TTM ™ TM
TWTMi lWTM WTTM\L iﬂ'TM
™ M ™ M

TT™M TT™M

The left vector bundle structure is called the primary vector bundle and the right the
secondary vector bundle. We shall denote vector addition in the vector bundles as
follows. If u,v € TTM satisfy mrrm(u) = m11rm(v), then the sum of u and v in the primary
vector bundle is denoted by u +; v. If u,v € TTM satisfy Tmrm(u) = Tmrm(v), then the
sum of u and v in the secondary vector bundle is denoted by u 49 v.

The two vector bundle structures admit a naturally defined isomorphism between them,
described as follows. Let p be a smooth map from a neighbourhood of (0,0) € R? to M.
We shall use coordinates (s,t) for R?. For fixed s and t define p,(t) = p'(s) = p(s,t). We
then denote

0 d 0 d
&P(Sat) = &Ps(t) € TosnyM, ap(s,t) = &Pt(S) € Tys,nM.

Note that s — % p(s,t) is a curve in TM for fixed ¢. The tangent vector field to this curve
we denote by

0 0
— %ap(s,t) € T%p(s,t)TM'
We belabour the development of the notation somewhat since these partial derivatives are
not the usual partial derivatives from calculus, although the notation might make one think
they are. For example, we do not generally have equality of mixed partials, i.e., generally

we have

o 0
%a( )#map( t).

Now let p; and py be smooth maps from a neighbourhood of (0,0) € R? to M. We say
two such maps are equivalent if

0 0 0 0
——p1(0,0) = ——
To the equivalence classes of this equivalence relation, we associate points in TTM by

[p] — ggt (0,0).

The set of equivalence classes is easily seen to be exactly the double tangent bundle TTM.
We easily verify that

0,0).

wrr(o]) = 2p(0.0), Trr(le)) = op(0,0). (9.11)
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Next, using the preceding representation of points in TTM, we relate the two vector
bundle structures for TTM by defining a canonical involution of TTM. If p is a smooth map
from a neighbourhood of (0,0) € IR? into M, define another such map by p(s,t) = p(t, s).
We then define the canonical tangent bundle involution as the map Iyy: TTM — TTM
given by Im([p]) = [p]. Clearly Iy o Iy = idytm. In a natural coordinate chart for TTM
associated to a natural coordinate chart for TM, the local representative of Iy is

((z, v), (w, w)) = ((z,u), (v, w)).

One readily verifies that Iy is a vector bundle isomorphism from TTM with the primary
(resp. secondary) vector bundle structure to TTM with the secondary (resp. primary) vector
bundle structure [Barbero-Lindn and Lewis 2012, Lemma A.4].

The following technical lemma is Lemma A.5 from [Barbero-Lindn and Lewis 2012].

9.3 Lemma: (A property of vertical lifts) If w € TTM satisfies mrrm(w) = v and
Trrm = u and if z € TpM, then

w +9 Iy o vift(u, z) = w 41 vift(v, 2).

The final piece of tangent bundle geometry we will consider concerns presheaves and
sheaves of sets of vector fields on tangent bundles. We shall need the following natural
notion of such a presheaf.

9.4 Definition: (Projectable presheaf) Let m € Z>p and m' € {0,lip}, let v € {m +
m’,00,w}, and let r € {oo,w}, as required. Let M be a C"-manifold and let & be a presheaf
of sets of vector fields of class C¥ on TM. The presheaf & is projectable if

GW) ={ZW| Z € G(rry(rtm(W)))}- .

The idea is that a projectable sheaf is determined by the local sections over the open
sets mry(U) for U € M open.

9.2. Linearisation of systems. Throughout this section, unless stated otherwise, we let
m € Z~g, m" € {0,lip}, and let v € {m + m/, co,w}. We take r € {oo,w}, as required.
When linearising, one typically does so about a trajectory. We will do this also. But
before we do so, let us provide the notion of the linearisation of a system. The result,
gratifyingly, is a system on the tangent bundle. Before we produce the definition, let us
make a motivating computation. We let & = (M, %) be a globally generated tautological
control system of class C¥. By Example 8.10-2, we have the corresponding C"-control
system Y = (M, Fg,Cq) with C¢ = F (M) and Fg(x,X) = X(z). This is a control
system whose control set is a vector space, and so is a candidate for classical Jacobian
linearisation, provided one is prepared to overlook technicalities of differentiation in locally
convex spaces. . . and we are for the purposes of this motivational computation. In Jacobian
linearisation one considers perturbations of state and control. In our framework, we linearise
about a state/control (z, X). We perturb the state by considering a C'-curve v: J — M
defined on an interval J for which 0 € int(J) and with 4/(0) = v,. Thus we perturb the
state in the direction of v,. We perturb the control from X in the direction of Y € & (M)
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by considering a curve of controls s — X + sY. Let us then define 6: N — M on a
neighbourhood N of (0,0) € R? by

o(t,s) =@V (y(s));

thus o(t, s) gives the flow at time ¢ corresponding to the perturbation at parameter s. Now
we compute

090 _ 00 gxyey
81: 880-(t7$) - 8t 8S¢t (7(8))
D0 00 ..
= o (v(s)) S ()

T Otos ! dtos
= gthCPtX (7 (5)) + Im (iggf“y(az))
= DR () + I (S (X 4 Y )(@F Y (@),
from which we have
0 200,00 = X7 (o) + (WX (), Y () = XT(0a) + YV (o), (912)

using Lemma 9.3.

The formula clearly suggests what the linearisation of a tautological control system
should be. However, we need the following lemma to make a sensible definition in our sheaf
framework.

9.5 Lemma: (Presheaves for linearisation) Let m € Z-o and m' € {0,lip}, let v €
{m+m/ co,w}, and let r € {oco,w}, as required. Let F be a presheaf of sets of C¥-vector
fields on a C"-manifold M. Then there ezist unique projectable presheaves F 1 and FV of
C"Lovector fields and C”-vector fields on TM with the property that

Gl (rrW) ={x" | X e 7 (W)}

and
FV (W) = {X" | X e 7 (W)}
for every open set U C M. Moreover,
(i) F 7T is a sheaf if and only if F is a sheaf,
(ii) FV is a sheaf if and only if F is a sheaf,
(iii) Sh(FT) = Sh(F)T, and
(iv) Sh(FV) = Sh(F)V.

Proof: Let W C TM be open and note that Uy = mrm(W) is open. For W C TM open we
define
FTW) = {XTW| X € 7 (Uw)}

and
FYW) ={X"W| X € F (Uw)}.
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If W, W' C TM are open with W C ‘W and if XT|W ¢ & T(W), then, for v, € W', we have
(X7 (vg) W) (0z) = ((X[Ung)T) (02),

this making sense since X7 (v,) depends only on the values of X in a neighbourhood of z,
and since Uy contains a neighbourhood of z if v, € W'. In any case, we have that

XTW e FT (W),

which shows that # T is a presheaf. A similar argument, of course, works for # V. This gives
the existence assertion of the lemma. Uniqueness follows immediately from the requirement
that 7 and FV be projectable.

