i virtute ¢
Q»“ Ca,,o
)

SCUOLA INTERNAZIONALE SUPERIORE DI STUDI AVANZATI
INTERNATIONAL SCHOOL FOR ADVANCED STUDIES

CONTROLLABILITY ON THE GROUP OF

DIFFEOMORPHISMS

Supervisor Candidate

Prof. Andrei A. Agrachev Marco Caponigro

Thesis submitted for the degree of
“Doctor Philosophise”

Academic Year 2008/2009






To my Promise






Contents

Introduction

1

Preliminaries and geometric control theory

1.1 Control systems . . . . . .. .. ... ... ... .
1.2 Operators on the algebra of smooth functions . .
1.3 Families of vector fields and exponentials . . . .
1.4 Action of diffeomorphisms on vector fields . . . .
1.5 Basic elements of chronological calculus . . . . .
1.6 The C*® topology . . . . .. .. ... ... ....
1.7 The group of diffeomorphisms . . . . . .. .. ..
1.8 Attainablesets . . . ... ... ... ... ...
1.9 Relaxation. . . ... ... ... ... .......

Controllability of discrete-time dynamics

21 Jets ..o
22 Getthejet . ... ... ...
2.3 The homogeneous case . . . . . . ... ... ...
2.4 Adding drift and smoothing . . . ... ... ...

Controllability on the group of diffeomorphisms
3.1 Statement and corollaries . . . . ... ... ...
3.2 Proofstrategy . . . . . ... ...
3.3 A direct proof of surjectivity . . . .. ... ...
3.4 Proof of Theorem 3.1. . . ... ... .. .....

Generalized implicit function theorems

4.1 Motivation . .. ... ... ...
4.2 The Nash-Moser cathegory . . . ... ... ...
4.3 An inverse function theorem by Nash and Moser

4.4 A conjugacy problem and the implicit function theorem with quadratic

CITOr . . . . . . o v o v o e e e e e e e e e e e

An application of the Nash—Moser method to the exponential map

5.1 Invertibility of the differential of the exponential map . . ... . ..

5.2 Tame Estimates. . . . . . . . . .. .. ... ...

5.2.1 Tame estimates for the change of coordinates . . . . . . . ..

5.2.2 Tame estimates for /:1 ...........
5.2.3 Tame estimates for A=1 . . . . ... ...

5.3 Open problems about small perturbations of the exponential map . .

Bibliography

i o

0 g O Ot W N -

17
17
18
20
21

27
27
29
31
35

37
37
38
42

43

47
53
54
o7
o7
60

65






Introduction

In this thesis we study sufficient conditions for a family of flows on a smooth manifold
M to generate the group Diffy(M) of all diffeomorphisms of M that are isotopic to
the identity. The problem arises in the framework of control theory. Indeed, consider
a driftless control-affine system

m

¢=> ui(t,q)filg), g€ M. (1)

i=1

Given a family of vector fields F = {f1, ..., fim}, a natural question is to study what
kind of dynamics we can realize by an appropriate choice of the time-dependent
feedback controls (u1(t,q),...,umn(t,q)). In particular we will focus on dicrete-time
dynamics and, in fact, the problem we treat is to find, given a diffeomorphism P,
controls such that the flow of system (1) at a fixed time is, at least approximately,
equal to P. This problem is an application of a slightly more general geometrical
argument, that is: consider the exponential map exp : f € VecM +— exp(f) €
Diffy(M) mapping a vector field to the flow, at time 1, generated by the equation

q:f(Q)’ qge M.

Under what conditions on a family F C Vec M the group generated by exp(F) is
the whole group Diffy(M)?

If the manifold M is compact and F = Vec M then the result follows from the
simplicity of the group Diffo(M) showed by Thurston in [40]. Indeed, flows are just
one-parametric subgroups of Diffy(M) and all one-parametric subgroups generate a
normal subgroup. In other words, any diffeomorphism of M isotopic to the identity
can be presented as composition of exponentials of smooth vector fields.

In the framework of control theory, in the interesting cases, the system cannot evolve
along all the possible directions but only along a prescribed vector distribution. If the
manifold is connected and the distribution is completely nonholonomic, or bracket
generating ,then any two points of the manifold can be connected by a curve whose
velocity belongs to the distribution. In other words the corresponding control system
is completely controllable. This is the statement of a classical result in control theory
due to Rashevsky [30] and Chow [11].

The main result of this thesis, Theorem 3.1, states that bracket generating dis-
tributions provide not only controllability on M but also exact controllability on the
group of diffeomorphisms on M. More precisely, any diffeomorphism isotopic to the
identity can be presented as a composition of exponentials of vector fields belonging
to the prescribed vector distribution. In fact, a stronger result is valid since any
diffeomorphism sufficiently close to the identity can be presented as a composition
of 1 exponentials, where the number ;1 depends only on the distribution. The exact
statement is as follows.
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Theorem. Let M be a compact connected manifold, F C VecM be a family of
smooth vector fields, and let GrF = {ef/1 o ... 0elfk : t; € R, f; € F k € N}.
If GrF acts transitively on M, then there exist a neighborhood O of the identity in
Diffo(M) and a positive integer p such that every P € O can be presented in the

?07m
al’l a J7
P—e o---0¢€ 5

for some fi,..., fu € F and ay,...,a, € C®(M).

The main strategy to handle this kind of problems consists in studying analytical
properties of the exponential map. For example, the result above is a consequence
of the fact that a map which is a particular product of exponentials is locally onto.
Moreover, natural generalizations arising in control theory lead to investigate how
small perturbations of this product of exponentials affect its invertibility. This is
the case when studying system (1) dealing with controls of a certain regularity or
when considering the system with a drift.

The structure of the thesis is as follows.

In Chapter 1 we introduce the language of geometric control theory and we state
some classical results such as the mentioned Rashevsky—Chow Theorem and the
Orbit Theorem. In Section 1.9 we prove a first partial result showing that the group
generated by the exponentials of vector fields in a bracket generating distribution is
dense in the connected component of the identity of the group of diffeomorphisms.

In Chapter 2 we deal with a bracket generating control-affine system with drift
fo on the real space RY, i.e.

m

q=folg) + > _wilt,a)fi(q), ¢e€R™. (2)

i=1

When studying dynamics of system (2) it is natural to work with time—varying
feedback controls. Indeed, if w; are continuous feedback controls not depending
on time then we cannot expect system (2) to have locally asymptotically stable
equilibria neither in the case fy = 0, as it was observed by R. Brockett in [8]. J.-
M. Coron suggested to use time—varying feedback controls, periodic with respect to
time, for system (2) and proved that asymptotic stability can be successfully achieved
by a smooth time—varying feedback (see [12, 13] or [14, section 11.2]). Therefore,
since similar results hold true also in the discrete-time case, we need, in order to
realize discrete-time dynamics, to work with time—varying feedback controls, even
though we do not deal with continuous—time dynamics and stabilization. The main
result of this chapter, Theorem 2.6, states that almost every kind of discrete-time
dynamics can be realized by an appropriate choice of the time—varying feedback
control. More precisely, let Fy : ¢(0) — ¢(1) be the transformation of R? which
sends the initial value of any solution of system (2) to its value at ¢t = 1. Let
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P € Diffo(R?), Op be a C*®-neighborhood of P, and N be a positive integer, then
there exists a time-varying feedback control u = (uy,...,u,,) such that Fy, € Op
and the N-jets of Fy and P at the origin coincide. Therefore the diffeomorphism P
can be approximated, in a very strong sense, by a diffeomorphism included in the
flow generated by a time—varying feedback control. Moreover, the controls can be
taken polynomial with respect to ¢ and trigonometric polynomial with respect to ¢.
The proof makes use of the classical implicit function theorem applied to the map

1 m
(U, ... Up) € Urs JY <e¥f>/0 Zui(t,-)fidt> e JV(Diffo(RY)),  (3)
i=1

that, together with the mentioned relaxation result of Section 1.9, guarantees global
surjectivity. Finally, by Brouwer fixed point Theorem, it is possible to prove that
small perturbations of the map are surjective too. This argument implies that the
regularity assumptions for the controls are not restrictive and, moreover, allows to
consider control-affine systems with drift.

Since Theorem 2.6 holds true for every fixed integer N, it is natural to ask
whether it is possible to realize not only the IN-jet but also the whole diffeomorphism.
In Chapter 3, Theorem 3.1 answers positively in the driftless case (i.e. fo =0) and
when M is a compact manifold. Moreover the proof is rather elementary and, again,
it is based on the local invertibility of the map

F: Cc>U)* - Diff(U) (1)

(ala" . 7a'd) — e No... OeadXd‘U7
for a given neighborhood of the origin U C R? and given vector fields X71,..., Xy
linearly independent at 0. Then a geometric idea based on Orbit Theorem of Suss-
mann (see [39]) allows us to write a diffecomorphism in the image of F' as the flow,
at time 1, of a system of the form (1).
As a corollary we have that controllability of a system of vector fields on a compact
connected manifold M implies a certain “controllability” on the group of diffeomor-
phisms Diffo(M). Indeed, if F is a bracket generating family of vector fields, then,
by Rashevsky—Chow Theorem, the system is completely controllable. That is, for
every pair of points qg,q1 € M there exist t1,...,tx € R and f1,..., fr € F such
that

Go = q1 0 eftfio. .. Oetkfk7

and, by Theorem 3.1, for every diffeomorphism P € Diffo(M) there exist ay,...,ap €
C>®(M) and g1,...,g¢ € F such that

P =e"9" 00",

In other words, if it is possible to join every two points of the manifold M by
exponentials of vector fields in F, then we can realize every diffeomorphism isotopic
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to the identity as composition of exponentials of vector fields in F rescaled by
suitable smooth functions.

The second part of the thesis (Chapter 4 and 5 ) is mainly devoted in study-

ing analytical properties of the exponential map. A first problem is to determine
whether implicit function theorem applies. Indeed, in Chapter 2 the applicability of
the implicit function theorem to the map (3) is crucial to allow small perturbation
of this map to be surjective too. Differently from map (3), the domain and the
image of map (4) are infinite dimensional Fréchet spaces, and, therefore, classical
implicit function theorem does not apply. This is due to the “loss of derivatives”.
Indeed, while the exponential map sends C* vector fields into C* diffeomorphisms,
its differential has an unbounded right inverse. In fact, the inverse maps the space
C* into C*~1,
The problem of solving F'(x) = y, near a given point xg, in the case in which F’(x)
is invertible but with unbounded inverse has been of great interest in literature
since the famous work of Nash [27] on isometric embedding in R™ of Riemannian
manifolds. In this work Nash showed the basic idea for a technique that Jiirgen
Moser developed in [26] for a general approach to such problems. This method re-
quires the invertibility of F’(z) in an open neighborhood of xg. The main idea of
this technique is to replace the usual Picard iteration method used in the classical
implicit function theorem with a modified Newton iteration scheme. The speed of
convergence of this iteration scheme is sufficiently strong to compensate the diver-
gences in the scheme due to the “loss of derivatives”. The technique boasts a lot
of extensions and applications showing its power and versatility. For example, we
mention Sergeraert [36], that stated the theorem in terms of a category of maps
between Fréchet spaces. Generalizations to implicit function theorems have been
given by Zehnder [28, Chapter 6], and Hamilton [17, 18]. A great number of appli-
cations have been made in almost every branch of mathematics. To cite just a few,
we mention the applications made by Nash [27], Jacobowitz [21], and Gromov [16]
to isometric embeddings, by Moser and Zehnder [41] to small divisor problems , by
Hormander [20] to problems in gravitation, by Beale [6] to water waves, by Scha-
effer [33, 34] to free boundary problems in electromagnetics, by Sergeraert [37] to
catastrophe theory, and by Hamilton [19] to foliations.

Depending on the applications one has in mind there are many way to state the
generalized implicit function theorems, usually called Nash—Moser implicit function
theorems. In Chapter 4 we present two statements. First we present a Hamilton’s
version (see [19]). This result is used in Chapter 5 to show not only that the product
of exponential (4) is locally onto but also that its differential is surjective. Moreover
an explicit formula for the inverse of the differential is provided. We conclude in
Section 5.3 with the conjecture that this property allows small perturbations of the
map to be surjective, like in the finite dimensional case of Chapter 2. In order to
achieve this result we present also a Zehnder version (see [28, Chapter 6]) of the



generalized implicit function theorem that does not require the differential to be
invertible in an open set but just the existence of an “approximate right inverse”.
Finally, we present this result as an application of a conjugacy problem by Moser
(see [26]) that shows how the iteration scheme works under the weaker hypotesis of
existence of an “approximate right inverse”.






CHAPTER 1

Preliminaries and geometric control
theory

The present chapter is mostly an introduction to the language employed in the
thesis and a brief presentation of geometric control theory. It contains definitions
and results in geometric control theory and its related areas of mathematics, such as
differential geometry and functional analysis. The topics treated in this chapter are
only sketched and for a deep study in control theory we refer to two cornerstones
as [4] and [23]. We took also inspiration from the lecture notes [22]. The result of
Section 1.9 firstly appears in our paper [2].

1.1 Control systems

Let M be a smooth d-dimensional connected real manifold. Throughout this text
smooth means C*°. By a control system we mean a system of the form

q=fulq), geM, uel, (1.1)

where ¢, called state, takes values in the manifold M and u, called control, takes
values in a set U that is an arbitrary (usually closed) subset of R™. We call M
the state space of the system and U the control set or space of control parameters.
For every u fixed f, is a smooth vector field in Vec M and the system equation
G = fu(q) defines a single dynamical system. A control system can be seen as a
family of dynamical systems or, similarly, as a dynamical system whose dynamical
laws are not fixed as they are in the problems of classic physics but they depend on
the control parameters with which one can control the behavior of the system. The
basic challenge is to understand the effects of the controls on the dynamics of the
system.
The control system (1.1) is often written in the form

This notation is useful when the control u is a function. It is important to point out
that for every u € U, f(-,u) is a single object, a vector field on M.

1
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If the control w is a curve in the space of control parameters, namely a measurable
and locally bounded function u : R — U, then u is called classical control. The
corresponding trajectories are integral curves of the time—varying vector field ¢ —
fla,u(?)).

A control u is called feedback control if u is a smooth function of the state g € M.
The corresponding system ¢ — f(q,u(q)) is called closed-loop system.

Finally, a control can be a combination of both types, that is, a mapping v :
R x M — U. Such a control is called time—varying feedback control.

In the following we deal also with special classes of nonlinear systems. A control-
affine system is a control system of the form

q=fole)+> uifi, ¢geM, (1.2)
=1

where U = R. The vector field fy is called drift. We say that a system is driftless
or homogeneous (with respect to control) if it is of the form (1.2) with fy = 0.