(i) Suppose that F is a sheaf. We shall first show that # T is a sheaf. Let W C TM be
open, and let (W)qea be an open cover of W. Let Z, € F T(W,,), supposing that

Za|Wa NWy = Zb|Wa NWy

for a,b € A. For each a € A, we have, by our definition of 7 above, Z, = XI|W,
for X, € F(Uy,). Using the fact that T¥~!(TTM) is a sheaf, we infer that there exists
Z € T""Y(TTM) such that Z|W, = XI|W, for each a € A. Now, for each x € Uy,
let us fix a; € A such that z € mrm(W,). Note that Z|W,, = XI |W,, and so there
is a neighbourhood U, C Uy, of z and X, € *~1(TU,) such that X, = X, |U,. In
particular, X, € & (U;). Moreover, since # T is projectable, we can easily see that [X,].
is independent of the rule for choosing a,. Now let x1,22 € M and let z € U,, NU;,. By
projectability of # 7T, there exist a neighbourhood V, C Uy, N Uy, and X, € F (V,,) such
that

T j
We conclude, therefore, that X, () = X,,(x). Thus we have an open covering (Uy)zeu,
of Uy and local sections X, € ¥ (U,) pairwise agreeing on intersections. Since & is a

sheaf, there exists X € & (Uy) such that X|U, = X, for each z € Uyy. Since
XTW,, Ny (Ue) = XZ W, N1y (Us) = X2 [Wa, N (Us),

projectability of # 1 allows us to conclude that Z = X7 |W.
Now suppose that # T is a sheaf and let U C M be open, let (Uy)qc4 be an open covering
of U, and let X, € & (U,), a € A be such that X,|U, NU, = Xp|Uy N Up. This implies that

X | (Ua N Up) = X5 [rpy (Ua N Up).

Therefore, by hypothesis, there exists X € & (U) such that X7 |r5y(Us) = X for each
a € A. Projecting to M gives X |U, = X, for each a € A, showing that F is a sheaf.

(i) To show that &V is a sheaf can be made with an identically styled argument as
above in showing that # T is a sheaf. The argument, indeed, is even easier since vertical
lifts do not depend on the value of their projections in a neighbourhood of a point in TM,
only on the projection at the point.

(iii) Let W € TM be open and let Z € Sh(F T)(W). This means that, for each v, € W,
[Z)v, € F,Y,. Therefore, there exist a neighbourhood W, of v, and X, € F (Uw,, ) such

that Z|W,, = XX|W,,. We now proceed as in the preceding part of the proof. Thus, for
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each z € Uy let us fix v, € W. Note that Z|W,, = X |[W,, and so there is a neighbourhood
Uy € Uw,, of zand X, € I'*~1(TU,) such that X, = X,,|U;. In particular, X, € & (U,).
Moreover, since # 1 is projectable, we can easily see that [Xz]z is independent of the rule
for choosing v, € W. Now let 21,279 € M and let = € U,, N U,,. By projectability of F 7,
there exist a neighbourhood V, C U,, N U,, and X! € F (V,) such that

Xg;j ’vaj N 7r-|_-,\1,|(\7$) = (X;;)T‘vajy j€{1,2}.

We conclude, therefore, that X, (x) = X,,(z). Thus we have an open covering (U )zetr,
and local sections X, € & (U,) pairwise agreeing on intersections. Thus there exists X €
Sh(& (Uyw)) such that X|U, = X, for each 2z € Uyy. Since

XT Wy, Ny (Ue) = XE Wy, Ny (Uy) = X1 Wy, 0y (Us),

projectability of Sh(# 1) allows us to conclude that Z = XT|W, i.e., Z € Sh(F)T(W).
(iv) A similar argument as in the preceding part of the proof works to give this part of
the proof as well. |

With the preceding computations and sheaf lemma as motivation, we make the following
definition.

9.6 Definition: (Linearisation of a tautological control system) Let m € Z-( and
m’ € {0,lip}, let v € {m +m/, c0,w}, and let r € {00, w}, as required. Let & = (M, F ) be
a C”-tautological control system. The linearisation of & is the C¥~!-tautological control
system T® = (TM, T ), where the projectable presheaf of sets of vector fields T is
characterised uniquely by the requirement that, for every open subset U C M,

TTF (W) ={XT+YV | X,)Y € F(W)}. .

This definition may look a little strange at a first glance. However, as we go along, we
shall use the definition in more commonplace settings, and we will see then that it connects
to more familiar constructions.

9.3. Trajectories for linearisations. As a tautological control system, T'® provides a fo-
rum for all of the constructions of Sections 8.2, 8.3, and 8.4 concerning such systems. In
particular, the linearisation has trajectories, so let us look at these.

Let us first think about open-loop systems. By definition, an open-loop system
for T® is a triple (Z,T,W) with T C R an interval, W C TM an open set, and
Z € LIl "YT;TF (W)). Thus Z(t) = X)T + Y ()Y for X,Y: T — F (mrm(W)). We
will write Z = X7 4+ YV with the understanding that this means precisely what we have
just written. We should, however, verify that X and Y have useful properties.

9.7 Lemma: (Property of open-loop systems for linearisation) Let m € Z~ and
m’ € {0,lip}, let v € {m+m/, c0,w}, and let r € {oo,w}, as required. Let & = (M, F ) be a
CV-tautological control system with linearisation T® = (TM,TF ). Let T be a time-domain
and let W C TM be open. If Z € LIV Y (T; TF (W)) is given by

Z(t,v,) = XT(t, vg) + Yv(t,vx)

for maps X,Y: T x mrm(W) — TM for which X;,Y; € TY(T; mrm(W)) for every t € T,
then X € LIFV(T;\?(WTM(W))) and Y € LIFVﬁl(T;g(WTm(W) )
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Proof: It is possible to make oneself believe the lemma by a coordinate computation. How-
ever, we shall give a coordinate-free proof. To do this, we will use the Riemannian metric
GT and the affine connection V7 on TM defined by a Riemannian metric G and affine
connection V on M, as described in the proof of Lemma 9.2. For simplicity, and since we
will make use of some formulae derived in the proof of Lemma 9.2 where this assumption
was made, we suppose that V is torsion-free.

Since we will be calculating iterated covariant differentials as in Section 3.1, only now us-
ing the affine connection V7 on TM, we should also think about the character of T*(T*TM).
For v, € TyM, T, 1M is a surjective linear mapping from T,,TM to T,M. Thus its dual,
(Ty,mm)*, is an injective linear mapping from T;M to T3 TM. It induces, therefore, an in-
jective linear mapping from T*(T%M) to T*(T7 TM) [Bourbaki 1989a, Proposition I11.5.2.2].
Yano and Kobayashi [1966] call this the vertical lift of T*(T*M) into T*(T*TM). Note
that vertically lifted tensors, thought of as multilinear maps, vanish if they are given a
vertical vector as one of their arguments, i.e., they are “semi-basic” (in fact, they are even
“basic”). Note that T; TM ~ T;M @ T;M by dualising the splitting of the tangent bundle.
So as to notationally distinguish between the two components of the direct sum, let us de-
note the first component by (T:M); and the second component by (T:M)s, noting that the
first component is defined to be the image of the canonical injection from T;M to T; TM.
We then have

TH(TMu @ (TiM)2) ~ @ (TiM)a, @ -+ @ (TiM)g,
ai,...,ap€{1,2}

by [Bourbaki 1989a, §II1.5.5]. Let
T THTE TM) = (TiM)1 @ -+ @ (TEM);

be the projection onto the component of the direct sum decomposition.
With all of the preceding, we can now make sense of the following sublemma. We adopt
the notation (2.1) introduced in the proof of Theorem 3.5.

1 Sublemma: If, for X,Y € TY(TM), we have Z = XT + YV, then we have
m @ idrrm (V)M 2(0,)) = VWX (2) & (VVY (2))
for k € Z>q satisfying k < v.

Proof: Obviously we can consider two special cases, the first where Y = 0 and the second
where X = 0. When Y = 0, the result follows from Sublemma 1 from the proof of
Lemma 9.2, especially the formula (9.7) we derived from the sublemma. When X = 0 the
result immediately follows from the same sublemma. v

By the preceding sublemma, Z(¢,0,) = X (t,z) ® Y(¢,z). Since the projections onto
the first and second component of the direct sum decomposition of TTM are continuous,
we immediately conclude that X,Y € CEFTY(T; T(mrm(W))).

The remainder of the proof breaks into the various cases of regularity.

v =o00: Let K C M be compact and let m € Z>q. Since K is also a compact subset of
TM, there exists g € Ll (T;R>0) such that

1im 2, 02)llgr < g(t), teT, x€ K.
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Let T : JMTTM — &7 TV (75 TM) @ TTM be defined by

Ton(jmZ (v2)) = > m; @ idrra((V)) 0D 2 (0,)),
j=0

this making sense by virtue of Lemma 2.1. By the sublemma, by the definition of G”, and
by the definition of the fibre metrics on J”*TM and J”TTM induced by the decomposition
of Lemma 2.1, we have

1T G Z (80D = i X (E2)Z + LY (1 2) 2,
This gives
lim X (&, 2)llg,, < 9(t), limY (2)lg, <9(), teT, zekK,

which gives the lemma in this case.

v = m: From the computations above in the smooth case we have that X and Y are
locally integrally C™ '-bounded. To show X is, in fact, locally integrally C™-bounded, we
will use the computations from the proof of Lemma 9.2. Let K C M and let

K= {Ug; eTM ‘ x € K, HULDHG < 1}

so K7 is a compact subset of TM. For the moment, let us fix ¢ € T. We now recall
equation (9.8) which gives a formula for PZ' (X!') when all arguments are horizontal. Since,
in the expression (9.8), v, is arbitrary, by letting it vary over vectors of unit length we get
an estimate
-1 1T
1P (X)) G, < COR(X0) + P (XT))

for some C' € R~q. Since X,Y € LI 1(T; M) and since X7 = Z-YV ¢ LI Y(T; TM),
by Lemma 2.1 there exists g € L{,.(T; R>0) such that

lim Xe(@)[| < g(t),  (t,2) € T x K,

which gives X € LIT"™(TM).

v = m+lip: This follows from the computations above, using Lemma 3.12, cf. the proof
of the Lipschitz part of the proof of Lemma 9.2.

v =w: Let K C M be compact and let a € cjo(Z>0; R>¢). Since K is also a compact
subset of TM, there exists g € Ll (T;R>q) such that

aoar - aml|[jmZ(t, 0c)lgz < g(t), teT, x€ K, me Zso.
As in the smooth case we have
[T 240D Er. = lim X (L), + LY ()%, -
This gives
aoar -~ am|[im X (t, 2)|lg, < 9(t), aoar---amljmY (t.2)|g,, < 9(t),

fort €T, x € K, and m € Z>(, which gives the lemma. |
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Next let us think about open-loop subfamilies for linearisations. Generally speaking,
one may wish to consider different classes of open-loop systems for the “tangent lift part”
and the “vertical lift part” of a linearised system. The open-loop systems for the tangent
lift part will be those giving rise to reference trajectories and reference flows. On the other
hand, the open-loop systems for the vertical lift part will be those that we will allow as
perturbing the reference flow. There is no reason that these should be the same. While this
proliferation of open-loop subfamilies will lead to some notational complexity, the freedom
to carefully account for these possibilities is one of the strengths of our theory. Indeed, in
standard Jacobian linearisation, it is difficult to keep track of how the controls—constraints
on them and attributes of them—are carried over to the linearisation. In our theory, this
is natural.

We first make tangent and vertical lift constructions for open-loop subfamilies.

9.8 Definition: (Tangent and vertical lifts of open-loop subfamilies) Let m € Z+
and m’ € {0,lip}, let v € {m+m/, 00,w}, and let r € {oo,w}, as required. Let & = (M, ¥)
be a C”-tautological control system with linearisation 7® = (TM,T% ), and let @g be an
open-loop subfamily for &.

(i) The tangent lift of @p is the open-loop subfamily @ for (TM, FT) defined by
O (T, W) = {XT|W | X € O(T,mtm(W))}

for a time-domain T and for W C TM open.
(ii) The wvertical lift of @y is the open-loop subfamily @’g for (TM, V) defined by

G (T,W) ={YV|W| Y € Gs(T, mrm(W))}
for a time-domain T and for W C TM open. °

9.9 Definition: (Open-loop subfamily for linearisation) Let m € Z-o and m’ €
{0,1ip}, let v € {m + m/,c0,w}, and let r € {oo,w}, as required. Let & = (M, %) be
a C"-tautological control system with linearisation 7% = (TM, 7% ). An open-loop sub-
family for T® defined by a pair (@s 0, Os,1) of open-loop subfamilies for & is the open-loop
subfamily @g o+ @’QZ | defined by:

XT+YY € (@gy+0p,)(T, W) = X' €@ (T, mrm(W)), YV € Gy (T, rrm(W)).

Note that the restriction properties of open-loop subfamilies as per Definition 8.17 are
satisfied by our construction above, so the result is indeed an open-loop subfamily for T'®.

Next we can define what we mean by trajectories for the linearisation in the more or
less obvious way.