1.2 Operators on the algebra of smooth functions

There is a natural way to associate to points, diffeomorphisms, and vector fields on
the manifold M operators on the algebra C°°(M) of real valued smooth function on
the manifold M. We define the operations of addition, multiplication, and multi-
plication by a scalar on C°°(M) pointwise. That is, if a,b € C>*°(M), a € R, and
q € M then

(a+0b)(q) = alg) +b(q),
(ab)(¢) = alq)b(q),
(aa)(q) = aa(q).

The space C*°(M) endowed with the operations above is a commutative algebra on
R.
We associate to every point ¢ € M the evaluation operator

g: C*M) — R
a  — ag),

that is a homomorphism of the algebras C*°(M) and R.

If V' is a smooth vector field and a a smooth function on M, then Va denotes the
smooth function ¢ — V(¢)(a), namely the derivative of a along the direction V(q).
To a smooth vector field V' then corresponds a derivation on the algebra C'°°(M),
that is a linear operator

V:C®M)— C*(M),
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that satisfies Leibniz rule, namely
V(ab) = V(a)b+aV(b), a,be C*(M).
Finally, any diffeomorphism P on M naturally defines an automorphism
P:C*(M)— C>®(M),
of the algebra C*°(M) as follows:

(Pa)g =a(P(q)), q€ M, ac C®(M).

1.3 Families of vector fields and exponentials

It is natural to expect that basic properties of a control system depend on intercon-
nections between the different dynamical systems corresponding to different con-
trols. We represent our dynamical systems (1.1) by the family of vector fields
F = {fu : uwe U}. This allows us to work with the geometric structure of the
control system in a coordinate independent way.

We denote by Vec M the Lie algebra of smooth vector fields on M. In order to
define the Lie bracket we need to look at smooth vector fields as derivations on the
algebra C*°(M).

Definition 1. Given V,W € Vec M, their Lie bracket [V, W] is defined by
V,W]a=W(Va)—-V(Wa), foraeC®(M).
Definition 2. Given V,W € Vec M. We say that V and W commute if [V, W] = 0.

The Lie bracket of two vector fields is another vector field which, roughly speak-
ing, measures noncommutativeness of the flows of both vector fields.

The space of vector field Vec M endowed with the product given by the Lie
bracket is a Lie algebra. Given a family of vector fields F we denote by Lie(F) the
Lie algebra generated by vector fields in F. Namely, Lie(F) is the smallest vector
subspace V of Vec M such that [f,V] C V for every f € F. In general Lie(F) is an
infinite-dimensional subspace of Vec M.

Given g € M, Liey F denotes the algebra of tangent vector f(q) with f € Lie(F). It
follows that Lie; F is a linear subspace of T; M and hence it is finite-dimensional.

Definition 3. If a family F is such that
Lie, F =T,M  for every q € M , (1.3)

we say that the family is bracket generating or completely nonholonomic. Condi-
tion (1.3) is sometimes called Hormander condition.
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Definition 4. A vector field V' € Vec M is said to be complete if, for every qo € M,
the solution of the Cauchy problem

{q(t) = V(a(t) (1.4)
9(0) = qo,

is defined for every t € R.

We call nonautonomous vector field a path V; on Vec M
t—V, VieVecM, teR,
locally integrable with respect to ¢t € R.

Definition 5. A nonautonomous vector field V; is said to be complete if, for every
to € R and qg € M, the solution of the Cauchy problem

{ Q1) = Vila(t)) (15)
q(to) = qo,

is defined for every t € R.

If M is a compact manifold then every vector field is complete. When M = R?
we assume that every vector fields under consideration satisfies the growth condi-
tion Vi(q) < ¢(t)(1 + |q|), where ¢ is a locally integrable function. Under these
assumptions every vector field in this thesis can be supposed complete without loss
of generality.

Let V € Vec M, then the map which associates with any gqg € M the value of

the solution of
q@t) = Viq(®))
a0) = q,
evaluated at a fixed time t, is a diffeomorphisms from M into itself, denoted by

eV gy — etv(

) »

and called the flow of V at time t. If t = 1 we also call this map the exponential of
V.

Similarly, if V; is nonautonomous vector field, then the map which associates
with any qo € M the value of the solution at a fixed time ¢ of system

{ i(t) = Vi(q(t))
q(to) = q,
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is called (right) chronological exponential of V; and it is denoted by

t
exp | Vidr:M — M. (1.6)

to
The map
V € Vec M +— e" € Diffo(M)

that associates to every vector field its exponential is called exponential map. When
it does not create ambiguity we will call exponential map also a map that associates
to a nonautonomous vector field its chronological exponential at a fixed time, or,
given a control system, that associates the control to the flow, at time fixed, of the
system.

1.4 Action of diffeomorphisms on vector fields

Every diffeomorphism P € Diff (M) naturally defines the following transformation
of a vector field V:
AdPV(p)=PoVoP ! ¢qeM.

In fact, Ad P is the linear operator on Vec M corresponding to a change of coor-
dinates P. The coordinate change p = P(q) transforms the differential equation
p = V(p) into the equation ¢ = V(q) where V = Ad PV. Another notation used to
denote the action of the group of diffeomoprhisms Diff (M) on the algebra of vector
fields Vec M is

P, =AdP.

The operation Ad P is a linear operator on the space of vector fields on M.
Namely, let V, W be vector fields on M and A\, u € R then

AdPAV +uW) =XAdP(V)+ pAdP(W).
If @ is another diffeomorphism on M, then
Ad(PoQ)V =AdPAdQV .
Moreover an easy computation gives

AdP[V,W] = PoVoWoP !'—-PoWoVoP!
[Ad PV, Ad PW].

Now let Pt = etV be the flow of V, then we have

d t d t t\—1
—(AdPW)| = ZPloWo (P)T _,
= VoW -WoV

= [V,W]. (1.7)
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We set

d t
adV = = AdP'|_,.

then, ad V' is the linear operator on the algebra Vec M that satisfies
(ad V)W = [V, W].

Let V,W € Vec M, a be a smooth function on M, and P a diffeomorphism, then
the following identities hold

(adV)(aW) = (Va)W +a(ad V)W,
(AdP)aV = (Pa)AdPV.

1.5 Basic elements of chronological calculus

The chronological calculus is a mathematical tool that allows intrinsic description
and manipulation of nonlinear objects and dynamics. It has been first developed
by Agrachev and Gamkrelidze in [3]. In this section we give some simple properties
related to this tool that we use in the sequel. In this section V, and W, denote
nonautonomous vector fields

First, note that it follows from the definition that the chronological exponential
satisfies the differential equation

t t
4 e?ﬁ/ VTdT:ex_f)/ V,droV;.

Moreover, in the sequel we use the following simple properties of the chronological
exponential

—_— t — t2 — t2
exp / Vi dro exp Vrdr =exp Vydr,
to t1 to

— t — to
exp Vedr = (exp / V: d7'>
t1

to

-1

By the relation (1.7) it follows
—_— ¢ —_— t
exp/ ad V; dr = Ad exp/ V. dr. (1.8)
0 0

Thus, if P! =exp fg V, dr then the family of operators Ad P! satisfies the ODE

%AdPt = AdPtoadV;,

Ad PO = 1Id.
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In the case of an autonomous vector field V' relation (1.8) is as follows

GadV _ A gtV

We now show a simple identity, called variation formula, describing the flow of
a perturbed vector field. Let P! =exp fot V., dr, the flow of the vector field V, + W,
can be written as follows:

t t
e?b/ (VT+WT)dr:ex—f>/ (Ad P7YW, dr o Pt (1.9)
0 0

Namely, the perturbed flow is a composition of the flow P! with the flow of the
perturbation W' twisted by P?. Similarly, for autonomous vector fields V, W we
have

t
—
VW) —exp / e VW dr o etV
0

If Vi(s) is a nonautonomous vector field smoothly depending on a parameter s,
then from variation formula easy follows the identlty below, very useful to compute

the differential of the exponential map. Let Pt(s) = exp fo s)dr then
2Pt( ) = / (AdP7(s))=— 6 s)dro ext / Vi ( (1.10)
Bs o ds P ‘

1.6 The C* topology

Here we focus on the space of smooth functions on a manifold and its topology. The
topics of this section can be found in every text of functional analysis, in particular
we refer to [32].

We denote by C°°(M) the space of infinitely differentiable functions from the
manifold M to R. We define a topology on C*°(M) which turns C*°(M) into a
Fréchet space. By Whitney’s Theorem, a smooth manifold M can be properly

embedded into RY for N sufficiently large. Consider the constant vector fields % ,
for i = 1,..., N, of the basis of VecRY. Denote by h;, for i = 1,. N the vector
field on M that is the orthogonal projection, from RY to M, of - . Therefore,

hi,...,hn span the tangent space T;M at each point ¢ € M. NOW consider a
sequence of compact subsets K,, of M such that

oo
K, C Kpi1, and UKn:M.

Then, we define the family of seminorms || - [[cn(k,,) on C°°(M) as follows

Ha’HCn(KH) = Sup{‘hil ©---0 hlka(q)| HVAS Kn70 < k < n7Z] € {17 .- 7N}} .



8 Preliminaries and geometric control theory

This family of seminorms defines the topology of C*°(M). A local base for this
topology is given by the sets

o 1
{aE C®(M) : ||allenk,) < n} .

We refer to the topology above as the C'° topology, or standard topology.

Thus C*°(M) is a Fréchet space, that is a complete metrizable locally convex topo-
logical vector space. Moreover, the space of smooth functions carries a more refined
structure being, in fact, the intersection of the Banach spaces C*¥(M), namely

C™®(M) = ﬁ CHM(M), where CFM)c CFY(M).
k=1

This fact leads, in Section 4.2, to the definition of tame space.
It is important to remark that C°°(M) is not normable.
Note that if M is compact (or precompact) then we can take K, = M for every n,
is such a case we set || - [ := || - [[cn(ar)-

If B is a neighborhood of the origin in R? then we call C$°(B) the closed subspace
of real smooth functions from B to R that vanish at the origin.

We define the seminorms for a vector field V € Vec M as

IV lln = sup{liValln : llaflner =1}

Then, we endow also Vec M and Diff (M) with the C* topology. As for C*°(M),
we will show in Section 4.2, that also these spaces carry the more refined structure
of tame space.

We conclude with the definition of seminorms for paths in the group of diffeo-
morphisms {P*}c(o1) C Diff(M) and for nonautonomous vector fields {V; },cp01] C
Vec M. We set

I{P'}elln = sup [P, and [{Vi}iln = sup [[Villn-
tel0,1] t€f0,1]

When it does not create ambiguity we replace the notation |[{ }¢||, with the more
readable || - ||,.

1.7 The group of diffeomorphisms

We denote by Diff (M) the set of all diffeomorphisms of M. Diff (M) is an infinite
dimensional Lie group. Indeed, it is an infinite dimensional manifold modeled on
the Fréchet space of smooth functions from R? to RY. Moreover, it is a group with

respect to the composition “o” with null element the identical diffeomorphism Id.
Finally the operation (P, Q) — P! o Q is smooth.
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We denote by Diffo(M) the connected component of Id of Diff (M).
The tangent space to Diff (M) at the identity is the Lie algebra of vector fields,
ie.

TId DIH(M) = Vec M .

Indeed, let P € Diffo(M). Consider a path P! € Diffq(M) such that P! = P and
P% = Id, then consider the nonautonomous vector field

Vi=(P) o %Pt,

which is such that .
P =exp / Vi dt.
0

Thus every diffeomorphism is the exponential of a nonautonomous vector field and,
in particular,

d
aP t‘t:O
for every path P! € Diffg(M) such that P’ = Id. In other words, we showed that
Vec M is the Lie algebra of the Lie group Diff (M).

In the case M = R then any orientation preserving diffeomorphism of R¢ is
isotopic to the identity. Indeed, let P be an orientation preserving diffeomorphisms
of R4, We can suppose without loss of generality that P fixes the origin just taking
the isotopy H!(t,:) = P — (1 — t)P(0). Now, rename for simplicity P := H'(0,")
and consider another isotopy

€ Vec M,

H2(t,q) = Plta)/t, t€ (0,1, and H(0,q) = lim P(tq)/t.
Since P is orientation preserving then H?(0,-) belongs to the connected component
of the identity of the group of linear invertible operators on R¢, GL*(d,R).
Definition 6. Given P € Diff M, we define the support of P as follows

suppP = {q € M : P(q) # q} .

We conclude with two definitions of subgroups of Diff (M) generated by expo-
nentials of vector fields in a family. Let F C Vec M be a family of vector fields we
set

Grf:{etlflo...oetkfk : tZGR,flef;keN}

Moreover, we define the group generated by exponentials of vector fields in F rescaled
by smooth functions as follows

GrgF = {e™1o...0e™k ; q; € C®°(M), f; € F,k € N}.

One of the purposes of this thesis is of study under what conditions on F these
subgroup are the whole group Diffy(M).
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1.8 Attainable sets

The basic challenge in control theory is to study what are the points of the manifold
reachable from a starting point by choosing various type of controls. The set of
points reachable is called attainable set or reachable set and, given a control system

q¢=f(u,q), qge M,ueU, (1.11)
is defined as follows.

Definition 7. The attainable set of the control system (1.11) with piecewise con-
stant controls u(t), from a point go € M for a time ¢ > 0 is

Ay (t) = {Pi(.)(qo) : u piecewise constant } C M,
where P! is the flow of system (1.11) associated to the control .
We define also the attainable set from gy € M for arbitrary nonnegative time,

that is
Agy = U Ago (t).

t>0

One of purposes of this thesis is to study the set of diffeomorphisms that are
flow, at time fixed, of the control system (1.11). We define the set of attainable
diffeomorphisms as follows.

Definition 8. The set of attainable diffeomorphisms of the control system (1.11)
with time—varying feedback controls u(t,q) for a time ¢ > 0 is

A, = {P! : u time-varying feedback control } C Diffo(M),
where P! is the flow of system (1.11) associated to the control w.

Given a family of vector field F the definition of attainable set for arbitrary
nonnegative time is

_AqO:{qOoetlflo---oetkfk : tiZO,fiEf,k‘EN}.

We also call A,, the attainable set of F by piecewise constant controls and, if
necessary, we highlight the dependence of Ay, on the family F using the notation
Ay (F). Consider now a larger set, the orbit of the family through a point go:

Op = {qooetlflo--'oet’“f’“:tieR,fie}“,kEN}
= {q@oP : PeGrF}.

Note that, in general, Ay, C O, . Indeed in the orbit we can move along integral
curves of F both forward and backward, while in the attainable set are contained
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only trajectories for positive time. If a family F is symmetric, namely if F = —F,
then the attainable sets coincide with the orbits, i.e. Ag, = Oy,.

A basic properties of families of vector fields is that their orbits are manifolds.
This is the statement of the “Orbit Theorem” that marks a point of departure for
geometric control theory.

Theorem 1.1 (Orbit Theorem, Sussmann). The orbit of F through each point q is
a connected submanifold of M. Moreover,

1,0, =span{qo AdPf : Pe GrF,f € F}, peO,.

The importance of this result for control theory comes also from the following
result that gives sufficient condition for controllability. Indeed, this classical result,
although independent, can be seen as a corollary of the Orbit Theorem.

Theorem 1.2 (Chow — Rashevsky). Let F be a bracket generating family of vector
fields. Then
Oy=M, foranyqe M.

As a consequence, we have that if F is a bracket generating family, then GrF
acts transitively on M. Namely, for every pair of points qg,q1 € M there exist
an element of P € GrF such that qo = P(q1). There is a classical result, due to
Lobry [25], which claims that Gr{fi, fo} acts transitively on M for a generic pair
of smooth vector fields (fi, f2), i.e. the set of pairs of vector fields (f1, f2) such
that Gr{f1, fo} acts transitively on M is an open dense subset of the product space
Vec M x Vec M.

Definition 9. We say that a system (or a family of vector fields) is completely
controllable if A, = M, for every g € M.

Hence, a system is completely controllable if there exists an admissible control,
and therefore an admissible trajectory, which drives any given point of the mani-
fold to any other point. As a corollary of Chow—Rashevsky Theorem we have the
following.

Corollary 1.3. A symmetric bracket—generating family on a connected manifold is
completely controllable.

The remark below, on the product of exponentials, directly follows from the
Orbit Theorem.

Remark 1. If F be a bracket generating family of vector fields, then by Chow—
Rashevsky Theorem O, = M for every ¢ € M and, therefore, by Orbit Theorem,
for every g € M, we have

TyM =span{go AdPf : P € GtF, f e F}.
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If X1,..., X, are such that span{Xi(q), ..., Xa(q)} = T,M, then X; = Ad P'f; with
P ¢ GrF and f; € F. This fact will be very useful in what follows since allows us
to prove that if aj,...,aq € C°°(M) then

X1 .. o e%Xa — P o elaroP)f1 4 pl—l 0-+0Pyoelaala)fa pd—l7

belongs to GrgF. In other words the image of the map

F:(ai,...,aq) — eM X1 6.0 gtdXd,

belongs to the group GrgF.

Finally we state an important Theorem by Krener [24] that gives a description
of attainable sets for bracket generating systems.

Theorem 1.4 (Krener). If F C VecM is a bracket generating family of vector
fields, then
Ay CintA,,  for everyqge M.

In particular the theorem states that attainable sets for arbitrary nonnegative
time have nonempty interior. Moreover, they are full-dimensional and they cannot
have boundary points isolated from interior points. On the other hand, attain-
able sets may be open sets, manifolds with smooth boundary, and manifold with
boundary having singularities. A remarkable corollary of Krener’s theorem is the
following.

Corollary 1.5. Let F C Vec M be a bracket generating family of vector fields. If
A, =M, for some g € M, then Ay = M.

The sense of this corollary is that, when studying controllability for a bracket
generating system, it is possible to replace the attainable set by its closure. If adding
a vector field to a family does not change the closure of the attainable set then we
say that the vector field is compatible with the system.

Definition 10. We say that a vector field f € Vec M is compatible with a system
F C Vec M if

Ag(FUf) C A (F).

1.9 Relaxation

In this last section of this chapter we prove that, if F is a bracket generating family
of vector fields, then GrgF is dense in DiffgR?. Although this result is stated on R%,
it can be easily extended to a manifold M. The proof makes use of simple relaxation
arguments and, in particular, of the following well-known fact (see, for instance, [4,
Lemma 8.2]).
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Lemma 1.6. Let Z; and Z]* forn =1,2,... and t € [0, 1] be nonautonomous vector
fields on M. If

t t
/ZdeH/Zq—dT, as n — oo,
0 0

in the standard C*° topology and uniformly with respect to t € [0, 1], then
— t — t
exp/ Z7dT — exp / Z:dr, asn — oo,
0 0

in the same topology.

Another Lemma needed in the proof is the following result. In particular it states
that there exists a time—varying vector field, which is piecewise constant in time,
whose exponential is arbitrary close to a given path on the group of diffeomorphisms.

Lemma 1.7. Let X1,..., X}, be smooth vector fields on R? and A be a closed sub-
space of C®(RY). Then, for any time-varying vector field of the form

k

Vt = Z ai(t, )Xz

=1

where a;(t, ) € A and 0 < a;(t,q) < p(t) for some locally integrable ¢, i =1,...,k,
there exists a sequence of time-varying, piecewise constant with respect to t, vector

fields Z{* such that
Zied{aX;|lac Aji=1,...,k}, foranytel0,1]
and
— t — t
exp/ zZrdr —>exp/ V.dr, asn— o
0 0
in the standard topology and uniformly with respect to t € [0, 1].

Proof. First, note that we can suppose, without loss of generality, that a;(t,-) is
piecewise constant in ¢ for every ¢ = 1,...,k. Indeed, for any ¢« = 1,...,k, the
sequence

n i
bt =nd [, alra) i (1.12)
1= n

where X7/ (t) is the characteristic function of the interval [%, %], is such that

t k t
/Za?(’T',-)XZ‘dTH/ Vydr, asn — oo,
05 0
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uniformly with respect to ¢ and in the C°°-topology. Therefore Lemma 1.6 allows
us to suppose that a;(t,-) is piecewise constant in ¢ for every i ‘
Let ¢ be a positive integer such that V; is constant on [%, 7] for every j =

1,...,£. We can write
¢

ai(t,q) =Y al(@)x5(t) (1.13)

j=1
with a?(q) > 0 for every ¢ € R?. Let
ol = Zag , (1.14)
i=1

and let {e,} a sequence of nonnegative smooth functions of R? such that &, (0) = 0
for every n and &, — 0 as n — oo in the C*°-topology. Then a7, = o +¢,, is strictly
positive on R?\ {0} for every j and n. y o

Now, for every positive integer n and j =1,...,¢, let b%;" = a] /o, and consider the
family of intervals:

¢ T T nl T Tt i

_U[j_l mo W4T -1 m M)

n—1 . . il
- -1 m j—1 m b}
At = LA .
" U [ 14 * nt’ / + nt + nt
m=0
The sequence of vector fields
7' =l X;, ifte Al (1.15)

is such that . .
/Zfdr—>/VTdT, as n — oo.
0 0

In the standard topology and uniformly with respect to ¢ € [0,1]. The statement
then follows from Lemma 1.6. O

In particular, a consequence of last lemma is that, given a system F C Vec M,
fyig € F,and a,b € C°°(M), then the vector field af + bg is compatible with F.
The main result of this section is as follows.

Proposition 1.8 (Approximation). Let F C VecR? be a bracket generating family
of vector fields on R? such that

af € F for any a € C®°(RY), f € F. (1.16)
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Then, for any orientation preserving diffeomorphism P of R%, there exists a sequence
{P.}n C GrF such that

P,— P, asn— oo,
in the standard topology.

Proof. Let P! C Diffg(R%) be a path such that P° = Id and P! = P. And consider
the time—varying vector field V; such that exp fot V,dr = Pt.
Recall that, since F is bracket generating then, by Remark 1, it is possible to
take X1,..., X4 such that X; = P!f; with P € GtF, fi€ F,i=1,...,d, and
d

Vt = Z ai(t, )Xz

i=1
where a;(t,-) € C®(R?) for any t € [0,1].
By Proposition 1.7 there exists a sequence Z}* € {aX;|a € C®(RY),i=1,...,d}
such that

t

—

exp | Z'dr — P!, asn — oo,
0

and the convergence is uniform with respect to ¢ € [0, 1].
Let P, :=exp [ Z{"dt, then

P, — P, asn — oo.

It remains to prove that P, € GrF for every n. Since Z' is piecewise constant
in ¢, so, for any fixed n € N, there exist disjoint segments I, ..., I, covering [0, 1]
and functions aq, ..., as, € C°(R%) such that

Ztn:Oszik Viel, k=1,..., h,.
Hence

1
P, = &;3/ ZI dt,
0

elliloen X o ellhnlan, Xiy, |

ilo...

. i
e|ll|061P:1fi1 0.0 6\1h|0lhp* " fiy,,
_ (Pi1)—1 o ellil(areP ) fiy & pin o .

o (Pihnf1 o e|1h\(ahnopih”)fihn o Pihn (1.17)

now let By, = |Ix|(a o P), then
P, = (P1) oefii o Plio... o (Phn) =l o etnling o Pinn
and P, € GrF by assumption (1.16). O






CHAPTER 2

Controllability of discrete-time
dynamics

In this chapter, we deal with the system

m

q = folg) + > wilt,a)fi(a), q€R?, (2.1)

=1

where F = {f1,..., fm} is a bracket generating family of vector fields on R%. We
prove, in Theorem 2.6, that given N integer, an orientation preserving diffeomor-
phisms on R%, and a neighborhood of it there exist time-varying feedback controls
ug, - - ., Uy, that are polynomial with respect to ¢ and trigonometric polynomial with
respect to ¢t such that the exponential, namely the flow at time 1, of system (2.1)
belongs to the given neighborhood and the N-jet of the exponential and the N-jet
of the given diffeomorphism at the origin coincide.

The structure of the chapter is as follows. Section 2.1 contains some preliminary
about jets of functions, vector fields, and diffeomorphisms that we use in the chapter.
In Section 2.2 we use classical implicit function theorem applied to the N-jet of the
exponential map to prove that the N-jet of a diffeomorphism in Diff (]Rd) sufficiently
close to the identity can be presented as the N-jet of an element in GrF. Then using
Proposition 1.8 we can extend this result to every diffeomorphism in Diffo(R?). This
implies, as showed in Section 2.3, the main result for fo = 0, and with controls
u;(t,-) that are piecewise constant with respect to ¢ and smooth with respect to q.
In Section 2.4 a fixed point argument leads to the proof of Theorem 2.6. The results
of this chapter are part of our paper [2].

2.1 Jets

Here we state some simple properties for jets of smooth functions, vector fields,
and diffeomorphisms on R? that are useful for what follows. For more details we
refer to any book of differential geometry or dynamical systems (see for example [5,
Section 2.1]). We start with the definition of jet.

Definition 11. An N-jet of a smooth function at the origin 0 of R? is defined to

17
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be the class of functions whose Taylor expansions at the point 0 coincide up to and
including terms of degree N.

Hence, in a fixed coordinate system, an N-jet of a function is given by a polyno-
mial of degree less than or equal to N. Another definition which is clearly independent
of the coordinate system and equivalent to the one above is the following.

Definition 12. The N-jet of a smooth function a at the point 0 in R? is the class of
all functions that are equal to a up to o(rV) as the distance from the origin r tends
to 0. We denote the N-jet at 0 of a as J{¥(a).

Similarly we can define the jet of a function in an arbitrary point gy € R% and r
has to be regarded as the distance from ¢y. Finally N-jets of vector fields on R? or
diffeomorphisms are defined similarly.

Given a,b € C*®(R?) then we can define the product of their jets via

Jo (a)Jg' (b) = Jg' (ab)
where the product is the product of polynomials in ¢ € R? modulo ¢™V+t1!.
Given P, Q diffeomorphisms of R? by chain rule we have

JéV(POQ) = Jg(o)(P) OJéV(Q),

N+1

where o is the composition of polynomials in ¢ € R? modulo ¢ . Finally, we can

also define the inverse of the jet as

Jo (P)™h = Jpoy(P7h).

2.2 Get the jet

In this section, given a bracket generating family of vector fields F, we find a dif-
feomorphism in the group GrgF whose N-jet is exactly the N-jet of a given diffeo-
morphism on R?. The main tool used is the classical implicit function theorem.

Proposition 2.1. Let F be a bracket generating family of vector fields on R% and
N > 0 a positive integer.
For any diffeomorphism ® : R* — R? sufficiently close to the identity there exists
P € GrgF such that

Jo'(P) = J5' (®).

Proof. Consider a frame of vector fields X1, ..., Xy, linearly independent in 0 € R%.
Let X be the space of polynomials of degree less or equal than IV in d variables and
let Y be the space of N-jets at 0 of smooth orientation preserving diffeomorphisms,
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ie. Y = JY(Diffg(R?)). Note that dim X < co and dimY < oo.
Consider the map
F: x4 — Y

(’U,l, . ,ud) — Jév(eulxl 0---0 eudXd) (22)

We want to prove that implicit function theorem applies. Let us compute the dif-

ferential of F' at 0 € X%, we have

DoF(ai,...,aq) = gi ul:m:ud:om 4+ -+ gj; u1:m:w:0ad
= ady (X1) + -+ agJg (Xa)-
We claim that DoF : X% — Ti4Y is surjective. Indeed
T Y = TigJY (Diffo(R?)) = J¥ (T1q Diffo(R?)) = J&¥ (Vec(R?)),
so for every V € JJ (Vec(R?)) there exist by, ...,bq € C®(R?) such that

Vo= IV X1+ bgXy)
= JNO)INXD) 4.+ TN b)Y (Xy).

Every element V' € Ti4Y is image of d polynomials of degree less or equal than
N, a; = JY(b;). Therefore there exists O neighborhood of Id in Y such that F is

locally surjective on . Namely, for every ¢ € O, there exist uy,...,uq € X such
that F(uy,...,uq) = 1. If ® is sufficiently close to the identity, then J (®) € O.
Therefore there exist polynomials vy, ...,vq € X such that

JY (e X1 0.0 eva¥a) = JINV(@).

It remains to prove that P = e"'X1 o ... 0 e¥4¥Xd € GrgF. According to Orbit
Theorem, for i = 1,...,d, we have X; = Ad P'f;, where f; € F and P' € GrF. Let
Pi = etifi o etsfio... 0 et fs with f;f € F. Therefore

P = U AdPUL o ovaAd Py
= Ploe®) Ao (PY) oo plo (P i (7).

1rl 1 1 1y—1, 1 1 1,1
— etlfl O--- oetslfsl oe(P )" Hv)fr oeitslfsl O--- oeitlfl O~

1

pl (Pl)*l

d¢d d ¢d d)~1 _4d gd d ¢d
1) etlfl O---0 etsded o@(P ) (vd)fd oe tsdfsd 0---0 e_tlfl

pd (Pd)_l

= W9l 45...0 ewzge’ (2'3)

with g1,...,90 € F and £ = d+ 2(s1 + --- + s4). Therefore P € GrgF and the
proposition follows. O



20 Controllability of discrete-time dynamics

Now consider any diffeomorphism ® € Diffo(R?). By Proposition 1.8 there
exists a sequence {P, }, C GrgF that tends to ®. So, for n sufficiently large, last
Proposition applies to P;! o ® and we have the following result.