9.10 Definition: (Trajectory for linearisation of tautological control system) Let
m € Zso and m’' € {0,lip}, let v € {m + m’,00,w}, and let r € {oo0,w}, as required. Let
& = (M, %) be a C”-tautological control system with linearisation 7% = (TM,T% ). Let
Os o and Op,1 be open-loop subfamilies for &.

(i) For a time-domain T, an open set W C TM, and for X € @g o(T,U) and Y € O 1,
an (X, Y, T, W)-trajectory for (@s,0s.1) is a curve T: T — W such that Y'(¢) =
XTt,Yt)+YV(,Y(@1)).
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(ii) For a time-domain T and an open set W C TM, a (T, W)-trajectory for the pair
(Os,0,08,1) is a (T, W)-trajectory for @g,o + @gl.

(iii) A plain trajectory for the pair (@ 0,@s,1) is a curve that is a (T, W)-trajectory for
(@s 0,0 1) for some time-domain T and some open W C TM.

We denote by:
(iv) Traj(X,Y, T; W) the set of (X,Y, T, U)-trajectories for (@s 0,0 1);
(v) Traj(T, W, (@s0,0s,1)) the set of (T, U)-trajectories for (@ 0,0 1);
(vi) Traj(@s,,0s,1) the set of trajectories for (@s 0,0s,1)-

We shall abbreviate

Traj (Ta W7 (ﬁﬁ,fulla @ﬁ,full)) = Tra‘j (’][‘7 W7 Tﬁ)

and Traj(Os fun, Os tun) = Traj(T'®). °
Now that we have been clear about what we mean by the trajectory of a linearised

system, let us say some things about these trajectories.

9.11 Proposition: (Trajectories for the linearisation of a tautological control sys-
tem) Let m € Z~o and m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {o0,w}, as
required. Let & = (M, %) be a C”-tautological control system with linearisation T®, and
let Os0 and Op 1 be open-loop subfamilies for &. Let T C R be a time-domain and let
W C TM be open. If T € Traj(T, W, (@ 0,0s.1)) then the following statements hold:

(1) there exist X € Op o(T, mrm(W)) and Y € Op 1 (T, mrm(W)) such that
(€)' (t) = XT(t, €7 (1) + YV (2,67 (1));

(ii) there exists & € Traj(T,mrm(W), O o) such that the diagram

T
T—-TM

M
commutes, i.e., &1 is a vector field along €.

Proof: The first assertion follows from Lemma 9.7. The second assertion follows by taking
€ =mrme &7, and noting that

€'(t) = Terymrm((€1)' (1) = Terymrm(XT (4,€7(1) + YV (1,67 (1)) = X (t,£(t)

and X is an open-loop system for @ . |

9.4. Linearisation about reference trajectories and reference flows. Let us now slowly
begin to pull back our general notion of linearisation to something more familiar. In this
section we will linearise about two sorts of things, trajectories and flows. We will see in
the next section that it is the distinction between these two things that accounts for the
problems observed in Example 1.1.
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But for now, we proceed in general. We let & be a tautological control system and @g
an open-loop subfamily. We recall from Example 8.24 that, if T is a time-domain, if U C M
is open, and if £ € Traj(T,U,Os), then O ¢ is the open-loop subfamily associated to the
trajectory £, i.e., all open-loop systems from @ possessing £ as a trajectory. Having made
this recollection, we make the following definition.

9.12 Definition: (Linearisation of a tautological control system about a trajec-
tory) Let m € Z~¢ and m’ € {0,lip}, let v € {m + m/,00,w}, and let r € {oco,w}, as
required. Let & = (M, %) be a C”-tautological control system with linearisation T'®. Let
Os o and Ogs 1 be open-loop subfamilies for &, let T be a time-domain, let U C M be
open, and let & € Traj(T,U,Os ). The (Os,0,O0s,1)-linearisation of & about &rer
is the open-loop subfamily @g’ 0.6 T @’Qg{ | for T&. A trajectory for this linearisation is a
(T", W)-trajectory Y for (@s ¢, Os,1) satisfying mrm o T = &ef, and where T C T and
W C g (W). .

By definition, a trajectory for the linearisation about the reference trajectory &ef is a
curve T: T/ — W satisfying

T(t) = XT(t,T(t) + YV (t,T(t)),

for X € Op0¢,,(T',mrm(W)) and for Y € Op 1(T', 7rm(W)), and where T is a tangent
vector field along &.f. Note that there may well be trajectories for (@ o¢,.,, @s,1) that are
not vector fields along &..¢; we just do not call these trajectories for the linearisation about
gref-

Let us now talk about linearisation, not about a trajectory, but about a flow. Here we
recall the notion of the open-loop subfamily associated to an open-loop system in Exam-
ple 8.18-5.

9.13 Definition: (Linearisation of a tautological control system about a flow) Let
m € Zso and m’ € {0,lip}, let v € {m + m/,c0,w}, and let r € {oo,w}, as required.
Let & = (M, %) be a C"-tautological control system with linearisation 7'®. Let @ ( and
Os 1 be open-loop subfamilies for &, let T be a time-domain, let U € M be open, and let
Xret € Op0(T,U). The Op,1-linearisation of & about X,er is the open-loop subfamily
@(,g: 0. X, T @’QZ | for T®. A trajectory for this linearisation is a (T’, W)-trajectory for
(O,0.X,.6-0,1), where T C T and where W C 7T-|_-|\1/| (u). °

By definition, a trajectory for the linearisation about the reference flow X,¢f is a curve
T: T — W satisfying
T'(t) = Xyee(t, T (1) + YV (8, (1)),

for Y € Op 1 (T',7rm(W)). Note that the definition of @ ¢ x,, necessarily implies that
mtm o Y is an integral curve for X,o. Unlike the case of linearisation about a reference
trajectory, we do not specify that the trajectories for the linearisation about a reference
flow follow a specific trajectory for &, although one can certainly do this as well.

9.5. Linearisation about an equilibrium point. Continuing to make things concrete, let
us consider linearising about trivial reference trajectories and reference flows. We begin by
considering what an equilibrium point is in our framework.
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9.14 Definition: (Tautological control system associated to an equilibrium point)
Let m € Z~o and m’ € {0,lip}, let v € {m + m/, 00,w}, and let r € {o0,w}, as required.
Let & = (M, %) be a C”-tautological control system and let xy € M.
(i) The tautological control system for & at x¢ is the C"-tautological control system
& = (M,Eqg ,,), where

Eqg ,,(U) ={X € (W) | X(20) = Oz }-

(ii) If there exists an open set U C M for which Eqg ,, (U) # &, then z¢ is an equilibrium
point for &. °

Of course, by properties of presheaves, if X € Eqg , (U), then X|V € Eqg , (V) for
every open set V C U. Thus &,, is indeed a tautological control system.

Let us examine the nature of tautological control systems at xp. This amounts to
understanding any particular structure that one can associate to vector fields that vanish
at a point. This is the content of the following lemma.