Corollary 2.2. Let F C VecR? be a bracket generating family of vector fields and
N > 0 a positive integer. For every ® € Diffo(R?) there exists P € Grg.F such that

Jo (P) = Jg'(®).

2.3 The homogeneous case

The purpose of this section is to link the results of the last section with Proposi-
tion 1.8 in order to find an element in the group GrgF with the same N-jet of a
given diffeomorphism and also close to it in the C'°°-topology.

Proposition 2.3. Let F C VecR? be a bracket generating family of vector fields.
Let N and k be positive integers, € > 0, and B ball of R%. For any ® € Diffo(R?),
there exists P € GrgF such that

Jo'(P) = J3'(®)  and ||P — ®[|lckp) <e.

Proof. We can suppose that J§'(®) = Id. Indeed, by Corollary 2.2, there exists
Q € GrgF such that JY(Q) = JY(®). Then we consider, instead of ®, the diffeo-
morphism ¥ = ® o Q! which has trivial jet.
The idea of the proof is the same of Proposition 1.8. Since J¥(®) = Id, then ®
can be written as
() =z + g(a),

with J&'(g) = 0. Consider the one parameter family of diffeomorphisms with trivial
jet
Qi(z) =z +tg(x).

This is a path in Diff(R%) from &y = Id to ®; = ®. Let V; a nonautonomous vector
field such that

t
@t:e?p/ V, dr.
0

Let X1,..., Xy be a frame of vector fields linearly independent at 0 such that X; =
Ad Pif; with P! € GrF and f; € F. Therefore

d
‘/; = Z ai(t7 )Xla
=1

with a;(t,-) € C®(R?) for any ¢ € [0,1]. Note that, since JJ'(®;) = Id and the
vector fields X; are linearly independent, then J{¥(a;(t,-)) = 0 for any ¢ € [0,1].
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Now let A be the closed subspace of C°(R%) of smooth functions a such that
J(])V () = 0. By Proposition 1.7 there exists a sequence of nonautonomous vector
field Z]' € {aX;|a € A,i=1...,d}, piecewise constant in ¢, such that

t

—

exp Zrdr — @4, as n — oo,
0

in the C'*°-topology and uniformly with respect to ¢t € [0, 1].
So, if P, =exp [, Z"dr, then

P,—®, asn— oo,

in the standard topology. Now, for any n, we have that P, € GrgF for the chain
of equalities (1.17). Moreover P, has trivial jet. Indeed, since the sequence Z}" is
piecewise constant, then there exist intervals Iy, ..., I such that

Z{ = o;X;, foranytel;,

with j; € {1,...,d}. So

ww = i (& [ za)
— JéV <e|11\ang'1> 0..-0 JéV <€|1h\ahth>
IS (@) I (X50) o ... o lInl I (an) I3 (X5,,)
= Id,
and the result is proved. ]

2.4 Adding drift and smoothing

In this last section we prove the main result of this chapter using Proposition 2.3 and
a fixed point argument. We start giving an equivalent formulation of Proposition 2.3
in terms of flows of the homogeneous (with respect to control) system:

m

q=Y ui(t,q)file), qeR™. (2.4)

=1

Suppose that F = {f1,..., fm} is a bracket generating family of vector field on
R?. By Proposition 2.1 there exist smooth functions a1, ..., a; such that

T (@) = Jg <6a1fi1 0---0 ea’“fik) ; (2.5)
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with i; € {1,...,m}. Now there exist m functions wi(t,q),...,um(t,q) piecewise
constant in ¢ such that

1 m
Jo' (@) = Jg' (e?p /0 Zui(t,-)fidt> : (2.6)
i=1

We then proved the following Lemma.

Lemma 2.4. Let {f1, fa,..., fm} be a bracket generating family of vector fields on
R?. Consider the control system

g=> wt,q)fie), qeR?, (2.7)
=1

with controls u; piecewise constant with respect to t € [0,1] and smooth with respect
to g € R, for everyi=1,...,m.

Let N and k be positive integers, € > 0, and B ball in R, For any ® € Diffg(R?),
there exist controls uyi(t,q), ..., um(t,q) such that, if P is the flow at time 1 of
system (2.7), then

Jo'(P)=J3'(®)  and ||P — ®[lckp) <e.

It remains to prove last result adding a drift fy to system (2.7). Moreover we
want the controls to be of a certain regularity. Both these results can be achieved
with a fixed point argument. Indeed, let U the space of m-uples of controls u(t, q)
piecewise constant in ¢ and smooth with respect to q. Consider the map

F: U — JYV(Diffo(RY))

() (D S () X dr) (28)

This map is continuous and, by last Lemma, it is also surjective. Moreover F has
a continuous right inverse. Indeed there is a smooth correspondence between the
time-varying feedback controls uy,...,u,, and the functions ay,...,a; in (2.5). By
implicit function theorem applied to the map F in (2.2), we have that the right
inverse of F is continuous and so is the right inverse of F.

In the next Lemma we prove, using a fixed point argument, that every small pertur-
bation of a continuous surjective map with continuous right inverse and with finite
dimensional target space is surjective too.

Lemma 2.5. Let X be a topological space, € > 0, and let F : X — R"™ be continuous
and surjective with continuous right inverse. If G : X — R" is continuous and such
that sup,c g |F(x) — G(z)| < € for any K C X compact, then G is surjective.
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Proof. Let F~! be the right inverse of F and define, for every 7 in R”, the map
Xi(y) =y—GoF1(y)+ 7. Let § = e+|7|, then for every y € Bs = Bs(0) we have

gl < lly—GoF 'yl + Iyl
< sup [ly—Go F ()l + Il
yEBs
< sup |[F(z) - G@)] + 7]
z€F~1(Bs)
< e+ |yl
= 0.

So xy(Bs) € Bs and, since the map xy is continuous, by Brouwer Fixed Point
Theorem, there exists § € Bs such that

X@(g) = g?
namely
GoF '(j) =7
We proved that, for every y € R™, there exists, x € X such that y = G(x). O

The main result of this chapter can now be proved.

Theorem 2.6. Let {f1, fa,..., fm} be a bracket generating family of vector fields
on R%. Consider the control system

q= fola) + Y _uwilt,a)fi(a), q€RY, (2.9)
=1

with controls u; such that:
(1) w; is polynomial with respect to q¢ € R%;
i1) u; 18 a trigonometric polynomial with respect to t € [0,1];
¥ ) tri tri [ al with ttote|0,1

for everyi=1,...,m.

Fiz positive integers N and k, € > 0, and B ball of R, For any ® € Diffg(R?),
there exist controls uyi(t,q), ..., um(t,q) such that, if P is the flow at time 1 of
system (2.9), then

Jo'(P)=J3'(®) and ||P — ®[|ckp) <e.

Proof. Proof splits into three steps. First, we prove that it is not restrictive to
consider controls that are polynomials with respect to ¢ € R?, then we add the drift
to the system, and finally we find controls that are trigonometric polynomials with
respect to ¢ by smoothing the time dependence of the piecewise constant controls.



24 Controllability of discrete-time dynamics

Let us start with the first step and note that, as a consequence of the density of
polynomials in the space of smooth functions on a bounded set and by Lemma 2.5,
we can assume that u;(¢,q) is a polynomial in ¢ for every ¢ € [0,1] and for every
1=1,...,m.

Now consider the family of continuous maps

_, [e m
Fyi(u,. . um) e JY exp/ gfo—i—Zui(t,-)Xidt .
0 i=1

We claim that, if there exists o > 0 such that F, is surjective then so is F}, for o = 1.

Indeed (t/0.) (/.
. uy 0, Um [
Fg(ul(t,-),...,um(t,-))—F1< . e . ) ,

similarly the map Fy(uy, ..., um) = JV (eﬁ) fol/g S ui(t, )X, dt) is surjective
for every p > 0 since it is equal to the map F defined in (2.8) up to rescalings of the
time dependence of the controls u;, namely
- - (Ul(t/Q>') um(t/g,-)>
)

Fy(ui(t,”), ... um(t,")) = F P

For small o > 0, F}, is a small perturbation of FQ, thus Lemma 2.5 applies and F} is
surjective.

Finally, any control u(t,q) piecewise constant in ¢ and polynomial in ¢, can be
written

N
u(taQ) = Z aa(t)qaa
|a|=0

with o multi-index and a,,(t) piecewise constant. For every «, the function a,, admits
a Fourier expansion of the form

[e.e]
ag(t) =Y _ 1) cos(2mjt) + &, sin(2mjt).
§=0
Consider the trigonometric polynomial
n . .
ap(t) =Y cos(2mjt) + &, sin(2mjt),
j=0
then a”(t) — aq(t) as n — oo in L'[0,1]. So let

N

u"(tq) = Y an(t)e®,

|a[=0
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then
u"(t,q) — u(t,q), asn — oo, (2.10)

and the convergence is uniform with all derivatives on compact sets of R? and in
L'[0,1] with respect to t.
Let G,, be the family of continuous maps
Gy : U — Y
— 1
(ut, .y um) — JY (exp Jo o+ >0 ui(t, ')Xidt).

By the convergence in (2.10), G,, — F; as n — oo for every (u1,...,un) € U,
then there exists ng integer for which Lemma 2.5 applies. Therefore the map G, is
surjective and Theorem follows. O

Remark 2. Clearly the statement of Theorem 2.6 holds also if we consider the jet
at a point ¢ € R?. Moreover it is possible to fix a finite number of points in R?,
say qi, - .-, qs, and find an admissible diffeomorphism, arbitrary close to a given one,
that realize its N-th jet at all the points q1,...,qs at the same time.






CHAPTER 3

Controllability on the group of
diffeomorphisms

In this chapter we prove the main result of the thesis, Theorem 3.1, also stated in
the Introduction. In particular, in Section 3.1 we state the result and we present
some immediate corollary. In Section 3.2 we explain the strategy adopted to prove
the result and a description of why classical implicit function theorem does not ap-
ply is provided. Then we start the proof of Theorem 3.1 showing, in Section 3.3,
an auxiliary result concerning local diffeomorphisms in R?. Namely, given d vec-
tor fields over R?, X1, ..., Xy, linearly independent at the origin, we find a closed
neighborhood V' of the origin in R? such that the image of the map

F:(al,...,ad)|—>ea1X1o...OGGdXd‘V

from C§°(R%)? to C$°(V)? has nonempty interior. In Section 3.4 we show how to
reduce the proof of Theorem 3.1 to the mentioned auxiliary fact using a geometric
idea that goes back to the Orbit Theorem of Sussmann. The results of this chapter
are contained in our paper [1].

3.1 Statement and corollaries

Throughout this chapter, if not otherwise specified, M denotes a compact connected
smooth manifold.
The main result of this work is as follows

Theorem 3.1. Let F C Vec M be a family of smooth vector fields such that GrF
acts transitively on M. Then there exist a neighborhood O of the identity in Diffo(M)
and a positive integer p such that every P € O can be presented in the form

P:ealflo...oealif#’
for some fi,.... fu € F and ay,...,a, € C®(M).

In particular, if F is a bracket generating family of vector fields then by Chow-
Rashevsky Theorem GrJF acts transitively on M. By the the density of GrgF in
Diffo(M), Proposition 1.8, then any diffeomorphism in Diffy(M) can be presented

27
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as composition of exponentials of vector fields in F rescaled by smooth functions.
In fact, the theorem states a stronger result, namely that every diffeomorphism
sufficiently close to the identity can be presented as the composition of a number of
exponentials ¢ that depends only on the distribution F.

Remark 3. An open problem related to Theorem 3.1 could be to study what is the
number p of exponentials needed to represent diffeomorphisms sufficiently close to
the identity. This number depends only on the distribution and the interesting prob-
lem is to estimate p in terms of simple discrete invariants like the growth vector of
the distribution and the Lusternik—Schnirelmann category (see [15]) of the manifold.

Here we give some simple corollaries to Theorem 3.1. A first direct consequence
is the following.

Corollary 3.2. Let F C VecM, if GrF acts transitively on M, then GrgF =
Diffo(M).

Let us reformulate last corollary in terms of control systems. Consider the drift-
less control system on M

¢=> wuit,q)file), g€ M, (3.1)
i=1
where {f1,..., fin} is a bracket generating family of vector fields and wy, ..., un

are time varying feedback controls, piecewise constant in ¢t € [0,1] for every gq.
Corollary 3.2 states that for every P € Diffo(M) there exist time-varying feedback
controls ui, ..., un, such that ¢(1) = P(¢q(0)) for any solution ¢(-) of system (3.1);
in other words,

1 m
P =exp / Zui(t, ) fidt. (3.2)
0 =1
In fact, to any representation of P as finite product of exponentials

_P = ealfjl O-++-0 eaefig ,

it corresponds a m-uple of time—varying feedback controls that are piecewise constant
with respect to time, such that P is the flow, at time 1, of system (3.1).

Now, consider a manifold M, eventually noncompact, given P € Diffo(M), on every
compact subset K C M, P has a representation of the form (3.2), with wu;(¢,-)
piecewise constant with respect to t. Then consider a sequence of compacta K,
such that

o0
K, C Kny1, and | J K, =M,

n=1
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and let u, be a sequence of cut—off functions with compact support K,, for every
n > 1, such that g, — 1 as n — oo. Then, for every n, there exist controls uf (¢, )
piecewise constant in ¢, such that

1 m
,unP:exp/ Zu?(t,-)fidt.
0 =1

n

Moreover, we can suppose that the controls u™ = (uf, ..., u;,) are such that

_ un—i—l’[

u"‘
[0,1}><Kn_1 - O,I}XKn_l :

Indeed, on every compact set K, we can choose an exponential representation of a
diffeomorphism. Then, at every step the control u«"*! adds informations about the
representation on the set K, .1\ K,. Therefore we can suppose that u" ! coincides,
at least on K,_1, with «". Then we can take the limit as n — oo and extend the
main result to a manifold eventually noncompact. Therefore we have the following
corollary.

Corollary 3.3. Let M be a connected manifold, if a system on M 1is bracket gen-
erating and driftless then
A, = Diffy(M)

for every t > 0.

Finally, next corollary is stated from a geometric viewpoint, in terms of com-
pletely nonholonomic vector ditributions.

Corollary 3.4. Let A C TM be a completely nonholonomic vector distribution.
Then every diffeomorphism of M that is isotopic to the identity can be written as
efltlo...oefe, where fi,..., fi are sections of A.

3.2 Proof strategy

A natural strategy to prove Theorem 3.1 could be to use the underlying idea of the
proof of Proposition 2.1. The core of that proof consists in the fact that the map F'
defined in (2.2) is locally onto. Surjectivity of the map F' is a consequence of implicit
function theorem, so our problem is to determine whether, given U € R? with 0 € U

and Xq,..., X, vector fields linearly independent 0, the exponential map
F: COO(U)d — Diffy(U) (3.3)
(al,...,ad) — e X1 o...oeadXd|U_ :

is locally onto. Unfortunately the classical inverse function theorem does not apply
for the exponential map neither in dimension d = 1 on the circle S'. Indeed the
exponential of the 0 vector field is the identity of the group of diffeomorphisms,
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e? = Id, and the derivative of the exponential map at the vector field 0 is the
identification of the vector fields with the tangent space of the diffeomorphisms at
the identity. Therefore, we have a smooth map of a vector space, Vec M, to a
manifold, Diff (M), whose derivative at 0 is the identity map from the vector space
to the tangent space of the manifold. If inverse function theorem applies then the
exponential map is locally invertible. Nevertheless the exponential map fails to be
locally surjective in a neighborhood of the identical diffeomorphism as the following
remark due to Hamilton [19] shows.

Remark 4. Consider the circle S'. We write any diffeomorphism on S' as a smooth
2m—periodic function of the variable x. So x is a parametrization of the circle modulo
27. Vector fields over S' are of the form v(x)d, := U(:L‘)a% with v smooth and 27-
periodic. If v(z) = 7 is constant, then the exponential of v0, is the rotation of angle

~v. We start with the following rather surprising fact about exponentials of vector
fields in S*.

Proposition 3.5. If a diffeomorphism of the circle without fixed points is the expo-
nential of a vector field, then it is conjugate to a rotation.

Proof. Let V be a vector field of the circle and consider the exponential of V. If V
has a zero then €V has a fixed point. Therefore in the coordinate =, V = v(z)d,
with v(z) # 0 for every x € [0, 27]. Now let

27 1
7:27r/ ——dzx,
[y v

and consider the change of coordinates

x|—>0:'y/ Lcls
0 v(s)

Then 6 is a new parametrization of the circle modulo 27 and
V =v(x)0y = 0.

Therefore, in the new coordinate 8, the exponential of V' is the rotation of angle
V- -

Now let f € C32 such that f = "9z and suppose that f is conjugate to rotation,
namely that there exist a change of coordinates ® on S! and v € [0,27) such that
Pofod ! =e9 If such an f fixes one point then it must fix them all. Indeed, a
rotation that fixes one point is the identity and if there exist Z such that f(z) = z
then we have that the rotation of angle v fixes the point ®(z), which implies v = 0
and f = Id. Clearly the same statement is true for any power f¥ = fo--.o f.
Therefore, in order to find a diffeomorphism that is not a rotation up to change of
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coordinates, we have to look for a diffeomorphism f such that f¥(z) = x for some
x € S and f*(y) # y for some other y € S' and for some integer k. Consider the
rotation of angle 27 /k, say h = eT % Then h*(z) = z (mod 27) for every x € S*.
Now consider a smooth bump function b such that supp b C (0,27 /k) and such that
b(r/k) > w/k. Let f = h+ b, then f(0) = 0 but f(w/k) > 3n/k. Iterating f we
have f¥(0) = 0 and f*(r/k) # 7/k (mod 27). Then this diffeomorphism cannot be
the exponential of a vector field. Taking, if necessary, k large and b small we can
suppose f as close to the identity as we want in the C*° topology.

Therefore we have to adopt a different strategy. The idea used in Section 3.3
allows us to prove surjectivity of the map (3.3) directly without studying its differ-
ential. Let us consider again the 1-dimensional case. Consider the problem locally
and let U a neighborhood of the origin of R, consider a linear diffeomorphism on
U, say = — a:v’U. We know by remark 4 that near the identity the exponential is
not onto so we have to assume « > 1. Then 8 = log « is well defined and positive.
Now it is easy to see that the vector field V(z) = ﬂxa% is the required one since
eV : z — ax. Since we have an exponential representation for linear diffeomor-
phisms the idea for the proof of Proposition 3.6 reduces in finding a time dependent
change of coordinates that linearizes a given diffeomorphism. It turns out that such
a change of coordinates can be found starting from a first order linear PDE, easy
solvable with the method of characteristics. Then Lemma 3.7 allows us to consider
the problem in dimension 1. Finally, in Section 3.4, we show how to reduce the
proof of Theorem 3.1 to the proof of the surjectivity of the map (3.3) using the
Orbit Theorem of Sussmann, Theorem 1.1. and in particular Remark 1.

Remark 5. Note that proof strategy is rather effective and, in principle, could be
implemented as a numerical algorithm, that find the controls, at least approximately,
from a given diffeomorphism.

3.3 A direct proof of surjectivity
Proposition 3.6. Let X1,...,X; € VecR? be such that
span{X1(0),..., X4(0)} = R%.

Then there exist a compact neighborhood V' of the origin in R and a open subset V
of C°(V)® such that every F €V can be written as

_ a1 X1 agXq
Fﬁe o---0e€ ‘V’

for some a1, ...,aq € C(RY).

In order to prove this result we need the following Lemma.



32 Controllability on the group of diffeomorphisms

Lemma 3.7. Let X1,..., Xy € VecR? be such that
span{X1(0),..., X4(0)} = R?,

and let Uy be a neighborhood of the identity in Cﬁo(Rd)d. Then, there exist a neigh-
borhood V' of the origin in R% and a neighborhood U of the identity in C(C)’O(V)d such
that for every F' € U there exist p1,...,pq € Uy such that

F:SOIO"'OQDd‘Va

where @y, preserves the 1-foliation generated by the trajectories of the equation ¢ =

Xi(q) fork=1,...,d.

Proof. Since X1, ..., Xy are linearly independent at 0 then there exists a neighbor-
hood of the origin V' c R? such that

span{Xi(q),..., Xaq(q)} = R, foreveryge V.

Now, there exists a ball B ¢ R% containing 0 € R? such that, for every ¢ € V, the
map
(tl,,,,7td)|—>qoet1X1o-‘-oethd, (3.4)

is a local diffeomorphism from B to a neighborhood of ¢. Let
U. = {F € C(V)* : |F —1d||cr < e},

where ¢ is to be chosen later. If € is sufficiently small, then, for every F' € U, F(q)
belongs to the image of map (3.4). Therefore, given every F' € U., it is possible to
associate with every ¢ € V' a d-uple of real numbers (t1(q), ..., tqi(q)) € B such that

F(q) =qo €t1(Q)X1 0---0 etd(q)Xd .

We claim that there exists n(e) such that n(e) — 0 as ¢ — 0 and ||t;||c1 < n(e) for
every i =1,...,d and for F' € U,. Indeed, |F —Id||co < € implies that ||t;||co < ce,
for i = 1,...,d and for some constant ¢. Moreover, if ¢ € V, for every ¢ € R% we
have

d
DqF§ — <€t1(q)X1 O--+0 etd(q)Xd)*é_i_ Zetl(q)xl O---0 (;l;; . é.Xl 0O---0 etd(q)Xd X
=1

Therefore || Dy F¢ — £||co < € implies ||t;]|c1 < n(e), where n — 0 as ¢ — 0.
Now consider, for every k =1,...,d, the map

q)k(Q) =gqo etl(Q)X1 0---0 @tk(q)Xk .
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Note that &y = I and ®; = F. For every k, ®; is a smooth diffeomorphism being
smooth and invertible by the implicit function theorem. Indeed, for every ¢ € V' the
differential of ®; at ¢ is

k
D,®y¢ = (etl(Q)Xl 0.+ 0 etk(Q)Xk> £+ E :€t1(Q)X1 0.0 %ﬁXi 0.0k @DXk
* . q
=1

Denote by T'(§) = Dy®1€ — €. For e sufficiently small ||T||p < 1 is a contraction and,
therefore, D,®;, = Id 47T is invertible.
Finally call Y = U, and define for every k = 1,...,d, the smooth maps

vr(q) =qo etk((DEL(Q))Xk :

then the statement follows. O

Thanks to last Lemma our problem is to find an appropriate exponential repre-
sentation of every of the functions . Recall that the idea of the proof of Propo-
sition 3.6 is that a linear diffeomorphism is the exponential of a linear vector field.
So, our goal is to find a change of coordinates that linearizes ¢ along trajectories
of the equation ¢ = Xy(q).

Proof of Proposition 3.6. Let V, U, and Uy as in Lemma 3.7. Denote by Aj the
set of all ¢ € Uy such that ¢ preserves the 1-foliation generated by the equation
¢ = Xi(q). Every F' € U can be written as F' = 1 00 ¢g|,,. Now consider the
open subset of C§°(V)4

VQ{FGUZF:(plO”'O@d"/a @kGXk,
(Dapr) Xk(q) # Xi(q) for g € ;1 (0), k=1,...,d}.
Since every F € U is close to the identity, then so is ¢, for every k. Moreover,

¢vr(0) = 0 and X} transversal to the hypersurface @,;1(0) at any point. Therefore
we may rectify the field X} in a neighborhood of the origin in such a way that, in

new coordinates, ¢r(x1,...,Tk-1,0,Tk41,...,24) = 0 and X} = %. Set z := xy,
and y := (T1,.. ., Tk—1, Thi1s---,Td)-

Since the following argument does not depend on k = 1,...,d the subscript k is
omitted.

Let a(y) = log(a% ©(0,y)). Note that by the definition of V we have a(y) # 0 for
every y. In what follows we treat y as a (d — 1)-dimensional parameter and, for the
sake of readability, we omit it. We will show, step by step, that the argument holds
for every value of the parameter y and all maps and vector fields under consideration
depend smoothly on y. Consider the homotopy from ¢ to the identity

o) = ea(tfl)cp(ta;)/t, t € [0,1].



34 Controllability on the group of diffeomorphisms

There exists a nonautonomous vector field a(t, :E)% such that
t

o =exp [ a(r,)=— dr.

0 827

It is easy to see that %(t, 0) = a. Indeed

d
a(t, pr(z)) = $<Pt(37)
_ aea(t—l)@(tl’) 4 ealt=1) ¢ (tr)r ea(t—l)@(tfﬁ)
t t 12
)z T
_ a%@)ﬂt(t) B @ti )7

so, differentiating with respect to  and evaluating at z = 0, we get

£2(1,0)¢4(0) = agi (0),

where ©}(0) = e* # 0. Therefore let a(t,x) = ax + b(t,z)z with b(t,0) = 0. We
want to find a time-dependent change of coordinates (¢, ) that linearizes the flow
generated by a(t,z). Namely if z(t) is a solution of & = a(t, z) and z(t) = ¢ (t, z(t))
then we want 2(t) = az(t). We can suppose ¥(t,0) = 0 and write ¢ (t,z) = zu(t, x),
where u(0,z) = 1. On one hand we have

d d
i %(xu(t,x))
. .Ou ou
= du(t,z)+ xx%(t,x) + xg(t, x)
ou ou
- CL(t, $)U(t, 1,') + a:a(t, x)%(tv HJ) + xa(ta .T) s
and, on the other hand,
iz = az
a”
= azxu(t,x).

Therefore, we can find u by solving

du

x (a(t, x)gz(t,x) + ot (t,x) + b(t, z)u(t, :U)) = 0.

The first-order linear PDE

a(t, :U)%(t, x) + %(t, x) + b(t, x)u(t,x) =0 (3.5)
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can be solved by the method of characteristics. The characteristic lines of (3.5) are
of the form & = (¢, p1(xg)) with initial data (0,x0). Note that these characteristic
lines depend smoothly on y and are well defined for every y. Along &, equation
(3.5) becomes the linear (parametric with parameter y) ODE

W= —bt)u,
where b(t) = b(&). Now we can define u(&;) = e~ Jo ¥(™)dr | Thig formula, being ap-
plied to all characteristics, defines a smooth solution to equation (3.5). In particular

u(t,0) = 1 since b(¢,0) = 0.
We have constructed a time-dependent change of coordinates (¢, x) such that

t
WY(t,-)o exp a(T, )% droy(t,) ™t = eloT s , forevery te[0,1].
0

Recall that exp fol a(r,-)2 dr = ¢. Therefore
o = (1) o 0y(l,)
ew(l,-)*ar% .

Hence, we provide the desired exponential representation for every of the functions
©1,...,pq from Lemma 3.7 and the Proposition follows. ]

3.4 Proof of Theorem 3.1
Let
GrgFy={P € GrsF : P(q) =q}, qe€ M.
Lemma 3.8. Any g € M possesses a neighborhood U, C M such that the set

{P|Uq .Pe Grsfq} (3.6)

contains a neighborhood of the identity in CJ°(Uy, M).

Proof. Recall that, according to the Orbit Theorem of Sussmann, the transitivity of
the action of GrF on M implies that
T,M =span{Ad Pf(q) : P € GtF, f e F}.

Take X; = AdP;f; for i =1,...,d with P, € GrF and f; € F in such a way that
Xi1(q),...,Xa(q) form a basis of T,M. Then, for all smooth functions ai,...,aq,
vanishing at ¢, the diffeomorphism

X1 5. 0 euaXd — P o elaroP)f1 Pfl 0---0PyoelaaPafi, Pc;1>

belongs to the group GrgF,. By Proposition 3.6 the set (3.6) contains an open subset
of Cg°(Uy, M), say A. Now consider P0|U € A, then PO_1 o A is a neighborhood of
q

the identity contained in (3.6). O
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Lemma 3.9. Let O be a neighborhood of the identity in Difft M. Then for any q € M
and any neighborhood U, C M of q, we have

geint{P(q): P € ONGrgF, suppP C U,}.

Proof. Consider d vector fields Xi,...,X; as in the proof of Lemma 3.8 and let
b € C*®(M) be a cut-off function such that suppb C U, and ¢ € intb~1(1). Then
the diffeomorphism

Q(Sl, . sd) — 510X1 o L. esabXa 7

belongs to O N GrgF for any d-uple of real numbers (sq, ..., sq) sufficiently close to
0. Moreover supp Q(s1, ..., 5q) C Uy. On the other hand, the map

(317 cee 73d) = Q(Sl, ) Sd)(q) ’
is a local diffeomorphism in a neighborhood of 0. O
Next Lemma is due to Palis and Smale (see [29, Lemma 3.1]).

Lemma 3.10. Let |JU; = M be a covering of M by open subsets and let O be a

J
neighborhood of identity in Diff M. Then the group Diffg M is generated by the subset
{P € O : 3j such that supp P C Uj}.

Proof. The group Diffy(M) is an path—connected topological group. Therefore it is
generated by any neighborhood of the identity O.