9.15 Lemma: (Properties of vector fields vanishing at a point) Let M be a smooth
manifold, let xg € M, and let X € TY(M). If X(x¢) = Oy, then there exists a unique
Ax 3y € Endr (T, M) satisfying either of the following equivalent characterisations:

(i) noting that XT|Tz,M: TooM = Vo, TM ~ Ty M, Ay = X7 [Ty, M;
(11) Ax o(Vao) = [V, X|(x0) where V € T'>°(M) satisfies V(o) = vy, -

Proof: We will show that the characterisation from part (i) makes sense, and that it agrees
with the second characterisation.

First, note that, since X (zg) = 0y, TvaWTM(XT(UxO)) = 0y, for every vy, € T, M.
Thus X7 (vy,) € Vo,, TM, as claimed. That X 71T ,,M is linear is a consequence of the fact
that X7 is a linear vector field, i.e., that the diagram (9.3) commutes. In the particular
case that X (zg) = 04, the diagram implies that X7 is a linear map from T,,M to To,, TM.
As we already know that X7|T, M is Vo,, TM-valued, the characterisation from part (i)
does indeed uniquely define an endomorphism of T,,M.

Let us now show that the characterisation of part (ii) agrees with that of part (i).
By [Abraham, Marsden, and Ratiu 1988, Theorem 4.2.19], we have

d
VIf Oy, [V, X (w0)) = T, (5 D7 0V 0 DX, (20)
t=0
d
= —|  Tn® o V(zg) = X (V(0)),
dt|,_
as desired. [ |

According to the lemma, we can make the following definitions.

9.16 Definition: (Data associated with linearisation about an equilibrium point)
Let m € Z~o and m' € {0,lip}, let v € {m + m/,00,w}, and let r € {oco0,w}, as required.
Let 8 = (M, ) be a C"-tautological control system. For an equilibrium point o € M for
B, we define

3977%0 = {AXJCO ‘ [X]l"o S (qu,mo)wo}
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(where (Eqg )z, denotes the stalk of the presheaf Eqg ,, at x9) and
F (x0) = {X(20) | [X]zy € Fio}- .

Associated to an equilibrium point are natural notions of open-loop systems that pre-
serve the equilibrium point.

9.17 Definition: (Open-loop subfamilies and equilibrium points) Let m € Z-( and
m’ € {0,lip}, let v € {m +m/, c0,w}, and let r € {00, w}, as required. Let & = (M, F) be
a CY-tautological control system. If 2y € M and if @ is an open-loop subfamily for &, the
open-loop subfamily @ ., is defined by specifying that, for a time-domain T and an open
set U C M,

Bo.20 (T, W) = {X € Go(T5U) | X(1) € Bgr 1 (W), ¢ € T}, .

Note that the only trajectory of @g ., passing through xy is the constant trajectory
t — xq, as it should be.

It is now more or less obvious how one should define linearisations about an equilibrium
point. This can be done for trajectories and flows. We start with trajectories.

9.18 Definition: (Linearisation of a tautological control system about an equi-
librium trajectory) Let m € Z-o and m’' € {0,lip}, let v € {m + m’,00,w}, and let
r € {oo,w}, as required. Let & = (M, %) be a C"-tautological control system with lin-
earisation T'®. Let @g o and O, be open-loop subfamilies for & and let z9 € M. The
(@s.,0,0s1)-linearisation of & about xg is the open-loop subfamily @QsT,o,xo + @?{1
for T®. A trajectory for this linearisation is a (T, W)-trajectory for the (@ 0,10, @s1)-
linearisation about the trivial reference trajectory ¢t — xg, where T is a time-domain and
where W is a neighbourhood of T,,M. .

By definition and by the characterisation of X7 at equilibria, a trajectory for the lin-
earisation about xg will be a curve T: T — T, M satisfying

Y'(t) = Ax ()00 (T(2)) + b(t),

where t — X (t) is a curve in Zg ,,, whose nature is determined by the open-loop subfamily
Os 0, €.8., it may be locally integrable, locally essentially bounded, piecewise constant, etc.,
and where ¢ — b(t) is a curve in & (z9) C T,4,M, again whose nature is determined by the
open-loop subfamily @ ;. Note that the linearisation about g will, therefore, generally be
a family of time-dependent linear systems on T,,M. This may come as a surprise to those
used to Jacobian linearisation, but we will see in Example 9.25 below how this arises in
practice.

Let us now talk about linearisation about an equilibrium point, not about a trajectory,
but about a flow.

9.19 Definition: (Linearisation of a tautological control system about an equilib-
rium flow) Let m € Z-¢ and m’ € {0,lip}, let v € {m + m/, 00, w}, and let r € {o0,w},
as required. Let & = (M, %) be a C”-tautological control system with linearisation 7'®.
Let @s,o and Og,1 be open-loop subfamilies for &, let T be a time-domain, let g € M, let
U € M be a neighbourhood of zg, and let Xyt € Op 04,(T,U). The Os 1-linearisation
of & about (Xyef, o) is the open-loop subfamily @’g’ 0X. T @’é{ | for T&. A trajectory
for this linearisation is a (T’, W)-trajectory for (@s o x,.;»@s.1), where T’ C T and where
W C g (W). .
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In this case, we have a prescribed curve t — Xief(t) such that Xef(t,z0) = 04, for
every t. Thus this defines a curve Ax ()4, in Zg z,- By definition, a trajectory for the
linearisation about the pair (Xyef, o) is a curve T: T" — T,,M satisfying

Y'(t) = Ax, (1), (T (1)) + (1),

where t — b(t) is a curve in & (x) having properties determined by the open-loop subfamily
Os1. Note that this linearisation will still generally be time-dependent, but it is now a
single time-dependent linear system, not a family of them, as with linearisation about a
trajectory. Moreover, if X, is chosen to be time-independent, then the linearisation will
also be time-invariant. But there is no reason in the general theory to do this.

The above comments about the possibility of time-varying linearisations notwithstand-
ing, there is one special case where we can be sure that linearisations will be time-
independent, and this is when Zg ., consists of a single vector field. The following result
gives a common case where this happens. Indeed, the ubiquity of this situation perhaps
explains the neglect of the general situation that has led to the seeming contradictions in
the standard treatments, such as are seen in Example 1.1.

9.20 Proposition: (Time-independent linearisations for certain control-affine sys-
tems) Let ¥ = (M, F,C) be a C'-control-affine system with € C R¥ and

k
F(x7u) - fO(x) + Z’U,afa(.%')

For xqg € M, suppose that
(i) there exists ug € C such that

k
0) = Z ugfa($0)
a=1

and

(ii) (fi(xo),- .., fu(xzo)) is linearly independent.
Then xq is an equilibrium point for &x and Ly, ,, consists of a single linear map.