Since M is compact we can assume that the covering {U;} is finite, namely
UpU---UUg = M. Now let P € O and consider the isotopy H : M x [0,1] — M
such that H(0,-) = I and H(1,-) = P. Consider a partition of unity

{\j : M — R|supp); C U;}

subordinated to the covering {Uj};‘-”:l. Let suppA; = V; and let p; : M — M x [0, 1]
the map p; = (I, A1 +---+ ;). Consider Q; = H o, then Qp = P and Q; = Q-1
on M\Vj. Finally, setting P; = Q) ij’_ll, we have P = Pjo---0P; and suppP; C Uj.
Lemma is proved. O

Proof of Theorem 8.1. According to Lemma 3.10, it is sufficient to prove that, for
every ¢ € M, there exist a neighborhood U, C M and a neighborhood of the identity
O C Diff(M) such that any diffeomorphism P € O, whose support is contained in
Uy, belongs to P. Moreover, Lemma 3.9 allows to assume that P(¢q) = ¢. Finally,
Lemma 3.8 completes the proof. ]



CHAPTER 4

Generalized implicit function theorems

In this Chapter we briefly present the Nash—Moser technique. For more details we
refer to the paper by Hamilton [19] that contains a great number of examples and
counterexamples useful to understand the result. We also suggest [28, Chapter 6] for
a detailed proof of Theorem 4.11. The conjugacy problem is treated in great details
together with a lot of other applications in the pioneering paper by Moser [26]. We
are also based on the book [7] which contains applications to small divisors problems.

The structure of the chapter is as follows. In Section 4.1 we introduce the Nash—
Moser technique and we explain why we need this technique for our purposes. Sec-
tion 4.2 contains the definition of the cathegory in which the Nash—Moser technique
works. We also show tools useful for the computations of Chapter 5. In Section 4.3
a first statement of a generalized inverse function theorem due to Hamilton is pro-
vided. Then we briefly sketch the idea of the technique. Finally, in Section 4.4
we show how the Nash—Moser techniques works in a particular conjugacy problem.
We use this example to introduce a statement of the implicit function theorem by
Zehnder with weaker hypotheses. The results and the definitions in this Chapter
are quoted in a slightly more general form then we strictly need for our purpose and
many of them are only sketched.

4.1 Motivation

Remark 4 shows that classical implicit function theorem does not apply for the
exponential from Vec S! to Diff (S1) essentially because these spaces are not normed
spaces. Indeed, the derivative of an operator in Fréchet spaces may be invertible
at one point but not at other points arbitrarily nearby, while in Banach this would
have followed automatically. The exponential map on S! is an example of this fact.
Although the derivative of the exponential map is the identity at the origin, it fails
to be invertible at nearby points as the following remark shows.

Remark 6. Let us compute the differential of the exponential map at the vector field
v, in the direction wd,. By definition we have

Delw = 2 e(v—&-aw)(%‘

Oe e=0"

37
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and, using variation formula 1.9,

o — !
De'w = 5e &P et X o9, dt‘efo o "0
() 0 -
0 — ! tvX tadvo. 0,
= 5% exp e’ ewe zawdt‘gfooe v,
) 0 -

1
= / % Ad €99, dt o "%
0

Now consider the case in which v = 27/k, with k integer. Then the exponential of
the constant vector field v0, is a rotation through an angle 27/k. Moreover, since
v is constant, then Ad e'929, = 9,. Therefore

! 2 x
De’w(x) = / w<x + ]:t> dt 0y 0t 0
0

Note that this derivatives cannot be surjective since it annihilates the functions
w(z) = sinkx and w(x) = coskx. More generally, each term in the Fourier series
expansion of w is multiplied by some constant, and for these terms that constant
is zero. Thus the derivative of the exponential map at a small rotation through an
angle 27 /k is never invertible.

Moreover it is not possible to look at the exponential as a map between the
Banach spaces C*. This is due to the “loss of derivatives”. Indeed, while the
exponential maps C* vector fields into C* diffeomorphisms, its differential has an
unbounded right inverse, as we will show in Section 5.2.3, since the inverse maps the
space C* into C*~1.

4.2 The Nash—Moser cathegory

We define a category of “tame” Fréchet spaces and “tame” nonlinear maps, which
is essentially due to Sergeraert.

Through this Section the letter C' denotes a strictly positive constant, whose
value may change from line to line.

Definition 13. A graded Fréchet space is a Fréchet space with a family of seminorms
|| - || increasing in strength, namely

I fllo < 1fll < [ fll2 < -1

Definition 14. We say that two gradings || - ||, and || - ||, are tamely equivalent of
degree r and base ng if

£l < Clfllngr, and (£l < Cllf lntr

for all n > ng (with a constant C' which may depend on n).
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Remark 7. All of the definitions and theorems in this chapter are still valid when a
grading is replaced by a tamely equivalent one.

An example of tamely equivalent gradings is defined in Section 5.2.1.

Definition 15. We say that a linear map L : X — Y of one graded space into
another satisfies a tame estimate of degree r and base ng if

HLf”n < CHan-‘rr

for each n > ng (with a constant C' which may depend on n). We say that L is tame
if it satisfies a tame estimate for some r and nyg.

Note that a tame linear map is automatically continuous in the Fréchet space
topologies.

Given a Banach space B we define ¥(B) as the space of exponential decreasing
sequences, namely the space of all sequences {fx} of elements of B such that

[e.e]

Sl =Y ™ fill < oo,

k=0

for all n > 0. Then X(B) is a graded space. This definition is needed to introduce
the tame spaces.

Definition 16. We say that a graded space X is a tame space if there exist a Banach
space B and tame linear maps L; : X — X(B) and Lo : 3(B) — X such that the
composition LjLs is the identity.

In this case we say that X is a tame direct summand of X(B).

This definition is necessary to guarantee the existence of a smoothing operator
on the space X. Indeed, smoothing operators are particularly easy to construct on
the model space 3(B). A smoothing operator on a tame space X is a family of linear
mappings S : X — X such that for all m < n we have

12 lln < Ce™ ™[ £l (4.1)

1A =S0) f I < "™ £l (4.2)

where C' may depend on n and m. On the space X(B) it can be constructed by
taking a smooth function s(¢) such that: s(¢) =0 for ¢t <0, s(t) =1 for t > 1, and
0 < s(t) <1 in between. Then, for every sequence f = {fr} € 3(B), setting

(Stfle = s(t — k) fr,

we have the required family of operators. We will see in Section 4.3 that the proof
of Nash—Moser involves smoothing operators to overcome the difficulties due to the
loss of derivatives.

We can now define tame estimates for a nonlinear map.
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Definition 17. Let X and Y be tame spacesand T : U C X — Y. We say that T
satisfies tame estimates of degree r and base ng if

IT(N)lln < CUfllntr + 1),

for all f € U and all n > ng. We say that T"is a (smooth) tame map if T is smooth
and all its derivatives satisfy tame estimates. Note that the constant C' may depend
on n and we allow 7,ng, and C to vary from neighborhood to neighborhood.

A useful property of tame maps is the following
Proposition 4.1. A composition of tame maps is tame.
From now on we focus on the setting of our problem.

Proposition 4.2. If M is a compact manifold then C*°(M) and Vec M are tame
spaces.

The group of diffeomorphisms carries a similar structure being a Lie group. A
tame Fréchet manifold is a manifold modeled on a tame Fréchet space whose coor-
dinate transition functions are smooth tame maps. In analogy with the definition
of Lie group we have that a tame Lie group is a smooth tame Fréchet manifold with
a group structure such that the composition and the inverse map are smooth tame
maps.

Proposition 4.3. If M is a compact manifold then Diff (M) is a tame Fréchet
manifold. The map (P, Q) € Diff(M) x Diff(M) — P o Q™! € Diff(M) is a smooth
tame map. Hence Diff(M) is a tame Lie group.

We conclude with a list of properties of smooth maps on a manifold.

Proposition 4.4. (Interpolation Inequalities) Let M compact manifold and ¢ <
m < n, then, for all f € C*°(M), we have

171 < CIAI AU A ™. (4.3)

It is important to remark that the interpolations inequalities are a consequence
of the existence of a smoothing operator. In fact, these inequalities holds true also
replacing C*°(M) by any tame space.

For a pair of functions we have the following corollary.

Corollary 4.5. Let f,g € C®°(M), if (i,7) lies on the segment joining (k,¥) and
(m,n) then there exists a constant C independent on f and g, such that

£ 1lillgll; < CULf lellglle + 1f lmllgln)-
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Since for smooth functions holds
n n 3
D"(f9) = Y ()0t 0k (4.4
k=0

then, we have, as a corollary, that exists C' such that:

1£glln < UL lInligllo + I fllollglin)-

Another important tool used in next chapter is the Iterated chain rule formula
also known as “Fad di Bruno’s Formula” (see for example [31]). Let f, g be smooth
functions from U and V' C R? respectively to R? such that the U C g(V'). Then

" n! - D)\
S gla)) = 3 eyt gl T (9 ( )> )

n | 1l
dx ! my! =1 7!

where the sum is over all the n-uples (m1, ..., my) such that 1mj +2mo+-- - +nm,.
As a consequence of this formula and of the Interpolation inequalities we have the
following proposition.

Proposition 4.6. (Composition is tame) If there ezists K such that || f|l1 < K and
llgllh < K then

1f e glln < CUFln+ lglln +1)- (4.6)

By “Faa di Bruno’s Formula” directly follows that
sup [D" f¥(2)| < ClIfllall Sl
x

And if f € C°(U) is such that there exist 0 < o < 3 such that a < f(x) < g for
all x € U then

s \Df(lw)\ < Ollfn (4.7)

where C depends on n, «, 3,U.
Finally, we state some results on tame maps

Proposition 4.7. Let U C R?, then the map f € C®(U) — e/ € C®(U) is tame
of degree 0.

This proposition can be easily generalized for the exponential map from Vec U
to Diffo(U).

Corollary 4.8. Let U C R?, then the exponential map exp : VecU — Diff(U) is
tame.

An analogous result is valid for the chronological exponential.
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Proposition 4.9. Let U C R¢ be bounded and consider
U={V,eVeclU,t €l0,1] : [|Vi|1 < 1}.
Then for every n > 0 there exist C' > 0 such that

t
| &b / V, drlln < C([Villn + 1),
0

for every Vy e U.

Proof. Let, for simplicity, P! = exp fot V. dr. By definition

t
qut_q+/qOPTOVTdT, qu (48)
0

Let us prove the statement by induction over k. For n = 0 the statement follows
from (4.8). Let n > 0 and consider the iterated chain rule (4.5)

t
1P = 1 [ 127 o Velr
0

IN

LtV Pl +C D Vel IPAIT - 1P

mi,...,Mn—1

where r,_1 =mq +---+my,_1. Then

L=tV [P [ln < 1 +tC Vallr s IPAIT - P

mi,...,Mn—1

Now, using interpolation inequalities and since || Pt||o < C(||Vi|lo+1), for every term
of the sum we have

IVillm et [P NP < C(IValln + 1P 1)

Since 1 —t||V4||1 = a > 0, then

1P e < A+ tC([Villn + 1P ]ln-1))/c
< C(Villn + 1P [ln-1) -
Then the statement follows from the inductive hypotesis. O

4.3 An inverse function theorem by Nash and Moser

We can now state Hamilton’s version of the Nash—Moser inverse function theorem.
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Theorem 4.10. Let X and Y be tame spaces and F' : U C X — Y a smooth
tame map. Suppose that the equation for the derivative DF (u)h = k has a solution
h = DF(u)"‘k for all w in U and all k, and that the family of inverses DF ™1 :
UXxY — X is a smooth tame map. Then F is locally surjective. Moreover in a
neighborhood of any point F' has a smooth tame right inverse.

The proof of the Theorem is very technical and it is beyond the scope of this
thesis to expose it in details. Anyway we sketch the idea that is very elegant and lies
in the construction of a rapidly convergent sequence of approximations by solving
the linearized equation. The first step consists in proving that it is not restrictive
to assume that 0 € U and F(0) = 0. Then the idea is to replace the tame spaces
X and Y by the model spaces (B;) and 3(B;) for some Banach spaces By and Bs.
Roughly speaking, it is like working in the scale of Banach spaces

C'>C'o... o0 ...

instead of C°°, in this sense we exploit the definition of tame space. Denote by
L(u) = DF(u)~!, then the iteration scheme is as follows.
{ Upnt1 = Up — Sy, L(up)F (uy), (4.9)

U = 0.

Since at every step the inverse L loses derivatives then the iterates will belong to a
larger space in the scale of Banach spaces ¥(B;1). Tame estimates guarantees that
there is an upper bound on the number of lost derivatives, then the smoothing S,
allows to catch up with the loss of derivatives to the detriment of the accuracy of
the approximation. The task is then to find an appropriate sequence of numbers ¢,
depending on the degree of F' and L, in order to make the scheme to converge.

Although Hamilton’s statement is very elegant it is not the best possible. Hy-
potheses are too strong and, in fact, the Nash—-Moser method allows to assume
weaker hypotheses as we will show in the next section.

4.4 A conjugacy problem and the implicit function theorem with
quadratic error

Theorem 4.10 impose a very strong condition on the differential of map F. Indeed,
the essential requirements is that

F'(u)h =k (4.10)

admits solution for every u in a open set U. This condition is rather stringent and
often it is possible to ensure the solvability of the equation in a particular point
ug € U but not in the whole set U. In fact, in some case the Nash—Moser method
works with the weaker condition of the existence of an “approximate right inverse”.
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For a tame map F' : X XY — Z, where X,Y, and Z are tame spaces the
definition of approximate right inverse is as follows.

Definition 18. We say that D, F has an approzimate right inverse if | for every
(x,y) € U C X x Y there exist a smooth tame map L(z,y)h linear in h,

L:UxZ—-X
and a smooth tame map Q(x,y){h, k} bilinear in h and k,
Q:UxZxZ—-X

such that for all (z,y) € U and all z € Z we have

DxF(l',y)L(ZL',y)Z =z+ Q(l’,y){F(ﬂj‘,y),Z} .

Note that L is required to be a precise right inverse only at points (z,y) that
satisfy F(x,y) = 0.

We conjecture that our problem of stability of the exponential map, sketched in
Section 5.3, is in some sense similar to the one treated below. We show a conjugacy
problem, due to Moser [26], in which (4.10) is not solvable but the iterative scheme
works. We also show the construction of an approximate right inverse. The problem,
which is firstly successfully treated by Siegel [38], can be stated as follows: given
analytic functions f and ® sufficiently nearby, find a conformal mapping u such that

wlofou=a.
More in general, consider a differentiable group action

F: XxG — X
(fiw) = F(f,u),

of a group G, with null element I, on an infinite dimensional manifold X, such that
F satisfies the “conjugacy identities”, i.e.