Proof: Let us define .
fo=fo=>ufa,
a=1

noting that f) € %.. Since f|(zo) = 04,, we conclude that z( is an equilibrium point. Now
suppose that F'(zg,u) = Omo. Thus

Jfo(zo +ZU fa(x0) =02y = folzo) = ZU fa(o).

a=1

This last equation has a solution for w, namely uw = —ug, and since (f1(zo), ..., fm(x0)) is
linearly independent, this solution is unique. Thus, for any neighbourhood U of x,

k
Edgs o0(W) = { fo— D" ui falwo) } = {fi(0)}-
a=1

This shows that Zg, ,, = {A 4}, as claimed. [ |
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While we are definitely not giving a comprehensive account of controllability in this
paper—see Section 10.1 for a discussion of controllability—in order to “close the loop” on
Example 1.1, let us consider here how one talks about linear controllability in our framework.
First we introduce some general notation.

9.21 Definition: (Subspaces invariant under families of linear maps) Let F be a
field, let V be an F-vector space, let & C Endg(V), and let S C V. By (&£, S) we denote
the smallest subspace of V that (i) contains S and (ii) is invariant under L for every L € Z.

[ ]

We can give a simple description of this subspace.

9.22 Lemma: (Characterisation of smallest invariant subspace) If F is a field, if V
is an F-vector space, if &£ C Endg(V), and if S CV, then (£, S) is spanned by elements
of V of the form

Llo--~0Lk(v), kZGZZo, Li,...,.Lpe ¥, ves. (913)

Proof: Let Ug g be the subspace spanned by elements of the form (9.13). Clearly S C Ug ¢
(taking the convention that Lio---oLy(v) = vifk =0)and,if L € &, then LUy 5) C Ug g
since an endomorphism from & maps a generator of the form (9.13) to another generator
of this form. Therefore, (Z,S) C Uy g. Now, if v € S, then clearly v € (£, S). Since
(£, S) is invariant under endomorphisms from &, L(v) € (&£, S) for every v € S and
L € &. Recursively, we see that all generators of the form (9.13) are in (£, S), whence
Ug s € (Z,S) since Uy g is a subspace. [ ]

With the preceding as setup, let us make the following definition.

9.23 Definition: (Linear controllability) Let m € Z- and m’' € {0,lip}, let v € {m +
m/,00,w}, and let r € {oo,w}, as required. Let & = (M, %) be a C”-tautological control
system with linearisation T'®, and let 9 € M be an equilibrium point for &. The system
& is linearly controllable at z if there exists S C F (xg) such that (i) 0, € conv(S)
and (ii) (Zg 4y, 5) = Tz M. .

9.24 Remark: (Relationship to rank test) For readers who may not recognise the re-
lationship between our definition of linear controllability and the classical Kalman rank
test [Brockett 1970, Theorem 13.3], we make the following comments. Consider the linear
system

x(t) = Az(t) + Bu(t),

with € R"™, u € R™, and for appropriately sized matrices A and B. Using Lemma 9.22
and the Cayley—Hamilton Theorem, it is easy to check that the smallest A-invariant sub-
space containing image(B) is exactly the columnspace of the Kalman controllability matrix,

[B|AB|--- |A"'B |,

For the more geometric approach to topics in linear system theory, we refer to the excellent
book of Wonham [1985]. o

We state linear controllability as a definition, not a theorem, because we do not want
to develop the definitions required to state a theorem. However, it is true that a system
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that is linearly controllable according to our definition is small-time locally controllable in
the usual sense of the word. This is proved by Aguilar [2010, Theorem 5.14]. The setting
of Aguilar is not exactly that of our paper. However, it is easy to see that this part of
Aguilar’s development easily translates to what we are doing here.

Let us close this section, and the technical part of the paper, by revisiting Example 1.1
where we saw that the classical picture of Jacobian linearisation presents some problems.

9.25 Example: (Revisiting Example 1.1) We work with the system

We could as well work with the other representation for the system from Example 1.1, but
since the family of vector fields is the same (what changes between the two representations
is the parameterisation of the set of vector fields!), we will get the same conclusions; this,
after all, is the point of our feedback-invariant approach.

This, of course, is a control-affine system, and the resulting tautological control system
is & = (R3, %) where & is the globally generated presheaf with

g(RS) = {fo +U1f1 +u2f2 ’ (ulau2> € ]R2}7

with 5 5 5
Jo= 5'3287331, fi= 1?3871:27 fo= 87:53

We have an equilibrium point at (0,0, 0).

1 Lemma: Eqg (0,0)(R?) = fo + spang (f1).

Proof: It is clear that f3(0,0,0) = f1(0,0,0) = 0, and, therefore, any linear combination
of fo and f; will also vanish at (0,0,0), and particularly those from the affine subspace
fo +spang (f1). Conversely, if

£0(0,0,0) + " £1(0,0,0) +u”£2(0,0,0) = 0,
then u? = 0 and so the resulting vector field is in the asserted affine subspace. v

We, therefore, have

010
397,(0,0,0) = 0 0 a a € R
0 0 O
We also have
0
F((0,0,0)) = {bf2(0,0,0) | be R} = 0 beRR
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Thus a curve in Zg (0,0,0) has the form

0 1
t— [0 0 af(t)
00 O
for a function a having whatever properties might be induced from the open-loop subfamily

Os o one is using, e.g., locally integrable, locally essentially bounded. A curve in & ((0,0,0))

has the form
0

t— [ 0
b(t)
for a function b having whatever properties might be induced from the open-loop subfamily
Og.,1 one is using. Trajectories for the linearisation about (0,0,0) then satisfy

o] [0 1 07 [u@®) 0
O2(t) = [0 0 a(t)| |v2(®)| + | O
03(t) 00 0 v3(t) b(t)

Note that this is not a fixed time-varying linear system, but a family of these, since the
function a is not a priori specified, but is variable.

Next let us look at two instances of linearisation about a reference flow by choosing the
two reference flows X7 = fp and Xy = fo+ fi. We use coordinates ((z1, z2, x3), (v1, v2,v3))
for TR® and we compute

0 0 0 0 0 0
Xj T2 o1 + vg doy’ 2 T2 o1 + x3 979 + U28 . + v3 90y
If t — Y (t) is a time-dependent vector field with values in & (IR%), then

0 0 0
Y; = t t)fo = xo—— t)zg—— t)=—,
v = fotvi()fi +12(t)fo g + v ( )163(%2 + v )8503
for functions vy and vy whose character is determined by the open-loop subfamily @ ;. The
linearisation about the two reference flows are described by the differential equations

&1(t) = 22(t), @1(t) = 22(t),

Eo(t) = 0; Eo(t) = w3(t);

i3(t) =0, i3(t) =0,

01(t) = va(t) + z2(t), 01(t) = va(t) + z2(t),
Oa(t) = vi(t)xs(t), Oa(t) = v3(t) + vi(t)xs(t),
03(t) = va(1), 03(t) = va(1),

respectively.  The linearisations about (X7, (0,0,0)) and (X»,(0,0,0)) will be time-
independent since the vector fields X; and X5 are time-independent, and we easily de-
termine that these linearisations are given by

By (t) 010
ba(t)| = [0 0 0] |wa()| +| O
is(t) 00 0
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1 (1) 0 1 0] [vi(¥) 0
?)2(15) =10 0 1 UQ(t) + 0 ,
3(t) 0 0 0 [uvs(t) va(t)

respectively. These are exactly the two distinct linearisations we encountered in Exam-
ple 1.1. Thus we can see here what was going on in Example 1.1: we were linearising
about two different reference flows. This also highlights the dangers of explicit and fixed
parameterisations by control: one can unknowingly make choices that affect conclusions.