F(f,uouo) = F(F(f7u)au0)

Note that (4.11) are clearly satisfied by F(f,u) = u~' o f ou. The problem is to
solve the equation

(4.11)

F(fu) =92,

for given f and .
Set ug = I and assume that uq,...,u, have already been constructed. Then we
set
Upt] = Up O V.
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Call A\, (v) = up41, so that A\, (I) = u, and \g(v) = v. We want to find v = I + 0
such that
F(f,upov) =2, (4.12)

up to terms linear in v and in the error F'(f,u, ov) — ®. Now let

fn:F(f’un))

then, by hypothesis f, is close to ®, and by (4.11) we have

F(fiuny1) = F(f,upow)
= F(F(f,un),’u)
= F(fn,v). (4.13)

Then (4.12) takes the form
F(fn,v)=9.

Formally expanding the left-hand side at the pair (®, ) we have
F(®,I)+ Fy(®,I)(fn — @) + Fu(®,1)0 = D. (4.14)

Now, by (4.11) and since
1
Fy (@, I)g = lim ~(F(® +eg,1) - F(®,1)) = g,
e—0¢&

then (4.14) reduces to
Fy(®,1)o=® — f,. (4.15)

Therefore we have an equation for 0, that, if solved, defines the next step upy1.
We have a rapidly convergent sequence of approximations. At least formally, the
iteration scheme converges quadratically. Indeed, if, in some norm, the error f,, — ®
is of order &, then, by (4.15), v is of order &, too. Moreover we determined ¢ from
equation (4.12) which is satisfied up to terms linear in v and in the error f, — ®.
Thus, the error at the step n + 1 will be of order £2.

Note that the construction of the scheme requires invertibility of Fy,(®, ) only
and not of F,(f,u). In fact, this is the case of the existence of an approximate right
inverse, which can be determined starting from F,(®,1)~!. Indeed, consider the
relation (4.13) and consider, for the left-hand side, the limit

lim L(F(f, A (T + £8)) — F(f, (D)) = Fa(F, un)Xa(1)5 (4.16)

e—0 ¢

On the other hand we have

tim *(F(fu, (I +£0)) ~ F(fo 1)) = Fulfun ).

e—0 ¢
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and by means of the Taylor formula, since by hypotesis f,, — ® is small, we get
Fu(fn,I) = Fu(®,1)0+ Q(fn — ®,0), (4.17)
for some bilinear operator (). Therefore by (4.16) and (4.17) we get
Fu(f, un) X (1)0 = Fu(®, )0 + Q(fn — @, 0),

in other words we have that, at the point u,, of the iteration scheme, F,(f,u,) has
an approximate right inverse, that is

X, (D)(Fu(®, 1)~

This is only a guiding principle in dealing with this kind of problem. We have
been vague about topology, convergences, and regularity. The ideas given can be
formalized in the following theorem due to Zehnder (see [28, Chapter 6]), which, in
fact, generalizes an inverse function theorem of the Nash—Moser type by Schwartz
(see [35, Chapter IIJ).

Theorem 4.11. Let X,Y, and Z be tame Fréchet spaces and let F be a smooth
tame map defined on an open set U in X XY to Z,

F:UCcXxY —Z7.

Suppose that, for every (x,y) € U, DyF(x,y) has an approximate right inverse
L(x,y). Then if

F(z0,90) =0,
for some (z9,y0) € U we can find neighborhoods of xo and yy such that for all y in

the neighborhood of yo there exists an x in the neighborhood of xoy with F(xz,y) = 0.
Moreover the solution x = f(y) is defined by a smooth tame map f.



CHAPTER 5

An application of the Nash—Moser
method to the exponential map

In this chapter we give an alternative proof of Proposition 3.6. The proof is an
application of the Nash—Moser inverse function theorem and the technical part of the
proof, i.e. the tame estimates, are, for the sake of readability, given is Section 5.2.
We conclude in the last section, Section 5.3, stating future developments of the
problem arising from the additional informations about the product of exponential
maps of Proposition 3.6 that such an alternative proof gives us. The results in this
chapter are part of our paper [9].

5.1 Invertibility of the differential of the exponential map
In this section we are going to prove the following restatement of Proposition 3.6.
Proposition 5.1. Let X; € VecR?, i =1,...,d, such that
span{X1(0),..., X4(0)} = R<.
Then, there exist o > 0 and an open subset U C C’(‘)’O(Bg)d, such that the mapping

F:U — C§(B,)4,

(at,...,aq) + (ealeo...OthdXdHBg’

(5.1)

s an open map from U into Cgo(Bg)d, where
By = {e"X1 0. oesXi(0) || < g, i=1,...,d}.

In order to apply Theorem 4.10 we need to check, for the map F' the following
points:

1. DF(a)[¢] is a tame map both in a € U and & € C§°(By);
2. DF(a) has a right inverse for every a € U;

3. the right inverse of DF' is a tame map.

47
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Indeed, by Corollary 4.8 and Proposition 4.1, map F' is tame, so it remains to check
estimates only for the differential and its inverse. These estimates must be proved
directly and, since this is a very technical part of the proof, for convenience to the
reader, these are given in Section 5.2. Proof strategy splits into four main steps.
Since we have to find an inverse of the differential of F' in the whole set U/, the first
step consists in finding a “good” set Y. In the second step we prove that it is not
restrictive to consider the problem along a single direction X;, for every ¢ =1,...,d,
turning it into a one dimensional problem with parameters. In Lemma 5.2 we find
a tame change of coordinates that linearizes the vector field a;X; and, finally, we
prove the invertibility of the differential of F'.

First of all, since span{X1(0), ..., X4(0)} = R? then there exists ¢ > 0 such that

Xi(q) #0, forallge B,, i=1,...,d.
Now, let wy,...,wqg € C5°(B,) such that
(dqwi, Xi(q)) = —1, forallge By, i=1,...,d,
then take .
U=EPacC(By) : lla—ewy <5, llalls <7}, (5.2)
i=1

where § < min{§, 72”)2”0, e 72“)&”0
the direct sum (5.2).

Note that, for every v > 0, if ¢ < min{ ”wl’”Q e
subset of C°(B,)4.

Let us start with the computation of the differential of F. Call ¢;(a;) = etiXi
fori=1,...,d. So

}. Let us call Uy, ..., Uy the sets that compose

b
 Jwall2

}, then U is an open nonempty

F(a) = ¢1(a1) o+ o pa(aq).
Now let us compute the differential of ¢;, for every ¢ = 1,...,d. Since this compu-
tation is the same for every ¢ we omit the subscript. We have

1
<aeaX> D6 </ e fg(da,X>oe"'“X dTg o etaX dt> X 02X
8@ 0

Indeed

8 a-r+e&
Do(a)[§] = @6( TeOX]
_ J — ! tadaX X dt aX
= 5% exp ; e g€ }5:006 ,

e=0’

o — [t
= — exp elaX sﬁetad“X X dt‘ _0° X
88 0 €=

1
— / etaXf’Adet“XX dt o eaX’
0
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now the time varying vector field Ade’®X X is the vector field X twisted by the flow
of the rescaling by a smooth function a of X itself. We expect that Ade!*X X is a
time dependent rescaling of X, indeed

d d
= Ad taXX - tadaXX
a0 dt©

= X (adaXx)X

etadaX[aX’ X]
—etaX<da,X>6tadaXX
= —e!%"(da, X) Ad el N X |

then
AdetoX X — (e—ta,X) X — e fg(da,X)OGTaX dr x
Let us call .
A(a){ _/ e fg<da7X>oemX de o etaX dt, (5.3)
0
SO

D¢(a)[¢] = A(a)§X o ¢(a).
Let a = (a1,...,aq), £ = (&1,...,24), then

DF(a)[§] = A(a1)§1X1061(a1)o- -0 ¢a(aa) +
+¢1(ar) o A(az)éaXs o ga(ag) o« - o dq(aq) +
J’_ P +
+¢1(a1) oo A(ag)éiXa o da(aq). (5.4)

Equation (5.4) can be written also as:

DF(a)[§] = [A(a1)&1 X1+ Ad(¢1(a1))A(az)§2 X2 +---
+Ad(¢1(ar) o -+ -0 pp-1(an—1))A(aa)éaXal o F(a)

d
= Y wYioF(a) (5.5)
=1

where

(75} = A(al)fl
¢1(a1)A(az)é2

u2

ug = ¢1(a1)o---opg_1(ag—1)A(aq)éa
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and

Y1 = X;
Yy = ¢i(ar)oXz0¢1(ar)”?

Yy = ¢1(ar) o 0¢g_1(ag-1)o Xq0 a—1(ag—1)""o---o¢i(ar)".

Now we want to solve
Do(a)[¢] =V, (5.6)

for every given vector field V' € Vec B, and a € U. For v sufficiently small the vector
fields Y1, . .., Yy are linearly independent at 0 and V' can be written as V = Ele v;Y;.
Therefore solving (5.6) is equivalent to solve for every 7; € C°°(B,) the equation

Alai)éi =ni, ai €U, (5.7)
forevery i =1,...,d.

Next step consists in finding a coordinates system on B, such that the vector field
a; X; is linear. Since the argument does not depend on ¢ =1, ..., d, from now on the
subscript ¢ is omitted. For every a € U we have a(0) = 0. Moreover (dqa, X(q)) <0
for every q € B,, indeed

(dga, X(q)) = (dgla —ew), X(q)) + {dgw, X (q))
< lo—ewlh|[Xllo —€
< —g/2.

Therefore X is transversal to a=1(0) at every point. In particular we may rectify
the field X in such a way that, in new coordinates,

X and a(0,x2,...,24) =0. (5.8)

N 8:131 ’
Moreover, since this system of coordinates depends only on an orthogonality relation
with the differential of a, then it depends tamely, with degree at most 1, on a.

In order to simplify notation we set z = z; and y = (z2,...,2q).

The following lemma allows us to consider only the linear part of the field aa%.
Below we prove only existence of the change of variables. The proof that it is tame
is done in Section 5.2.1.

Lemma 5.2. Let a € U, then there exists a smooth change of coordinates ¥ on B,
that linearizes the vector field a(x, Z/)a% .
Moreover ¥ is a tame map with respect to a with tame inverse.
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Proof. Since a(0,y) = 0, then we can write a(z,y) = —za(y) + zb(z,y), with
b(0,y) = 0. Consider a solution z(t) of the parametric ODE & = a(x,y). We
look for a diffeomorphism

¥(z,y) = (¥(z,9),9) (5.9)
such that if z = ¢(x,y) then
Z2=—a(y)z.
Suppose that ¥ (z,y) = x + z¢(z,y), with ¢(0,y) = 0, then

d d
P ﬁ(f’«" +z2¢(z,y))
= &+ ad(z,y) + xfbgj(az, y)
= oz g1+ o+ 290 ()
and, on the other hand,
d
9: = —aw):

= —a(y)z(l+ ¢(z,v)).

Therefore ¢ is the solution of the following family of ODE with parameter y

b(z,y)

9¢
il - _ 1
5 L7 Y) a(x,y)( + ¢(z,9)),
¢(0,y) = 0.
So o)
x S,y
Qb(.f, y) =e 70 ) s - 1a
and
B o b(s,y) ds
Y(x,y) =ze 70 Gl (5.10)
We have an explicit formula for the change of coordinates W. O
0
Last Lemma allows us to assume that a X = —a(y)x%, where —a(y) = 8—;(07 Y).
Hence

Eoel™(z,y) = (e Wa,y),

which implies

1 —ra(y)z 2 1
/ ey e T AWldre(e=taW)y o) dt = / eteWe(e=teWyg y)dt. (5.11)
0 0
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Call .
A@g) = / e We (et Wy y)dt. (5.12)
0
In this last step we want to prove that this map has a smooth family of right inverses.

Moreover, in Section 5.2 we prove that A is a tame map (see Subsection 5.2.2) with
a tame family of right inverses (Subsection 5.2.3).

Let
E(z,y) = £(0,y) + 2£:(0,y) + 2*u(z, y),
then W)
i _ e“(y)—1

(€(0,9)) ol £(0,y),
and A

A(.’L‘ﬁx(o, y)) = xfm(oa y)'
Now let L

"U(Q?,y) ‘T\/O u(s,y)ds,
and
then

1
Az?u(z,y)) = x2/ e Wty (e7t Wy y) dt
0

2 1
S / u(rz,y)dr

Y) Je—aw

SL‘Q
= (v(z,y) — e Wo(e™ Wz, y))

Q

a(y)
L~ Rp(a)
= ——(I - R)v(x,y).
a(y)
Let [|v]|gno = sup g;}j o Since a(y) is uniformly bounded away from 0, it is
1<i<n

clear that R is a contraction from the space C°? of continuous functions smooth
with respect to z into itself. Hence (I — R) is invertible in this space and (I —

o0
R)™' = > R* maps a function f, smooth on the box, in a continuous function
k=0
g = (I — R)~'f smooth with respect to z. We want to prove that if f € C° then
g= (I —R)"'f € C™. Let us do it by induction. Suppose that g € C*C then

Dyg=(I—R)'(f, +de g+ ade?g,) e C®0
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so g € C1,
Now let n > 1 and suppose that g € C>"~!, then

Dyf(z,y) = Dy(I—R)g
= Dlg(z,y) — Di(e *Wg(e Wz, y))

n . n —Q n— —
= Dyg(:c,y)JrZ(k)D';e WDp~Fge W, y)

= (I-R)Dlg(z,y +Z< >D’“ —eWpr=kg(em Wy, y),
so we have

Dlg(z,y) =(I—R)™" (Dg HERNEDY (Z) DEeme) prnkg(emoWy, y)) ,

k=1

which is C°Y by hypotesis. Therefore g € C*™.
Therefore we have that A is invertible and we have an explicit formula for the inverse
of A. By

A(€) =,
we get
uwy) = o ( O R L (CRVRC))) ICEE)
- 2 ).
k=0
where
Gz, y) = O (@nu(x,y) — n(z.y) +1(0.y))
then
A7) = W (0.9) + om0 + aly Zak bay) (514

This completes the proof of Proposition 5.1.

5.2 Tame Estimates

First, let us fix some notation used through this section. We consider coordinates
(z,y) € R x R¥1. Given, B ¢ R? and f € C*®(B) we denote by D"f the n-th
differential of f. Moreover we set

871
Dy f = f(n’o) = %fv
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and

an

ne._ £0mn) .
Dyf:=f =gl
We will choose at every line the more efficient and brief notation from the two above.
Note that, in order to simplify notation, we denote the differential of a function with
respect to y treating y as a 1-dimensional variable. Finally, recall that the letter C

denotes a strictly positive constant, whose value may change from line to line.

5.2.1 Tame estimates for the change of coordinates

Here we prove that the change of coordinates ¥ defined in (5.9) and (5.10) is a tame
map. Clearly, it is sufficient to find tame estimates for

_ =z b(s,y)
w = ge 7O a(svy)ds .

Since exponential is tame of degree 0, then

%117

I
n

_ ¥
N T

<c|

T b(s,y)
/0 a(s,y) ™

1£1 = 11f /[l

is a tamely equivalent granding on C§°(B,).
Now, for the product of the smooth function, the first term of sum (4.4) is

)
‘DZ/ (s,y) ds‘
0 CL(S,y)

where

I b(v(s),y)
Dy/o —a(y) + (s )

c (Hbznn

i

1
—a+b

IN

+ [162[lo
0

)

—a+b

Since

—a(y) +b(z,y) +e < |la—cw| <e/2

then —a(y) + b(x,y) < —e/2 and so | — a(y) + b(x,y)| is uniformly bounded away
from 0. Therefore, applying property (4.7),

b
sup‘DZ/ (S’y)dS’
0 a(s,y)

IN

C ([[bllns1 + [ — a+b]ln)

IN

Clllallr +1) -
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The remaining terms are of the form D;‘_kD]; with £ > 1. So

‘D;z—le;/ b(&@/)ds‘
0 a(s,y)

—k k-1 0(2,Y)
D;z lezf 1

a(z,y)
b(z,y)
a(x,y) n—1
b 1
< C< bla.y) +H > (5.15)
z n—1 —a+b n—1
Now, by Taylor expansion of b in z, we obtain
q 1,0 1
D1 b(z,y) _ g Z b(q+ )(ve(z), y)z?* 7
x zt (g— ¢+ 1)
so that ;
sup [ 502" < € sup 87191,
Hence b y)
z,y
1222 < e,
n—1

Therefore by (5.15) and (4.7) we get the tame estimates

“0(s,y)
D"_kD’“/ =22 4s| < O|lalll, + 1),
D0k [ 2| < cal+ 1)
and we prove that ¥ is a tame map of degree 1.

Now let us prove that the inverse is also tame. Let g(x,y) be a smooth function
such that

1#(9(%2/)’34) = Z. (5'16)

It is sufficient to prove tame estimates for g. First of all note that

aly) s,
1/135 T,y = — 22 ¢ J0 a(sy)
el = S -y
e—0 _, ¢
> e 075
~ e+90
for every (x,y) € B,. Hence
11/%zlo < Ch, (5.17)

where Cy depends only on ¢ and p. Differentiating (5.16) with respect to x we have

1

9:(7:y) = Ve(g(z,9),y)
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Then we have an upper bound for g, indeed

lg(z,y)| < |z|sup|g.(z,y)|
< 001 =: Ch.

Moreover ||1]]1 < C|lalj2 < C5. Now let n > 1, by iterated chain rule (4.5) we have

D™p(g(x,y),y) =

k—1
Yalg(2,9), ) D" (g(,9)y) + > e D0 o TT (D7 (gla, ). 9))™
it j=1

where the sum is over the set IT of all the (n — 1)-uples (mq,...,my,_1) such that
mi+- -+ (n—1)my_1 = n and where we denote for simplicity k = mi+---+mp_1.
On the other hand, differentiating (5.16) n times, we have

D"Y(g(z,y),y) = 0.

Therefore
k—1 ‘
Ig(@,9),)lln < ClL/%llo 1> D], (D7 (g(z,9),9)™ llo
(9(z:y),y)
j=1
< CY_|Wllllgl™ - - llglm-
II
By interpolation inequalities (4.3) we have, for every j =1,...,n —1,
m; mimyAmgmy
lgll;7 < Cligllo lglln=1
and also
n—k k=1
n—1 n—1
9]k < CllRlr llln
Hence,

nk—n—1

n—k n—k k=1
ellehglm™ - g™ < c<uguo ||g|£i||w||f1|!w|!€1>

n(kn—ji—k k=1
< Cllglly (lgllollolln) = (lglln—1llell1)

n(k—1)—k

< Clglo " (lglloll®lln + llglln-1llebl1)-

Then, by the bounds on ||g||o and ||¢)||1, there exists a constant C, depending only
on 9,7, and € such that

n—k
n—1

19lln < CUIYln + 1lglln-1)-

By induction and using the fact that 1 is tame we have that g is a tame map and
so is the inverse of .
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5.2.2 Tame estimates for A

Here we give tame estimates for
1
Alg) = [ etege ez, .
0
We have

1
DM AE(ey)| = |D” /0 O (W) g y)di]

1
< [ Ipreege e, ar
0
1 n
< O [ Y IDig(e )| Diete)
0 R
7=0

Set h(z,y) = (e~ *W y), since the exponential is tame (Proposition 4.7), we have
|h]|; < Cll|l;, for every j. In particular, ||h]|; is bounded by a constant independent
of a. Therefore, by (4.6), on every open subset of C*°(B,) of the form [[{||op < K,
we obtain

A

IAOI. < C Y (el + IRl €I el

j=0

< C Y (el + Nl 1€l lelln—;
7=0
< ClElln + llallnli€ll)

and A is a tame linear map of degree 0.

In particular A does not lose derivatives, that is A maps a C* function £ina CF
function /1(5 ). It is natural to ask whether there is a “gain of derivatives”. Although
Ais an integral operator there is no gain of derivatives, since there is no gain with
respect to y.

Note that, to determine the number of derivatives lost or gained by the dif-
ferential map DF'(a), for every fixed a € U, it is sufficient to study the map
A:¢eC®— A(E) € €. Indeed the rectification in (5.8) and the change of
coordinates of Lemma 5.2 do not depend on £ and do not affect the loss or gain of
derivatives of DF(a).

5.2.3 Tame estimates for A~!

In order to prove that A~! is tame let us verify tame estimates for the first term
of (5.14). Note that
()

o
w1 =

0
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Moreover by inequality (4.7),

< e =1l < la]ln,

ea(y) -1 n
therefore
a(y)

—_— <
coly) _ 1 = HaHm

n

finally, the first term is tame since

a(y)

o y) = 771(0,)

< C(HO‘HH + Han)

n

For the second term, we have

lznz(0,9))ln = sup [an®P(0,y) +nHT7D(0,9)(o
1<j<n

CHUHn—H‘

IN

Now consider the last addend. Note that, using Lagrange formula twice we have

Gk, )0 = llna(e™ P a,y) = no(vi(z,5),9)lo
< N P
< o ]2,

sze’a

therefore

1> Gile™*@rz.y)lo < Cllnlla-
k=0

Now,

la(y) D Grle Wz, y)|, < C <||a||n Inll2 + | Grle Wk, y)
k=0

HaHo> ,
n

k=0
then it remains to estimate only the quantity
o]
Y Girle™Wra,y)
k=0 n
For every n, k we have
D" Wh| < Cla, ke @, (5.18)

and
|Dme Wk < ||| ke Wk, (5.19)
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which implies
|D™ (e Wk )| < C|ex|| ke W, (5.20)

Moreover, the following estimates hold
T
r _
DGl < X (1) [0y e |Dgons (o) = o) + 0(0.)
p=0

< O llallr—pk™ POk |anP) (2, 4) —nOP (2, y) +7OP) (0, y)|

p=0
< O lallrpk e |z () (@, y) — nP (v (2, ), )|
p=0
< CEe*@Fiz|(lallrsalnllo + lledllolinllrr1) , (5.21)

and therefore
DGR, ) vy < OF (ol + ls0):
Now, let 5 > 1 and consider:
1Dy I DiGk(,y)| = | Dy e @F DI (e, )
= | D3 e*WHF (@l tt0 (g, ) + (5 — 1)n0 (2, y))|

C Z |Dgea(y)k| |.’L'77(j+1’p) (xvy) + (] _ 1)17(j1p) (1;’ y)|
prg=r—j

ORI (1 + (j = VDR ([lallysllnllo+ lalldlmll+1) - (5.22)

IN

IN

By (4.5), if my + -+ nm, =n and r = my +mg + - - - + My, then

mj

DGl e, y)| < 3 |DIGh(x,y)
II

o | H ‘Dj(efa(y)k7y)
(e wY) G

and, by (5.21) and (5.22),

ID"Gr(e @k, )| < CR e W (ol Inllo + Inllerallello) TT llell”.
I j=1

Interpolation inequalities (4.3) imply

ladlrsr < Clledly™ Nl (5.23)

and, for j =1,...,n,
ntl—j j—1
n n

lefl; < Clladly ™ llallyky (5.24)
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since |||y is bounded and, if ||n|jp < C, then

ldllralinllofledy™ - - llallz™ < Cllaflnts.

In a similar way we can prove

n—
n

Inllr2 < Clinlly™ Il

which implies, together with (5.24), that

Cllnllns1) ™ Unllledllner) =
Clllnlln+r + lInlllledlnir)

[nllr+allalloflef 7™ - -l <
<

Therefore, finally,

1Y Gl @rz )l < Y lIGk(e e, y)n
k=0 k=0

< S I DGR ey TT (D700 )™
k=0 J=1 0
< O ket OF o(lnllas + lelnea lnll)
k=0
< O K (s + loflnsalinlh)
k=0

= Ol + lallnallnll) -

This completes the proof that A~! is a tame map.
Note that A" lose exactly 1 derivative in &. Indeed there is loss of 1 derivative
with respect to x that is due to the differential operator a% in (5.13).

5.3 Open problems about small perturbations of the exponential
map

In this section we sketch the ideas of what will be part of our future investigations
in [10]. We want to study if the exponential map F' in (5.1) remains locally onto
under some kind of small perturbations. Again, the problem arises in control theory.
Indeed we know by Proposition 5.1 that there exist B C R? and O C Diffy(B) such
that every P € O can be written as

_ a1 Xh agXq
P=c¢e¢ o:---0e R
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for some aq,...,aqg € U C C*°(B), where X1,..., X, are vector fields linearly in-
dependent at 0 € B. By Orbit Theorem we know that, if 7 = {fi,..., fi} is a
bracket generating family of vector field on B, then X; = Ad P? fj:» with Pi ¢ GrF.
Therefore

P = ea1X1 o _.,OeadXd

= Ploe®) Ml o (P oo Pho o(PD )iy o (Pt
1 d m

= b [ Ywns + Y wfde,
0 =1 i=1

where b; = (P")"!(a;). Then, Proposition 5.1 implies local surjectivity of the map

1 d m
F:beu’He?p/ > wibifi, + > vilt)fidt, (5.25)
0 =1 i=1
where
d .
u'=PE) )
i=1

for Uy, ..., Uy defined by (5.2). In terms of control-affine systems this means that
for every P € O there exists time—varying feedback control wi(t,q),...,wn(t,q)
piecewise constant with respect to ¢ € [0,1], such that P is the flow at time 1 of
System

q=> wi(t,q)fi(q).
i=1

Moreover we know that the dependence on ¢ of the controls is, in fact, a linear
dependence in the functions b;(q).

Remark 8. Actually, by Corollary 3.3, we know that the result holds true for any
given diffeomorphisms in the connected component of the identity not just for the
one in the open subset O. But Proposition 5.1 gives us the additional information
that the exponential map (5.25) has also an invertible differential if b € U’.

It is natural, as we did in Section 2.4, to ask whether it is possible to assume the
time—varying feedback control wy (¢, q), . .., wn(t, q) to be trigonometric polynomials.
Let

1 d m
FO) = b [ SOt + Yo wofd
=1 =1

1 d+m
= exp Z ui(t)bi fj, dt,
0 =1
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provided that bgi1 = ... = bgym = 1. Consider the truncated fourier series of w;(t),
say ul'(t). Then
ul — u;,  asn — 00,
in L'0,1]. Consider
1 d+m

F,(b) =exp Z t)bifj, dt,

then for every b € U’ by Lemma 1.6,
F,(b) — F(b), asn— o0

in the C* topology. The problem is to determine if there exists n such that F),
is locally onto. The idea is to find an approximate right inverse in order to apply
Zehnder version of Nash—Moser implicit function theorem, Theorem 4.11. First of
all note that F;,(b) is a tame map with the same degree of F'(b). Now let rl*(t) =
wi(t) — ul(t) and call

d+m

V=i (b)bifi,

i=1
we have
Vr(b) — 0, asn— oo,

in L0, 1] and uniformly with all derivatives in ¢ € B. By variation formula (1.9),

1 d+k
E,(b) = exp Zuz Vi fj, — Vit dt

= e?p/ Ad FH(b)V/(b) dt o F(b)
0

= Rn(b) o F(b),

where
R,(b) - 1d, asn—oco.

in the C'*° topology.
We now compute the differential of F}, at a point b € U’ applied to the d-uple of
smooth functions § = (&1, ...,&y). Using (1.10),

1 d
DyFpl = /0 AdFﬁ(b)Zui(t)fifji dt o F(b)

1
= /OAd(Rt( b) o F'(b Zul )&ifj; dt o Ry (b) o F(b)

— /1 Ad R! (b) o Ad F(b) Z w;(t)& fj, dt o F(b) o AdF(D) ' R, (b),
0 —1
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now we have, by definition,

1
R,(b) =1d +/ R! (b) o Ad F'(b)V;"(b) dt (5.26)
0
and .
AdRL(b) =1d —|—/ Ad R} (b) o ad(Ad F"(b)V*(D)) dT, (5.27)
0
therefore the differential of F;, can be written as
DbFn€ = DbFf
1/ pt d
—i—/ (/ Ad R] (b) oad(Ad F7(b)V(D)) d7> oAd F'(b) Z wi(t)& fj, dt oF™(b)
0 \Jo i=1

1 d 1
+/0 Ad F*(b) ;ui(t)fifji dto (/0 R, (b) o Ad F*(b)V]*(b) dt) o F(b),

or, equivalently,

DyFp& = DyFEo AdF(b) 'R, (b)

1 t d
+/0</0 Ad RZ(b) o ad(Ad F7(b)V] (b))dr) oAd F (b);ui(t)&fji dt oF™(b).

In other words, the differential of F}, is, up to small perturbation, an invertible linear
operator. It remains to study how the perturbation acts on the linear operator in
order to determine whether DyF,, has an approximate right inverse or not. It is
remarkable the particular dependence of DyF}, on b, indeed b appears only in F*(b)
and V;"(b). We believe that this property of the differential allows us to follow an
argument similar to the one showed in Section 4.4 about a conjugacy problem by
Moser.

Finally, this problem leads to a great number of other related open problems,
such as, to mention just two of the closest, extend the result in order to reach every
diffeomorphisms in the connected component and study whether the result holds
true also for a control-affine system with drift. We believe that the last problem
can be done in a similar way, that is, studying how small perturbation, such as a
small drift, affects the (right) invertibility of the exponential map.
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