We comment that the reason this example does not meet the conditions of Proposi-
tion 9.20 is that the vector fields f; and fo are not linearly independent at (0,0,0). The
distribution generated by these vector fields has (0,0, 0) as a singular point. These sorts of
matters will doubtless be interesting in subsequent studies of geometric control systems in
our framework.

Finally, using Lemma 9.22, we can easily conclude that this system is linearly control-
lable. °

10. Future work

There is a lot of control theory that has yet to be done in our framework of tautological
control systems. In this closing section, we discuss a few avenues for future work, and
provide a few preliminary ideas related to these directions.

10.1. Controllability. The controllability of nonlinear systems comprises a vast and diffi-
cult component of the geometric control theory literature. A number of papers have been
published addressing the seemingly impenetrable nature of the problems of controllabil-
ity [Agrachev 1999, Bianchini and Kawski 2003, Kawski 1990a, Kawski 1990b, Kawski
2006, Sontag 1988]. Despite this, there has been substantial effort dedicated to determining
sufficient or necessary conditions for controllability [Agrachev and Gamkrelidze 1993, Bac-
ciotti and Stefani 1983, Bianchini and Stefani 1984, Bianchini and Stefani 1986, Bianchini
and Stefani 1993, Haynes and Hermes 1970, Hermes 1974, Hermes 1976a, Hermes 1976b,
Hermes 1977, Hermes 1982, Hermes and Kawski 1987, Kawski 1987, Kawski 1988, Kawski
1991, Kawski 1998, Kawski 1999, Stefani 1986, Sussmann 1973, Sussmann 1978, Sussmann
1983, Sussmann 1987, Sussmann and Jurdjevic 1972]. The problem of controllability has
a certain lure that attracts researchers in geometric control theory. The problem is such a
natural one that it feels as if it should be possible to obtain complete results, at least in
some quite general situations. However, this objective remains to be fulfilled.

Our view is that one of the reasons for this is that many of the approaches to control-
lability are not feedback-invariant. An extreme example of this are methods for studying
controllability of control-affine systems, fizing a drift vector field fy and control vector fields
fi,.-+, fm, and using these as generators of a free Lie algebra. In this sort of analysis, Lie
series are truncated, leading to the notion of “nilpotent approximation” of control systems.
These ideas are reflected in a great many of the papers cited above. The difficulty with this
approach is that it will behave very badly under feedback transformations, cf. Example 1.1.
This is discussed by Lewis [2012].

One approach is then to attempt to find feedback-invariant conditions for local control-
lability. In the first-order case, i.e., the more or less linear case, this leads to Definition 9.23;
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see also [Bianchini and Stefani 1984]. Second-order feedback-invariant conditions are con-
sidered in [Basto-Gonccalves 1998, Hirschorn and Lewis 2002]. Any attempts to determine
higher-order feedback-invariant controllability conditions have, as far as we know, met with
no success. Indeed, the likelihood of this approach leading anywhere seems very small,
given the extremely complicated manner in which feedback transformations interact with
controllability conditions.

Therefore, the most promising idea would appear to be to develop a framework for
control theory that has feedback-invariance “built in.” It is this that we have done in this
paper. In his PhD thesis, Aguilar [2010] provides a class of control variations that is well-
suited to our feedback-invariant approach. Aguilar and Lewis [2012] have used these control
variations to completely characterise controllability of a class of homogeneous systems. It
will be an interesting project to apply the variations of Aguilar in our framework to see
what sorts of conditions for controllability naturally arise.

10.2. Optimal control and the Maximum Principle. It should be a fairly straightforward
exercise to formulate optimal control problems in our framework. Also, our approach to
linearisation in Section 9 already provides us with the natural means by which needle vari-
ations can be transported along reference trajectories, and so one expects that an elegant
version of the Maximum Principle of Pontryagin, Boltyanskii, Gamkrelidze, and Mishchenko
[1961] will be possible. There will be a resemblance in this to the work of Sussmann [1998],
who provides already a satisfying formulation of the Maximum Principle on manifolds. In
the same way as the natural feedback-invariance of our formulation should aid in the study
of controllability, it should also aid in the study of higher-order conditions for optimality.
In geometric control theory, the study of so-called singular extremals (those not charac-
terised by the Maximum Principle) is problematic for multi-input systems, so hopefully our
approach can shed light on this.

As outlined in Section 8.8, problems in sub-Riemannian geometry fit naturally into the
tautological control system framework, and can likely be handled well by a theory of optimal
control for tautological control systems.

10.3. Feedback and stabilisation theory. There are, one could argue, three big problems
in control theory. Two, controllability and optimal control, are discussed above. The
third is stabilisation. This problem, being one of enormous practical importance, has been
comprehensively studied, mainly from the point of view of Lyapunov theory, where the
notion of a “control-Lyapunov function” provides a useful device for characterising when a
system is stabilisable [Clarke, Ledyaev, Sontag, and Subotin 1997] and for stabilisation if one
is known [Sontag 1989]. Our view is that Lyapunov characterisations for stabilisability are
important from a practical point of view, but, from a fundamental point of view, merely
replace one impenetrable notion, “stabilisability,” with another, “existence of a control-
Lyapunov function.” This is expressed succinctly by Sontag.

In any case, all converse Lyapunov results are purely existential, and are of
no use in guiding the search for a Lyapunov function. The search for such
functions is more of an art than a science, and good physical insight into a
given system plus a good amount of trial and error is typically the only way to
proceed.—Sontag [1998, page 259]
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As Sontag goes on to explain, there are many heuristics for guessing control-Lyapunov
functions. However, this is unsatisfying if one is seeking a general understanding of the
problem of stabilisability, and not just a means of designing stabilising controllers for classes
of systems.

It is also the case that there has been virtually no work on stabilisability from a geometric
perspective. Topological characterisations of stabilisability such as those of Brockett [1983]
(refined by Orsi, Praly, and Mareels [2003] and Zabczyk [1989]) and Coron [1990] are
gratifying when they are applicable, but they are far too coarse to provide anything even
close to a complete characterisation of the problem. Indeed, the extremely detailed and
intricate analysis of controllability, as reflected by the work we cite above, is simply not
present for stabilisability. It is fair to say that, outside the control-Lyapunov framework,
very little work has been done in terms of really understanding the structural obstructions
to stabilisability. Moreover, it is also fair to say that almost none of the published literature
on stabilisation and stabilisability passes the “acid test” for feedback invariance that we
discuss in Section 1.1. For researchers such as ourselves interested in structure, this in an
unsatisfying state of affairs.

Our framework provides a natural means of addressing problems like this, just as with
controllability and optimal control, because of the feedback-invariance of the framework.
Indeed, upon reflection, one sees that the problem of stabilisability should have some rela-
tionships with that of controllability, although little work has been done along these lines
(but see the PhD thesis of Isaiah [2012]). This area of research is wide open [Lewis 2012].

10.4. Linear system theory. Our definition of linearisation suggests an immediate general-
isation from tangent bundles to vector bundles. Let us quickly see how it will work, making
no pretence to the level of generality of the main body of the paper.

10.1 Definition: (Linear vector field) Let r € {co,w} and let 7: E — M be vector bundle
of class C". A vector field X € I'"(TE) is linear if

(i) X is m-projectable, i.e., there exists a vector field #X € T"(TM) such that
Te,m(X(ez)) = mX(z) for every x € M and e, € E;, and

(ii) X is a vector bundle mapping for which the diagram

E—X_TE

commutes. °

The prototypical linear vector field is the tangent lift X7, which is a linear vector field
on the vector bundle mrp: TM — M according to the preceding definition. One may show
that flows of linear vector fields are such that the diagram

CI)X
E—>E
M——M

X
q>t
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commutes and ®;X|E, is an isomorphism of E, with Egrx (q) [Kolar, Michor, and Slovék
1993, Proposition 47.9].

Vertical lifts are also easily defined for vector bundles. We first define the vector bundle
map vift: 7*E — TE as follows. Let x € M and let e,, f, € E,. The vertical lift of f, to
e, is given by

vift ez, fo) = $il,_g (€2 + f2)-

Now, if £ € T'°°(E), we define ¢V € T'°°(TE) by ¢V (e) = vift(es, &(2)).
One also has the notion of a projectable presheaf of vector fields on a vector bundle.

10.2 Definition: (Projectable presheaf on a vector bundle) Let r € {oo,w}, let
m: E — M be a vector bundle of class C", and let & be a presheaf of sets of vector fields of
class C" on E. The presheaf & is projectable if

GW) ={ZW| Ze G (x(W)))}. .

One also has the more or less obvious notion of presheaves of sets of sections of E.

10.3 Definition: (Presheaf of sets of sections) Let r € {oo,w} and let 7: E — M be
a vector bundle of class C". A presheaf of sets of C"-sections of E is an assignment,
to each open set U C M, a subset & (U) of I'"(E|U) with the property that, for open sets
U,V C M with V C U, the map

v F (W) — I (TV)
€V

takes values in & (V). Elements of & (U) are called local sections over U. .

One also has an analogue of Lemma 9.5 for vector bundles, which makes sense of the
following, final, definition.

10.4 Definition: (Linear system) Let r € {oo,w} and let 7: E — M be a vector bundle
of class C". A C"-linear system on E is a C"-tautological control system & = (E, %),
where the projectable presheaf of sets of vector fields & is characterised uniquely by the
requirement that, for every open subset U C M,

F @ W) ={X +Y" | X e KH(»~' (W), Y € Fi(W)},

where % is a projectable presheaf of sets of linear vector fields on E and & is a presheaf
of sets of sections of E. °

This is then a class of tautological control systems containing linearisations of tau-
tological control systems as a special case. One is then interested in what one can say
about problems of control—controllability, optimal control theory, stabilisation—for these
systems. An approach to this is presented in [Lewis and Tyner 2010] for control-affine sys-
tems. In [Colonius and Kliemann 2000, Chapter 5] one can find a setup along these lines,
but with a decidedly different perspective.



MATHEMATICAL MODELS FOR GEOMETRIC CONTROL THEORY 185

10.5. The category of tautological control systems. In Section 8.7 we introduced mor-
phisms between tautological control systems with the objective of showing that our frame-
work is feedback-invariant. The notion of morphism we present is one that is natural and
possibly easy to work with. It would be, therefore, interesting to do all of the exercises
of category theory with the category of tautological control systems. That is, one would
like to study epimorphisms, monomorphisms, subobjects, quotient objects, products, co-
products, pull-backs, push-outs, and various functorial operations in this category. Many
of these may not be interesting or useful, or even exist. But probably some of it would be
of interest. For example, Tabuada and Pappas [2005] study quotients of control systems,
and Elkin [1999] studies various categorical constructions for control-affine systems.

10.6. Real analytic chronological calculus. As we have mentioned a few times, the treat-
ment of real analytic time-varying vector fields by Agrachev and Gamkrelidze [1978] is
carried out under very restrictive hypotheses, namely that the real analytic vector fields are
required to admit bounded holomorphic extensions to a fixed neighbourhood in the com-
plexification whose width is bounded uniformly from below. Even in the case of compact
real analytic manifolds, this is a severe restriction. With the theory of real analytic time-
varying vector fields presented in this paper, a fully functioning real analytic chronological
calculus ought to be feasible.

Moreover, the results that we have proved above allow a strengthening of the exist-
ing results of Agrachev and Gamkrelidze [1978], even in the smooth case, in the following
way. Agrachev and Gamkrelidze do everything “weakly.” By this we mean the following.
Vector fields are characterised by Agrachev and Gamkrelidze by what they do to func-
tions, i.e., they use what we call the weak-% topology. In Theorems 3.5, 3.14, and 5.8 we
see that this is equivalent to working directly with the appropriate topologies for vector
fields. Probably this is well understood in the finitely differentiable and smooth cases, but
in this paper we have understood that this is also true in the real analytic case. Also, when
dealing with matters such as measurability, integrability, and absolute continuity, Agrachev
and Gamkrelidze reduce to the scalar case by first composing all objects with the evaluation
functionals ev, as in the proof of Theorem 6.3 (and by implication, in the proofs of Theo-
rems 6.9 and 6.21), and defining and computing with the scalar versions of these notions.
However, Theorems 6.4, 6.10, and 6.22 ensure that this is equivalent to doing computations
in the spaces of finitely differentiable, smooth, or real analytic vector fields. Again, perhaps
this is understood in the finitely differentiable and smooth cases, but we have shown that
this is also true in the real analytic case.

Thus, combining the preceding two paragraphs, one should be able to develop the
chronological calculus of Agrachev and Gamkrelidze [1978] into a more powerful and broadly
applicable tool.
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